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Editorial on the Research Topic 


Hepatic immune response underlying liver cirrhosis and portal hypertension





Introduction

Under various etiological stimulations, such as alcohol, viruses, Western diet, endotoxins from gut microbiota, or circulating antigens, hepatic immune homeostasis is disrupted leading to chronic liver diseases and eventually liver cirrhosis (1; 2; Gan et al.; 3). Immune cells are recruited and activated at the sites of liver injury, regulating the local microenvironment and the progression of liver diseases (4) (Lan et al.). Although prominent efforts have been made in hepatic immunity and liver cirrhosis, the worldwide morbidity and mortality of liver cirrhosis remain high. Portal hypertension is the leading cause of cirrhosis-related death (5, 6). However, the molecular and cellular mechanisms underlying the hepatic immune response during liver fibrosis/cirrhosis and portal hypertension remain unclear. This Research Topic consists of 18 articles that present recent advances in uncovering the immune mechanisms underlying liver cirrhosis and portal hypertension. These investigations and reviews mainly focus on immune homeostasis and gut microenvironment in liver cirrhosis, providing potential new therapeutic strategies to treat liver cirrhosis and portal hypertension.





Liver cells and the hepatic immune response during injury

Liver is composed of several cell types, mainly including hepatocytes, cholangiocytes, liver sinusoidal endothelial cells (LSECs), hepatic stellate cells (HSCs), and Kupffer cells (KCs). In case of injury, other immune cells such as monocyte-derived macrophages, Natural Killer (NK) cells, neutrophils, T cells, or B cells are recruited to the liver (7, 8). Following liver injury, infiltrated immune cells release proinflammatory cytokines, and eventually mediate HSC activation and extracellular matrix (ECM) deposition (Gan et al.). In this Research Topic, original research papers and reviews will demonstrate and comment on the role of KCs, macrophages, T cells, and neutrophils in the pathogenesis of liver fibrosis/cirrhosis, as well as how immunity-related genes (IRGs) dominate immune cell infiltration and chronic inflammatory reactions in the liver.




KCs and monocyte-derived macrophages

KCs are liver resident macrophages that are generated during embryonic period and adulthood (9, 10). Embryo-derived KCs (Em-KCs) are maintained in the liver throughout the life cycle through a self-renewal process (Li et al.). In adults, bone marrow (BM)-derived monocytes can migrate to the KC pool when Em-KCs are exhausted (Li et al.). KCs have been historically classified into proinflammatory M1 and pro-repairing M2 phenotypes. However, M1/M2 classification is not adapted to accurately identify KC subtypes during liver injuries. Recently, two clusters of KCs were identified in the murine livers by single-cell RNA sequencing (scRNA-seq). KC1 (major sub-population, cluster of differentiation (CD) 206loESAM-) that possesses tolerogenic immune responses, and KC2 (minor sub-population, CD206hiESAM+) that is characterized by a proinflammatory and metabolic profile (Gao et al.). Only a small amount of monocyte-derived macrophages resides in the liver in homeostasis (11, 12). Hepatic damage promotes monocyte-derived macrophage accumulation to the liver (13). A broad-spectrum of macrophage activation states is revealed by scRNA-seq and cellular indexing of transcriptomes and epitopes by sequencing (CITE-seq) data in human fibrotic livers (Gao et al.). In addition, the different sub-populations of macrophages/KCs were identified utilizing markers, such CD163, macrophage receptor with collagenous structure (MARCO), and V-set and immunoglobulin domain containing 4 (VSIG4) (Li et al.). Further investigations are needed to better understand the role of each subpopulation during liver diseases.

Functionally, C-C motif chemokine receptor 2 (CCR2)+ and CCR5+ macrophage infiltration in murine livers exacerbates alcohol-associated liver disease (ALD) progression (Xu et al.). Moreover, activated KCs/macrophages increase portal pressure by inducing the release of vasoconstrictors, and promote liver fibrosis by enhancing HSC transdifferentiation into fibroblast-like cells (Li et al.). In addition to cell crosstalks, endoplasmic reticulum (ER) stress also enhances the metabolic re-programming and activation of KCs and macrophages (Zhou et al.). Finally, macrophage-specific c-Jun N-terminal kinase (JNK), nuclear factor kappa-B (NFκB), Jauns kinase (JAK)- signal transducer and activatior of transcription (STAT), and Notch signaling pathways contribute to the inflammatory response and liver fibrosis progression. On the opposite, activation of Wnt/β-Catenin signaling pathway in macrophages promotes the resolution of liver fibrosis (Gao et al.). In summary, targeting KCs/macrophages might provide a novel therapeutic strategy for liver fibrosis.





T cells

T cell family includes tissue-resident memory T (TRM), CD4+, CD8+, and γβ T cells, originating from naïve T-cell precursors and presenting a pro- or anti-fibrotic role in the liver (14, 15) (Zhang and Zhang). The growth, proliferation, and differentiation of liver TRM cells are mediated by cytokines such as interleukin (IL)-2, IL-15, IL-10 and transforming growth factor-β (TGF-β) (Li et al.). Hepatic TRM cells play a significant anti-infection role in chronic viral hepatitis (Li et al.). In nonalcoholic fatty liver disease (NAFLD), the number of liver TRM cells positively correlates with systemic inflammation in patients with obesity. However, a novel subset of TRM cells (CD69+CD103-CD8+) shows a protective function in NASH-related fibrosis (Li et al.). Thus, hepatic TRM cells might serve as a novel immunotherapy strategy for chronic liver diseases.

Based on scRNA-seq studies, mice with nonalcoholic steatohepatitis (NASH) present an accumulation of CD4+, CD8+, and γβ T cells in the liver (16). Recently, it has been shown that activated CD4+ T cells contribute to the progression of NASH-related inflammation and fibrosis (Zhang et al.). Although initial investigations have started to elucidate the role of T cells in the pathogenesis of liver disease, further studies are needed to explore the heterogeneity as well as their interaction with other liver cells.





Neutrophils

In a healthy liver, there are very few resident neutrophils. However, in case of a pathogen invasion, neutrophils from the circulation migrate into the liver (17). Neutrophil infiltration into the liver during ALD correlates with the upregulation of the glycoprotein lipocalin (LCN2) on neutrophils (Xu et al.). Moreover, patients with ALD exhibit a deficient AKT/p38-MAPK signaling, myeloperoxidase release and bactericidal activity (Xu et al.). The recruited neutrophils are involved in the innate immune response during NASH-related fibrosis as well (18, 19). Furthermore, activation of the inositol-requiring enzyme 1 (IRE1α)- X box binding protein-1 (XBP1) signaling pathway stimulates neutrophil differentiation (Zhou et al.). In summary, neutrophils are critical immune cells involved in the development of chronic liver diseases.





LSECs

LSECs are the most abundant nonparenchymal cells in the liver and are the gatekeepers of the liver microenvironment (20). The disrupted intercellular crosstalks between LSECs and other cell types within the sinusoids are involved in the pathogenesis of liver fibrosis (Du and Wang). Vascular cell adhesion molecule 1 (VCAM1) endothelial-specific deletion attenuates macrophage accumulation in the liver and hepatic fibrosis (Guo et al.). Thus, restoring the crosstalk between LSECs and other liver cell types by targeting adhesion-related molecules, NO-related signaling pathways, and angiogenesis may serve as effective therapeutic strategies for liver fibrosis (Du and Wang). Additional studies are important to uncover other signaling pathways involved in the crosstalk between LSECs and other liver cell types to better understand the pathobiology of liver diseases.





Other immune cells and immune-related genes

Liver fibrosis is associated with altered hepatic immune response (Zhou et al.). Toll-like receptor (TLR) expression and activity increase aggravates liver fibrosis during the co-occurrence of NAFLD and HBV infection via enhancing the infiltration and activation of adaptive immune cells, such as CD8+ T cells and NKT cells (Tourkochristou et al.). By analyzing liver scRNA-seq (GSE136103) and RNA microarray (GSE45050) datasets from patients with cirrhosis, Liu et al. showed that four immunity-related genes in NK cells, including interferon regulatory factor 8 (IRF8), nuclear receptor subfamily 4 group A member 2 (NR4A2), IKAROS family zinc finger 3 (IKZF3), and REL, are involved in liver fibrogenesis. (Liu et al.). Additionally, the peroxisome proliferator-activated receptor (PPAR) has a therapeutic potential for treating primary biliary cholangitis (PBC) (Wang et al.).

Systemic vasculitis is an autoimmune disease characterized by increased vascular wall inflammation and necrosis. Patients with systemic vasculitis can be treated with immunosuppression therapies (21). However, when immunosuppression is ineffective, portal venous angioplasty followed by stent placement may be an alternative strategy to prevent portal hypertension-related complications (Cai et al.). Further clinical investigations are needed to clarify the efficacy of the above targets and therapeutic strategies in the clinical treatment of liver diseases.






The contribution of gut-liver axis to liver diseases

Hepatic immunity is affected not only by liver damage but also by other organs, including the gut, spleen, lung, brain, and adipose tissue (Zhang et al.). The dysfunctional gut-liver axis leads to a “leaky gut”, which relates to bacteria’s toxic metabolites infiltrating into the circulation and the liver, leading to macrophage and neutrophil accumulation and subsequent liver fibrosis progression (Guan et al.) (22–24). Recently, an increasing number of studies have shown that the intestinal flora is involved in the pathogenesis of NAFLD by affecting metabolism, intestinal endotoxin, and intestinal mucosal permeability (Liu et al.). Moreover, increased portal vein pressure causes intestinal edema and decreases intestinal motility, terminally changing gut microbial diversity (25). Splenectomy could significantly reduce portal hypertension (26). Consistently, restoring gut microbiome by splenectomy in addition to pericardial devascularization improves liver function and reduces intestinal permeability (Zhao et al.). Likewise, injecting gut microbial metabolite, trimethylamine-N-oxide (TMAO), also restores the integrity of endothelium in a NASH-associated fibrosis model (Zhang et al.).

Sex and sex-related hormones also play a crucial role on gut microbiota diversity (Xu et al.). Since androgen-induced dysbacteriosis makes males more vulnerable to metabolic imbalance than females, hormones also provide a safe and effective way of treating liver diseases (Xu et al.). Other strategies, including fecal microbiota transplantation and antibiotic treatment, have been proposed to treat liver diseases by targeting the dysfunctional gut-liver axis. However, increased risks of antibiotic resistance and pathogen infection have limited their clinical application in liver diseases (Liu et al.). In summary, the crosstalk between the liver and other organs contributes to hepatic homeostasis, which might provide complementary therapeutic strategies for liver cirrhosis.





Conclusions

This Research Topic summarizes the current advances regarding hepatic immune response at the cellular and molecular levels. Specific subtypes of macrophages, T cells, neutrophils, and LSECs have started to be considered as potential targets for clinical treatment of liver fibrosis/cirrhosis. Although the field of understanding liver inflammation is progressing rapidly, more studies are needed to find novel therapies for liver cirrhosis.
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Kupffer cells (KCs) are key regulators of liver immunity composing the principal part of hepatic macrophages even body tissue macrophages. They reside in liver sinusoids towards portal vein. The micro-environment shapes KCs unique immunosuppressive features and functions. KCs express specific surface markers that distinguish from other liver macrophages. By engulfing gut-derived foreign products and apoptotic cells without triggering excessive inflammation, KCs maintain homeostasis of liver and body. Heterogeneity of KCs has been identified in different studies. In terms of the origin, adult KCs are derived from progenitors of both embryo and adult bone marrow. Embryo-derived KCs compose the majority of KCs in healthy and maintain by self-renewal. Bone marrow monocytes replenish massively when embryo-derived KC proliferation are impaired. The phenotype of KCs is also beyond the traditional dogma of M1-M2. Functionally, KCs play central roles in pathogenesis of acute and chronic liver injury. They contribute to each pathological stage of liver disease. By initiating inflammation, regulating fibrosis, cirrhosis and tumor cell proliferation, KCs contribute to the resolution of liver injury and restoration of tissue architecture. The underlying mechanism varied by damage factors and pathology. Understanding the characteristics and functions of KCs may provide opportunities for the therapy of liver injury. Herein, we attempt to afford insights on heterogeneity and functions of KCs in liver injury using the existing findings.
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Introduction

The liver acts as a crucial filtration system of body. It removes gut-derived products from the liver arterial and portal vein. To fulfil this, liver harbors the largest number of tissue macrophages, named Kupffer cells (KCs). KCs are first reported as components of vascular endothelial cells by Karl Wilhelm von Kupffer in 1876 (1). In 1974, Wisse distinguishes KCs from endothelial cells and defines them as liver sinusoids residing macrophages (2). Then, KCs are identified as F4/80+ (mouse) or CD68+ (human) macrophages that emerged in liver and maintained their number mainly by proliferation (3). In recent years, people have recognized that liver macrophages are composed by not only KCs, but also other macrophages (such as bone marrow monocyte-derived macrophages (BMMs) or capsular macrophages). Meanwhile, KC definition is updated. In the new definition, mouse KCs are liver macrophages that specifically expressing CLEC4F regardless of origins  (4). Besides, CLEC2 (5), TIM4 (6) and VSIG4 (7) are also recognized as mouse KC markers. Among them, VSIG4 has recently been reported to be conservative among mouse and human (7). Accordingly, KCs can be distinguished from other macrophages (8).

In recent years, researchers pay more attention to KC features and functions, and have got many impressive results on this issue. The heterogeneity of KCs has been unveiled, especially in mouse. In this review, we summarize and present insights on heterogeneity and function of KCs (liver macrophages that express KC markers) under new definition.



KC in Homeostasis


Heterogeneity of KC Origin

KCs mainly develop in the three hemopoiesis waves (Figure 1) and the developmental program is conserved between mouse and human (9). In mouse, the first wave (primitive hemopoiesis) starts around embryonic days 7.5 (E7.5). Early erythro-myeloid progenitors (EMPs)(CSF1R+) originated from yolk sac (YS) give rise to YS-macrophages. Then, partial YS-macrophages migrate into fetal liver and develop into KCs (10). In the second wave (transient hemopoiesis), late EMPs (MYB+) seed in fetal liver and give rise to fetal monocytes, which specialize into KCs before E16.5 (11). In the third wave (definitive hemopoiesis), hematopoietic stem cells arise intra-embryonically around E10.5 and migrate into fetal liver. Then, hematopoietic stem cells give rise to KCs undergo a monocytic intermediate during perinatal period (11).




Figure 1 | Heterogeneity of KC Origin. KCs mainly develop during hemopoiesis. (A) In the first hemopoietic wave (around E7.5), YS-macrophages are differentiated from EMPs in YS without experiencing monocyte stage. Partial YS-macrophages then migrate and reside in fetal liver, further specialize into KCs. (B) In the second hemopoietic wave (around E8.25), late EMPs differentiate into KCs undergo a monocytic intermediate in fetal liver. (C) In the third hemopoietic wave (around E10.5), hematopoietic stem cells originate from the aorta-gonads-mesonephros (AGM) region and migrate to fetal liver. They give rise to monocytes that differentiate into KCs during perinatal period. KCs developed in this process contribute minor to adult KCs. (D) Fourthly, in adults, BM monocytes also give rise to minor KCs. Arrow width represents the contribution of relative progenitors to KCs.



Fate-mapping studies suggest that the first two waves arise majority of KCs. Hematopoietic stem cells-derived KCs (in the third wave) contribute to a minor part of KCs, and do not replace KCs from the first two waves. These embryo-derived KCs (Em-KCs) inhabit in liver for the whole life and maintain by proliferation (11, 12).

In adults, bone marrow monocytes also contribute to maintain KC pool when Em-KCs are insufficient to maintain it (13). Studies have demonstrated that when Em-KCs are depleted by clodronate liposomes (CLs) (14, 15), diphtheria toxin (4), anti-TIM4 antibody (6) or high dose irradiation (16), monocytes are recruited and differentiate into KCs to replenish the vacancy. In patients received liver transplant, recipient macrophages are also emerged in transplanted livers (17). Therefore, monocytes might differentiate into KCs in both mouse and human. But it should be noticed that these bone marrow monocyte-derived KCs (BM-KCs) are different from BMMs in injured liver. BM-KCs express KC markers (including CLEC4F, CLEC2, VSIG4, TIM4), while BMMs mainly highly express CCR2 and show no KC marker expressions (6, 18).

Besides, KC pool remodeling schedule has been reported in two different mouse models: (a) TIM4 antibody-depleted KC mouse model. In this model, KCs are fully depleted in 2 hours followed by the replenishment of immature BM-KCs (TIM4-F4/80+). TIM4-BM-KCs are matured as TIM4+BM-KCs after 30 days (6). (b) Clec4f-DTR transgenic mouse model. Using this model, two groups provide information from distinct aspects. Martin Guilliams and colleagues report that dead Em-KCs initiate the process by activating liver sinusoidal endothelial cells (LSECs) and hepatic stellate cells (HSCs) around. Then, activated LSECs and HSCs recruit Ly6C+monocytes from circulation at day 1 post Em-KCs depletion. Monocytes then acquire KC phenotype and loss Ly6C expressions gradually in 6 days (18). Christopher Glass group describe more details in transcriptional level. They report that KC lineage determining transcription factors (LDTFs) (NR1H3, SPIC, ID3) are increased while monocyte gene (CCR2) is decreased in replenished monocytes within 12 hours post depletion. In the following 36 hours, more KC LDTFs (MAF, TFE, MAFB, TFEC, etc) gradually express accompanied by the decrease of monocyte related transcription factors (C/EBP, RUNX, SP2, etc.). At day 3 to 7, KC markers CLEC4F and TIM4 are up-regulated (19).

Three signals from liver sinusoids are reported to mediate BM-KCs differentiation. Firstly, DLL4/Notch signaling initiates monocytes differentiation by inducing the increase of KC LDTFs (18). Secondly, TGFB1/BMP9-SMAD4 signaling maintains KC phenotype. Thirdly, KC lineage transcription factor LXRa (encoded by Nr1h3) are also crucial for KC phenotypic maintenance (19). Moreover, two recent studies identified that BMP9/10-ALK1-SMAD4 signaling also regulate KC identity, proliferation and functions (7, 20). But the contribution of TGFB1 in KC identity is controversial: Christopher K. Glass group suggest that TGFB1-SMAD4 signaling maintains KC phenotype in the presence of DLL4 (19). However, Tang group deny the contribution of TGFβ1 using Tgfbr2fl/flClec4fCre mouse (20). Whether other receptors in TGFβ superfamily (e.g. BMP receptors) (20) mediate TGFβ1 function is less studied. Therefore, the significance of TGFB1 signaling in KC identification need more in-depth studies.

Collectively, the origins of KCs are complex. They are mainly originated from three hemopoiesis waves. But BM monocytes also contribute to KC pool when Em-KCs are insufficient to maintain it. The ability of BM monocytes differentiating into KCs has been validated. But the process of KC replenishment is varied and depends on KC depletion methods. The mechanism underlying monocyte-KCs differentiation still needs further study.



Heterogeneity of KC Phenotype and Function

Although the common functions of KCs have been reported as removing bacteria and apoptotic cells (21–24), antigen-presenting (25), and iron/lipid metabolism (4, 26). The consensus is that KCs are heterogeneity in phenotype and function. But no criteria are accepted for KC classification till now. We here summarize the existing findings on mouse KCs (Table 1) and human KCs will be described in part 2 (Human KCs).


Table 1 | KC heterogeneity and function in homeostasis.



Historically, KCs are classified using M1 (classical activated macrophages, pro-inflammation) and M2 (alternative activated macrophages, pro-repairing) dogma via their phenotype under different stimuli. For example, KCs are activated into M1 phenotype by lipopolysaccharide (LPS), IFN-gamma or M-CSF, characterizing by highly expressing pro-inflammatory genes IL1B, TNFα and iNOS (36). While IL4 or GM-CSF may polarize KCs into M2 type that highly express ARG1, IL10 and MRC1 (27, 28). However, later studies found that M1-M2 dichotomy is insufficient to classify KCs, especially in liver injury (37, 38). Therefore, more studies attempt to seek an accurate method to classify KCs.

Some studies use the origin of KCs to describe their heterogeneity. As described in part 1.1, KCs are composed by BM- and Em-KCs. Based on the existing studies, BM- and Em-KCs seem to be similar but not identical. First, BM- and Em-KC gene profiles are inconsistent. In irradiation-exhausted KC model, BM-KCs lack in 42 Em-KC genes related to iron homeostasis (16). While iron/lipid metabolism related genes are at similar levels in BM- and Em-KCs in Clec4f-DTR transgenic mice (4). Second, functions of BM- and Em-KCs are different. As described above, BM-KCs might be shortage in iron homeostasis for the lack of related genes compared with Em-KCs in irradiation-exhausted KC mouse model (16). In the same model, BM- and Em-KCs show different phagocytic ability based on ligand specificity exist. BM-KCs exhibit stronger ability to engulf N. meningitidis and L. monocytogenes compared to Em-KCs, while the phagocytic capacities for red blood cells and S. typhimurium clearing are similar (16). The findings in CLs-depleted KC model might explain the difference on phagocytic ability. It reports that BM-KCs need to undergo a 30 to 60 days’ “education” process to obtain similar phagocytosis capacity to Em-KCs (14). However, whether the differences between studies are caused by mouse model or experimental conditions need further studies.

Besides, Em-KCs are also considered to be heterogeneity. In irradiation-exhausted model, a cluster of radioresistant KCs (Cdkn1ahi) are identified (15). However, specific functions of the radioresistant Em-KCs need in-depth studies. Besides, two distinct Em-KC clusters have been unveiled using scRNA-seq: KC1 (CD206loESAM–, occupy ~80% of Em-KCs) and KC2 (CD206hiESAM+). KC1 shows stronger immune signature while KC2 is bias to regulate metabolism. Meanwhile, KC1 and KC2 show similar phagocytic capacities and distributions in liver (29). In recent research, KC2 is considered as doublet of KCs and LSECs via CITE-Seq analysis (7). Herein, further studies still need to explore and describe Em-KCs heterogeneity.

Finally, KC heterogeneity might also be determined by localization. In terms to the anatomical structure and transcriptional differences, hepatic lobule is heterogeneity and is separated into periportal, mid and pericentral zones (39). Based on it, the metabolic and immune zonation of hepatic lobule have been studied (40, 41). Therefore, studies are also trying to unveil KC heterogeneity based on their localization. The existing findings support the view that KCs prefer to locate in the periportal and mid zones (adhere to the portal vein) (7, 39, 40). The portal vein-adhering localization of KCs is maintained by endothelial MYD88-mediated CCL9 gradients (40) and gut microbiota derived commensal D-lactate (42).




Human KC

Similar to mouse KCs, human KCs also locate around portal vein (31) and are considered to be heterogeneity. But the research progression has been at a slow pace by the limitations of technology. Herein, we conclude the available findings for human KCs (Table 1).

First, the common feature and function of human KCs have been studied. But it has not reached agreement since the lack of unified markers to identify human KCs. In three separate scRNA-seq studies, human KCs are identified as CD163+MARCO+CD5L+TIMD4+ (31–33). Functionally, these KCs are potential to anti-inflammation, anti-tumor and regulating immune (31–33). Comparing to MARCO- macrophages, KCs express less inflammatory (TNFα) but more immunosuppressive genes (e.g. PD-L1) under LPS or IFN-gamma stimuli (31). Another study suggests that KCs are characterized as CD32intCD68+CD14+ and have potential to regulate immune response (34). In recent study, VSIG4 is considered as the best maker of human KCs (7). Therefore, human KCs remain need accurate and canonical definition.

Second, human KC heterogeneity is also reported. In accordance with mouse KCs, human KCs are also separated into Em- and BM-KCs. CD49a has been suggested to distinguish them, while Em-KCs are CD49a+ (35). Em-KCs express high levels of pro-inflammatory TNFα, IL12 and anti-inflammatory IL10, suggesting their dual role in inflammation. But LPS cannot affect these cytokines expressions in Em-KCs. In contrast, the three cytokines are at low levels in BM-KCs while can be up-regulated by LPS (35). Therefore, Em-KCs seems to be the functional cluster in homeostasis while BM-KCs function in injury.

Collectively, the following problems are exposed in current research: Firstly, human KC canonical markers are still lacking. Since human KCs are difficult to distinguish from other macrophages, their functions are also difficult to study. Secondly, human KC heterogeneity (especially origins) is hard to study due to technical limitations. Thirdly, knowledge of mouse KCs cannot be transferred directly to human KCs because of species difference. Fourthly, the individual difference of human beings poses the difficulty to study the universality feature and function of human KCs, especially under diseases.



KC in Acute Liver Injury


Acetaminophen (APAP)-Induced Acute Liver Injury

APAP is a widely used analgesic-antipyretic drug, but is also a major cause of acute liver injury. APAP overdose leads to hepatocytes apoptosis which triggers activation of immune cells including KCs (43, 44).

KC number changes dynamically in APAP liver injury. In APAP-stimulated liver, KC number reduces gradually within 48 hours. After 72 hours, residual KCs start to recover by self-renewal (45).

Functionally, KCs play protective and pro-repairing roles in APAP-liver injury, since KCs depletion leads to more serious injury and slower recovery (14) (Figure 2). The underlying mechanisms include: First, KCs promote hepatocytes survival via IL10 (46). Second, KCs facilitate tissue repair through regulating extracellular matrix (ECM) remodeling. KCs express ECM remodeling-related genes, including MMP12, MMP13, TIMP2, TIMP3 and ADAM23 (47), among which, MMP12 is well studied. MMP12 helps to restore hepatocyte proliferation and to reduce necrosis (48). KCs increase MMP12 expression (45) to degrade elastin (a major component of ECM) and facilitate liver repairing (49).




Figure 2 | KCs in APAP-induced Acute Liver Injury. APAP overdose leads to hepatocyte injury and death which activate KCs. Activated KCs initiate the repairing response: (A) KCs secrete IL10 to promote injured hepatocyte regeneration and survival. (B) KCs release MMP12, MMP13, TIMP2, TIMP3 and ADAM, remodeling ECM. (C) However, KCs phagocytotic ability is injured during these processes.





Infected Liver Injury

As major component of liver immunity, KCs play important role in infected liver injury. KCs uptake and eradicate pathogens in this process, which usually causes KC death. In hepatitis B virus (HBV) induced acute liver injury, KCs are reduced in number while promote anti-virus response (50). Besides, scRNA-seq analysis show that CD206+ESAM+ Em-KCs respond to IL2 and cross-present antigens to enhance T cell mediated HBV killing (30). In vaccinia virus and murine cytomegalovirus infection, KCs are reduced and replenished by both proliferation and infiltrated monocytes. Type I IFN response is suggested to modulate monocytes-KCs differentiation (51). In adenovirus infection, KCs bind and uptake adenovirus via VSIG4 and complement C3 (52).

In Listeria monocytogenes infection, KCs engulf bacteria and cause their own necroptosis. KC necroptosis recruits monocytes, and induces aggregation of Th2 cytokines including basophil-IL4 and hepatocyte-IL33. Monocytes differentiate into KCs and obtain proliferative property under IL33/IL4 stimulation. Functionally, BM-KCs attenuate inflammation and restore liver homeostasis (53).



Liver Ischemia-Reperfusion Injury (LIRI)

LIRI refers to further aggravation of ischemic injury after blood perfusion recovery, causing by multiple risks including liver transplantation. LIRI induces the necrotic depletion of KCs (54). KC number reduces in 6 hours after LIRI while recovers at day 3 and increases at day 7. The recovered and increased KCs are immature BM-KCs featured by TIM4-lacking (6).

During LIRI, KCs mediate inflammation by IL1B, which is induced by inflammasomes NLRP3 and AIM2 (55, 56). In parallel, a CSF3+KC cluster in rat shows potential to promote inflammation by multiple cytokines and chemokines under IR challenge (57). On the other hand, KCs also regulate LIRI recovery. KCs resolve liver inflammation by TIM4-mediated IL10 up-regulation and TNFα down-regulation. Additionally, KCs also promote the recovery via TIM4-mediated efferocytosis (6).



Acute Liver Injury Induced by Other Risks

In acute carbon tetrachloride (CCl4)-liver injury, KCs are impaired resulting in the decrease of IL-6, further delayed liver regeneration (58). In LPS induced acute liver injury, KCs induce liver inflammation and hepatocyte death by up-regulating TNFα (59), although the up-regulations of both pro- and anti-inflammatory transcription factors are detected (60). Meanwhile, LPS-activated KCs increase the mortality because of the low level of CETP (61).

Collectively, KCs play a complicated dual role in acute liver injury, which might be depended on damage factors. But there are two common points: First, KC number is reduced under acute injury, which leads to monocyte infiltration. Second, KC functions are impaired in different damage. Therefore, replenishing KC number and functions might be a therapeutic strategy for acute liver injury.




KC in Chronic Liver Injury


Non-Alcoholic Steatohepatitis (NASH)

NASH is a severe liver disease that can advance to fibrosis, cirrhosis even hepatocellular carcinoma. The characters of NASH include metabolic disorders, liver inflammation and steatosis.

In NASH liver, Em-KCs are reduced with the increase of diet cholesterol content (62–64). It might be caused by NASH-induced cell apoptosis or death (5, 65). Following KC reduction, monocytes are recruited and differentiate into BM-KCs (5, 64). At the same time, residual Em-KCs expand by proliferation (63) while CD206hiESAM+ Em-KCs (KC2 mentioned in Part 1.2) maintains stable in number (29).

KCs play various roles in regulating liver injury in NASH (Figure 3). 891 genes in KCs are reported to be up-regulated under NASH. These genes are associated with functions of ECM remodeling, lipid metabolism, bacterial clearance and recruitment of circulating monocytes (62). Moreover, KCs amplify or attenuate liver inflammation. Mitochondrial DNA from apoptotic hepatocytes activates STING/NF-kB signaling pathway in KCs and leads to inflammation amplification (66). KCs also recruit monocytes and neutrophils via CCL2 and CXCL1. Monocytes aggravate inflammation while neutrophiles contribute to killing bacteria (67). KCs attenuate inflammation by removing gut microbial products via VSIG4 (68, 69).




Figure 3 | KCs in NASH-related Liver Injury. In NASH livers, KCs regulate inflammation and lipid metabolism. (A) KCs-STING/NF-kB signaling is activated by mitochondria DNA from injured hepatocytes and amplify the inflammation. (B) KCs inversely engulf gut mEV (microbial DNA containing extracellular vesicles) via VSIG4 and attenuate inflammation. (C) KCs also secret chemokines CCL2 and CXCL1 recruiting neutrophils and monocytes. (D) Neutrophils help killing pathogens like bacteria. (E) Monocytes can differentiate into BM-KCs. (F, G) The differentiation process is regulated by LSECs and HSCs. (H) Dead KCs are the initiators of the replenishment by opening KC niche. (I) The triacylglycerol storage capacity of BM-KCs is decreased comparing to Em-KCs. (J) Meanwhile, BM-KCs promote inflammatory response. (K) KC2 (CD206hiESAM+KCs) regulate lipid metabolism via CD36 leading to the damage of hepatocytes.



Additionally, functions of different KC sub-clusters are also reported. For example, KC2 aggravate liver injury via CD36 (29); Em-KCs are more efficient for triglyceride storage (5, 70) while BM-KCs are more inflammatory (5). It still needs further study to explore whether these differences are caused by origins, KCs impairment and/or the different state of KCs (such as immature or mature).

Therefore, KCs play multiple roles in NASH. The details of KC functions, especially based on their heterogeneity, still need deeply study.



Cholestatic Liver Injury

Cholestatic liver injury involves a variety of disorders of bile flow and/or formation. KCs are reduced in primary biliary cholangitis (a chronic cholestatic liver disease) (71). In bile duct ligation (BDL) mouse model, KC depletion results in a reduction of hepatocyte regeneration and more serious injury (72, 73). However, liver fibrosis is alleviated by KC deletion (73). In-depth study suggests that IL6 might be a potential functional molecule (72). On the other hand, BDL impairs the clearance function of KCs, resulting the reduction of gut-derived LPS clearance and the aggravation of inflammatory damage (74, 75). In parallel, KC scavengers MARCO and CD5L are reduced in human biliary atresia (76). Decreased clearance function might be a reason of the susceptibility to bacterial infection after BDL injury (74).



Toxic Liver Injury

As the major organ for detoxification, liver is easily to be injured by toxicant (such as chemicals, drugs and alcohol). In this part, we mainly focus on chronic toxic liver injury since acute toxic liver injury has been discussed in Part 3.

In CCl4-chronic liver injury model, KC number is reduced and is partially replenished by Ly6Clo monocytes during repairing (77). Functionally, KCs amplify inflammation by recruiting pro-inflammatory macrophages via TREM1 in early stage of injury (78). KCs phagocytic and pathogen killing potentials might be decreased for complement C6, MARCO and TIM4 in KCs are down-regulated (79). But in another study, KC-TIM4 is increased (80). Herein, more studies are needed to demonstrate how KC phagocytic capability changes during toxic liver injury.

In alcohol injured livers, alcohol also induces KC number decreasing (81). KCs are activated by apoptotic hepatocyte-derived mitochondrial DNA via TLR3. Activated KCs produce high level of IL1B which induces IL17A releasing from T cells (82) and promotes hepatocellular carcinoma development (83).



Chronic HBV Infection

In part 3.2, we have discussed the importance of KCs in acute HBV infection. In chronic HBV infection, KCs also play protective role in various ways. Firstly, KCs produce IL1B via activated NLRP3 (84) to attenuate the susceptibility of HBV infection (85). Secondly, KCs recognize virus and enhance natural killer cells activation via IL18 (86). Thirdly, KCs act as antigen-presenting cells to activate T cells (87). Additionally, KCs contribute to liver immune tolerance by attenuating T cell proliferation (88), attenuating B cell antibody production (89), suppressing CD8+T cell cytotoxicity and promoting Treg expansion (90). Inversely, HBV also employs different strategies to modulate KCs to favour the establishment of infection, such as impairing IL-1B production (84) and promoting IL-10 releasing (91).




Liver Fibrosis and Cirrhosis/Portal Hypertension

Liver fibrosis, a common pathological process of chronic liver injury, is characterized by the excessive deposition of ECM (especially collagen). Liver fibrosis further progresses to cirrhosis if it has not been well treated. Portal hypertension is a major cause of morbidity and mortality in cirrhosis (92). In human cirrhosis, KC number has been reported to be unchanged (33, 93) while rat KCs are reduced upon cirrhosis (94). A recent study reports that infiltrated monocytes differentiate into BM-KCs upon liver stromal cells-IL6 stimuli (95).

KCs regulate ECM deposition in various ways (Figure 4). Firstly, KCs affect collagen production by regulating HSC (the major cellular source of collagen) activities. KCs promote HSC activation and collagen production via TGFB1 (80). For another, KCs contribute to HSC survival by EGFR and TNFR1A/1B signaling (79). Secondly, KCs regulate ECM remodeling directly. KCs promote collagen cross-linking and scar formation (96) by LOXL2 (97). Inversely, KCs produce MMP9 to promote collagen resolution (98). Consistently, KC infusion shows anti-fibrotic effects (99).Thirdly, KCs also transdifferentiate into fibroblast-like cells contributing to ECM deposition (100).




Figure 4 | KCs in Liver Fibrosis/Cirrhosis. Liver fibrosis is the over-repair in chronic liver injury. KCs are activated by injured hepatocytes and promote fibrosis in different ways: (A) KCs promote HSC activation via TGFB1. (B) KCs themselves can differentiate into fibroblasts contributing to ECM deposition. On the other hand, (C) KCs mediate the cross-linking of collagen via LOXL2. (D) KCs also induce the impairment of biliary epithelial cells by LOXL2.



In human cirrhosis, phagocytic and anti-bacteria abilities of KCs are weakened (93) which might cause the susceptibility to bacterial infection and the cirrhotic death (101). At the same time, activated KCs might help increase portal venous pressure for the level of soluble CD163 (the sensitive marker of KC activation) is associated with portal venous pressure gradient (102). Activated KCs also increase portal pressure by inducing vasoconstrictor including cysteinyl leukotriene (103). On the other hand, human KCs might not contribute to fibrogenesis directly for they are away from fibrotic areas (33). The contradiction in human KCs studies might be caused by the influence of other liver macrophages, because of the lacking of canonical markers to distinguish them, especially in early studies.



Hepatocellular Carcinoma (HCC)

HCC is an inflammation associated cancer caused by multiple etiological factors. KCs are reduced in mouse (104) and human (105) HCC. Human KC reduction is caused by tumor cell-CCL2 (105). However, mouse KCs could be replenished for CLEC4F expression is unchanged (106). Herein, the change of KCs pool in HCC still needs further study.

Functionally, KCs promote neutrophil-mediated liver toxicity through IL12 (107). KCs also attenuate T cell responses thereby promote tumor growth and decrease anti-PD-1 therapeutic sensitivity (108). While up-regulating microRNA-206 expression might attenuate the tumor-promoting effect on of KCs (109). Besides, CD163+CD206+FOLR2+KCs co-localize and interact with PLVAP+ endothelial cells and immunosuppressive T cells, further maintained the immunosuppressive micro-environment (110). On the other hand, cancer cells might regulate KC activities directly since liver macrophage activity and function are affected by cancer cells (111). Cancer cells also change macrophage cytokines-releasing (112) and metabolism (113) which further promote HCC progression. Cancer cell-KCs crosstalk exacerbates HCC by initiating a vicious circle which reinforces each other.



Conclusion and Further Prospect

As one of the important components of liver, KCs perform important role in health, acute/chronic liver injury, liver fibrosis/cirrhosis and HCC. In healthy liver, KCs help to maintain liver homeostasis. In injured liver or HCC, KCs are usually reduced, but the detail and reason for reducing need in-depth study. KC functions in injured liver are complicated (Table 2). Further studies are needed to confirm the universal between different injuries. In recent years, the improvements of technology (such as scRNA-seq) provides more information and details about KC heterogeneity in health and diseases. But the conclusions are controversial and lack an accepted clustering criterion. In conclusion, it is necessary to further clarify KC functions (especially based on their heterogeneity) in liver diseases. These studies will be helpful in understanding the mechanism of liver diseases and developing new therapeutic target.


Table 2 | KC heterogeneity and function in Liver injury.
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Chronic liver injury can be caused by many factors, including virus infection, alcohol intake, cholestasis and abnormal fat accumulation. Nonalcoholic steatohepatitis (NASH) has become the main cause of liver fibrosis worldwide. Recently, more and more evidences show that hepatic microenvironment is involved in the pathophysiological process of liver fibrosis induced by NASH. Hepatic microenvironment consists of various types of cells and intercellular crosstalk among different cells in the liver sinusoids. Liver sinusoidal endothelial cells (LSECs), as the gatekeeper of liver microenvironment, play an irreplaceable role in the homeostasis and alterations of liver microenvironment. Many recent studies have reported that during the progression of NASH to liver fibrosis, LSECs are involved in various stages mediated by a series of mechanisms. Therefore, here we review the key role of crosstalk between LSECs and hepatic microenvironment in the progression of NASH to liver fibrosis (steatosis, inflammation, and fibrosis), as well as promising therapeutic strategies targeting LSECs.
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Introduction

Nonalcoholic fatty liver disease (NAFLD) is a spectrum of liver disorder closely related to insulin resistance, type 2 diabetes and genetic susceptibility, including simple fatty liver (SFL), nonalcoholic steatohepatitis (NASH) and related fibrosis/cirrhosis. Histologically, NAFLD is defined as the presence of more than 5% hepatocytes steatosis without evidence of hepatocellular injury (1), while NASH is defined as the presence of more than 5% hepatocytes steatosis and inflammation with hepatocytes injury, with or without fibrosis (2). It is estimated that nearly a quarter of the world’s population suffering from NAFLD, including nearly 100 million in the United States (3). With the global trend of obesity and related metabolic syndrome, NAFLD has become an important cause of chronic liver disease in developed countries such as Europe and the United States. At least 20%-30% of patients with NAFLD develop NASH, the advanced stage of NAFLD, which is emerging as a leading cause of progressive liver fibrosis and end-stage liver disease. Over time, NAFLD and NASH may progress to cirrhosis, with a greater proportion of patients with NASH (20%) developing cirrhosis in their lifetime. In Europe and the United States, NASH is currently the main cause of liver disease in adults waiting for liver transplantation, and it will become the most common indication for liver transplantation in the next decade. Patients with NASH develop hepatocellular carcinoma at significantly higher rates than the general population and have an annual rate that is 12 times higher patients with NAFLD (5.77 vs 0.44 events per 1000 person-years). NASH is a heterogeneous condition with varying rates of disease progression and clinical outcomes, which might be driven by the varying predominant mechanisms for the development of the disease (4). Patients with noncirrhotic NASH are at increased risk even though hepatocellular carcinoma usually occurs in the context of cirrhosis (3). Although the incidence rate and severity of NASH are very high, there is no approved treatment at present. The existing treatment methods are only aimed at controlling related diseases. Therefore, it is very urgent to understand the mechanism of NASH, especially how simple steatosis develops into NASH and then progresses to liver cirrhosis and/or liver cancer (5).

Recently, emerging evidence suggests that intercellular crosstalk rather than a single cell type regulate NASH progression. As the gatekeeper of hepatic microenvironment, LSECs can trigger steatosis, inflammatory response, fibrogenesis via communicating with surrounding sinusoidal cells. In the progression of NASH to liver fibrosis, the crosstalk between LSECs and hepatic microenvironment is very complex but important, understanding of which is critical for developing novel therapeutic strategies based on LSECs. In this review, we summarize the intercellular crosstalk between LSECs and surrounding cells in NASH to liver fibrosis, and some potential LSECs targeted therapeutic strategies will be discussed.



The Intercellular Crosstalk of LSECs in Liver Physiological Microenvironment

Liver lobules, as the basic structural and functional unit, are composed of parenchymal cells and non-parenchymal cells. Hepatocytes (HCs) are the primary component of hepatic lobules. HCs constitute 60% of the number and 80% of the volume of hepatic lobular cells, they are the main executors of the liver participating in various physiological functions (6). HCs are distributed radially and form a structure named “liver plate”. HCs have a large number of Golgi bodies, mitochondria and rough endoplasmic reticulum, which play a key role in the process of energy metabolism, material conversion and protein synthesis (7). HCs have strong regeneration capacity and play an important role in liver regeneration after injury (8). Many kinds of nonparenchymal cells (NPCs) are distributed in hepatic sinusoids, constitute 35% of the number and 17% of the volume of liver cells, consist of liver sinusoidal endothelial cells (LSECs) (50%), Kupffer cells (KCs) (20%) and stellate cells (HSCs) (<1%) (9). The remaining NPCs are composed of lymphocytes (25%) and biliary cells (5%) (6). Although NPCs have no advantage in quantity, there is no doubt about their importance to the liver microenvironment (10) (Figure 1).




Figure 1 | Structure of liver sinusoidal microenvironment. As the gatekeeper of hepatic sinusoidal microenvironment, LSECs constitute the interface between the sinusoid and blood flow. The intercellular crosstalk between LSECs and various cells including hepatocytes, lymphocytes, neutrophils, macrophages, and hepatic stellate cells, which together consist of the hepatic microenvironment.



Among the liver NPCs, the most abundant cell type is LSECs. Second only to hepatic parenchymal cells, LSECs constitute 15%-20% of the number of hepatic cells and 3% of the volume of the liver, while account for 50% of NPCs. LSECs are highly specialized endothelial cells with fenestrae, which traverse through the cytoplasm without basement membrane. The fenestrae are 100-150 nm in size and are clustered in groups that have been termed “sieve plate” (11). Fenestration is not a unique structure of LSECs, but also exists in other organs. In mammals, only glomerular endothelial cells and LSECs have open fenestrae, but the glomerular endothelial cells differ from the LSECs in that it locates on organized basement membrane, so LSECs have a unique phenotype in mammals. The fenestration pattern of LSECs in liver lobules vary with zonation, with larger but fewer fenestrae per sieve plate in the periportal region and smaller but more fenestrae per sieve plate in the pericentral region (12). Aging and hypoxia could regulate the capillarization pattern (13). The unique structure of LSECs makes it the most permeable endothelial cell in mammalian vascular system (14). Under different stimuli, LSEC regulates the bidirectional transport of substances between hepatocytes and perisinusoidal space by adjusting the size and number of fenestrae (15, 16). LSECs clear antigens, cell fragments and immune complexes through endocytic vesicles and receptor-mediated endocytosis (17, 18).

Another unique characteristic of LSECs is their expression of high levels of several scavenger receptors compared with conventional endothelium. These receptors on LSECs membrane endow LSECs with high endocytosis capacity, which include scavenger receptor (SR-A, SR-B and SR-H), mannose receptor and Fc gamma-receptor IIb2 (12, 19). The main SRs of LSECs refer to SR-H/stabillin-1 and SR-H/stabillin-2. The SRs is the primary scavenger receptor on the LSECs, mediate endocytosis of polyanionic molecules, including oxidized low-density lipoproteins, hyaluronan, chondroitin sulfate, formaldehyde treated serum albumin, procollagen type I and III N-terminal peptides and advanced glycation end products (20). The mannose receptors are not unique to LSECs and binds to a variety of glycoproteins and microbial glycans, mainly clears circulating collagen alpha chains (I, II, III, IV, V, XI), recruited tissue plasminogen activator regulating fibrinolytic activity and lysosomal enzymes for further use by LSECs. While Fc gamma-receptor IIb2 expressed by LSECs mainly cleans circulating immune complexes formed with IgG, mediating vascular immunity of LSECs (19).

What’s more, LSECs is of great significance for the maintenance of system immune homeostasis (21). LSECs reside along liver sinusoids and separate passenger leukocytes from hepatocytes within sinusoids, further act as a platform for various immune cell populations to lodge in the sinusoidal microenvironment, such as leukocytes, macrophages and lymphoid cells (22). LSECs have vital physiological and immunological functions more than a physical barrier, including filtration, endocytosis, antigen presentation and leukocyte recruitment (23).As the first site of constant exposure to microbial and food antigens derived from the gastrointestinal tract via the portal vein, LSECs and KCs play a key role in taking up and cleaning soluble antigens within the hepatic sinusoids (23). It’s necessary to ensure that damaging immune responses are not precipitated against harmless antigens while eliminating invading pathogens simultaneously (23). The initial key step in immune response is the innate pathway of antigen uptake by pattern recognition receptors (24). Pattern recognition receptors mainly expressed on LSECs, are highly evolutionarily conserved and include the Toll-like receptor (TLR) family and scavenger receptors (24). In vitro, a variety of TLRs expressed in LSECs also mediated strong inflammatory responses upon ligand stimulation (25, 26). Both of KCs and LSECs constant exposure to lipopolysaccharide (LPS) leads to an LPS-refractory state in LSECs specifically, LPS exposure is associated with reduced nuclear translocation of nuclear factor-κB (NF-κB) and subsequent reduced leukocyte adhesion, which prevents the liver from being a constant exposure to bacterial products from the gut (27, 28). A recent study demonstrated that a high-cholesterol diet exacerbates acetaminophen-induced and liver injury via a TLR9/inflammasome-depend manner (28). LSECs not only regulate innate immune responses but also directly regulate adaptive immune responses through antigen presentation to T cells. LSECs can directly contribute to inhibition of effector function of activated T cells. LSECs also express C-type lectin receptors such as L-SIGN and LSECtin not only scavenger receptors, which may contribute to the clearance of pathogens from circulation (29). As an endogenous ligand for LSECtin, CD44 is expressed on activated T cells. LSECtin binding to CD44 leads to inhibition of T-cell activation, proliferation and effector function, this interaction controls local T-cell activation and effector function (30). LSECs express major histocompatibility complex (MHC) class I and II molecules (23). LSECs cross-present soluble antigen to CD8+ T cells on MHC I by using scavenger receptors (31). While they present antigens to CD4+ T cells via MHC II-restricted antigen presentation and promote the development of regulatory T cells (32), these tolerogenic properties of LSECs may control autoimmunity in many in vivo studies (33, 34).

HSCs are pericytes, located in the space of Disse and surrounded by HCs and LSECs, are the main source of extracellular matrix (ECM) in the liver (35). A single stellate cell can wrap up to four blood sinusoids and alter its structure and function through interactions with surrounding cells (12). HSCs are the predominant cell type leading to liver fibrosis, the injury of LSECs can transform quiescence HSCs into myofibroblast like cells (activated HSCs) (36). The activities of HSCs mainly depend on the interactions with surrounding cells in liver sinusoids (37–39). LSECs is the main source of endothelial nitric oxide (NO), an important substance regulating vascular tension, produced by endothelial nitric oxide synthase (eNOS) (12). At least in part, HCs and HSCs regulate LSEC phenotype via paracrine secretion of vascular endothelial growth factor (VEGF) (9). Hepatic macrophages mainly include Kupffer cells resident in the liver and macrophages derived from circulating monocytes (38). Hepatic macrophages, together with surrounding cells, participate in inflammatory response, fibrogenesis and vascular remodeling, are very important to hepatic and systematic response to pathogens (40, 41). Moreover, LSECs also express a variety of adhesion molecules, influence the interaction among sinusoidal cells, are regulated by inflammatory cytokines, including ICAM-1, VCAM-1 and selectin (42). In liver, the space of Disse is filled with ECM (43), which is considered to be the storage place of growth factors, cytokines and some proteins that can be released when needed, promoting the intercellular crosstalk among different types of sinusoidal cells (44). As the gatekeeper of liver sinusoidal microenvironment, LSECs play a central role in liver sinusoidal crosstalk network due to their unique structure and function.

The intercellular crosstalk within the sinusoids is critical to hepatic cell growth, proliferation, migration, differentiation and the maintenance of cell phenotype. In NASH, lipotoxicity induced by excessive accumulation of lipids in HCs upon metabolic imbalance, which promotes the occurrence of oxidative stress and ER stress, metabolic inflammation, hepatocyte ballooning and cell death, and leads to the initiation and progress of fibrosis through the complex crosstalk of sinusoidal cells (45). Understanding the intercellular crosstalk in sinusoids is crucial to better understand the progress of NASH to liver fibrosis, regulating of which may lead to the improvement of the diseases.



Sinusoidal Crosstalk in NASH Related Fibrosis

The underlying mechanisms of NASH to liver fibrosis are still not clear, multiple pathways involve in lipid accumulation, cellular infiltration and fibrosis. There is a series of key events in the progression from NASH to liver fibrosis, which can be summarized by some hypotheses. Initially, “two hit” hypothesis was established to described the progression of NAFLD (46). In this theory, “first hit” usually refers to the accumulation of lipids, including triglycerides, free fatty acids (FFAs) and cholesterol accumulated in hepatocytes, which leads to NAFLD. In NAFLD, a series of injuries such as lipotoxicity, mitochondrial injury, redox imbalance and inflammation in the liver constitute the “second hit” for NAFLD to develop into NASH (47, 48). The currently accepted theory, “multiple-hit hypothesis”, suggests that there are multiple synergistic events leading to liver inflammation, which may act parallel (49). In this theory, inflammation is not necessarily accompanied by lipids accumulation. On the contrary, it is also possible that inflammation caused by different injuries may exist before steatosis and may promote its progression in NASH. Insulin resistance, oxidative stress, endoplasmic reticulum stress, inflammatory mediators from adipose tissue, dietary factors, gut-liver axis and some epigenetic factors are considered to be the multiple hits for the progression of NAFLD to liver fibrosis (5, 50). Moreover, Type 2 diabetes (T2D) is an important risk factor for the development of NAFLD, then promotes the development of liver injury from simple steatosis to NASH and then leads to liver fibrosis (4, 51).

The progression of NASH to fibrosis is always accompanied by chronic inflammation, LSECs play a key role in inflammatory response (52). LSECs plays an anti-inflammatory role in the early development of NAFLD by reducing the secretion of proinflammatory chemokines. In NASH, impaired autophagy of LSECs enhance the expression of chemokines, cytokines and adhesion molecules, promote the development of liver inflammation, endothelial-to-mesenchymal transition and liver fibrosis (53). After liver injury, LSECs rapidly lose their highly specialized phenotype and become capillarization, which impairs filtration and endocytosis of LSECs (54). Capillarization refers to the disappearance of the fenestrae and the formation of continuous basement membranes, which transforms LSECs into nonspecific endothelial cells. The accumulation of extracellular matrix (ECM) in liver, which leads to progressive fibrosis. The main mechanism leading to liver fibrosis is a long-standing wound healing process (55), fibrogenesis is driven by dysfunctions of different kinds of sinusoidal cells, including stressed or injured hepatocytes, activated macrophages and HSCs (56). Due to the special position and role of LSECs in the hepatic sinusoids, LSECs can be regarded as the gatekeeper of the hepatic sinusoidal microenvironment, which may mediate the alterations of the hepatic sinusoid microenvironment. Capillarization of LSECs is a key step in the development of chronic liver disease, maintaining normal LSECs phenotype and function can inhibit the development of NASH to liver fibrosis. The intercellular communications among sinusoidal cells involves a series of complex mechanisms, here we review the crosstalk between LSECs and neutrophils, lymphocytes, HCs, KCs, and HSCs within hepatic sinusoids (Figure 2).




Figure 2 | Sinusoidal crosstalk mediated by LSECs play a key role in progression of NASH to liver fibrosis. A series of pathophysiological processes from NASH to liver fibrosis are mediated by LSECs. Capillarization and dysfunction of LSECs appear in early stage of NASH. Capillarized LSECs acquire a pro-inflammatory phenotype, recruiting immune cells including neutrophils, monocytes and lymphocytes to the hepatic microenvironment, promoting HCs steatosis and cell death, activating HSCs and KCs, and promoting liver fibrosis.




Intercellular Crosstalk Between LSECs and Neutrophils

Liver-infiltrating immune cells, with neutrophil infiltration as a hallmark of NASH, play a critical role in the progression of NASH to liver fibrosis (57). Infiltration of neutrophils is commonly observed in patients with NAFLD, and severity of infiltration is associated with disease progression (42). Neutrophils are the first type of immune cells that respond to inflammatory changes in various tissues, including liver, establishing the first line of defense through multiple mechanisms such as phagocytosis, cytokine secretion, reactive oxygen production and neutrophil extracellular trap formation (57, 58). Many studies have revealed that excessive activation of neutrophils induces liver damage within sinusoids, mainly through release of proteases, including myeloperoxidase (MPO), neutrophil elastase (NE), proteinase 3, cathepsins, and matrix metalloprotease (MMP)-9 (42). Elimination of MPO, NE, or proteinase 3 expression or activity via genetic or pharmacological approaches may improve pathological changes in NASH (58–60). In inflammatory liver diseases, LSECs influence the composition of hepatic immune populations by mediating diapedesis of leukocyte subsets via distinct combinations of adhesion molecules and chemokines. During NAFLD progression, LSECs acquire a pro-inflammatory phenotype and functions, capillarization and dysfunctions of LSECs deteriorate liver inflammation (61). In NASH, LSECs overexpress progressively adhesion molecules including intercellular adhesion molecule-1 (ICAM-1), vascular cellular adhesion molecule-1 (VCAM-1) and vascular adhesion protein-1 (VAP-1) (62), and also produce a number of pro-inflammatory mediators including tumor necrosis factor alpha (TNF alpha), interleukin 6 (IL-6), IL-1 and chemokine ligand 2 (CCL2). In vivo and in vitro studies showed reduced leukocyte adhesion to hepatic sinusoids when these adhesion molecules are blocked (62, 63). The role of LSECs in initiating immune responses and contributing to progressive liver diseases makes them a potential therapeutic target for treating inflammatory liver diseases. There is an emerging concept that neutrophils can be functionally divided as either N1 or N2, mirroring the M1/M2 and Th1/Th2 classifications. But the precise mechanism of how LSECs induce N1/N2, and their role in NASH and liver fibrosis, are still unknown.



Intercellular Crosstalk Between LSECs and Lymphocytes

In both humans and rodents, NASH is characterized by B cell and T cell infiltration of the liver as well as by the presence of circulating antigens targeting originating from oxidative stress (64). LSECs regulate the behavior of lymphocytes under both physiological and pathological conditions. The balance of immune subsets determines the progression and outcome of immune responses within the liver, there is now evidence that T cell subsets utilize distinct combinations the mediators to migrate through the hepatic sinusoids under specific microenvironment (23), including α4β1 (65), stabilin1, ICAM1, VAP1 and so on (66). The normal liver is characterized by immunologic tolerance. LSECs block adaptive immunogenic responses to antigens and induce the development of regulatory T cells (67). The progression of NASH to liver fibrosis is associated with intense intrahepatic inflammation and disordered hepatic immunity (68, 69). While under inflammatory conditions, LSECs express high levels of Delta-like and Jagged family of Notch ligands and induce the expression of Notch target genes in Th1 cells, thereby increasing the expression of IL-10 in Th1 cells to exert anti-inflammatory effect (11). However, more studies found that LSEC acquire enhanced immunogenicity in fibrosis, leading to intensified inflammatory microenvironment and altered intrahepatic immunity. For instance, after fibrotic liver injury from hepatotoxins, LSECs become highly proinflammatory and secrete a series of cytokines and chemokines. LSECs gain enhanced capacity to capture antigens, induce the immunogenic T cell to enhance endogenous CTLs and drive potent de novo CTL responses (17). Although limited, emerging evidences suggest that B cells participate in the progression of NASH to liver fibrosis (70). Consistently, B cells have been shown to directly contribute to the progression of inflammation and fibrosis in mouse models of NASH and hepatotoxicity (64). However, the specific mechanisms of crosstalk between LSECs and B cells remain unclear (71). In addition, LSECs also express CXCL16, which is a cell membrane-bound ligand for CXCR6, to regulate the number of NKT cells that patrol as part of intravascular immune surveillance in hepatic sinusoids (72).



Intercellular Crosstalk Between LSECs and HCs

Lots of in vivo and in vitro studies suggest that, high levels of lipids (73), carbohydrates and gut microbiota products in diet (74, 75), can promote the capillarization and fenestrae loss of LSECs in the early stage of NAFLD (55, 61), while the capillarization of LSECs will aggravate hepatocyte steatosis (76). The capillarization of LSECs reduces the substances exchange between sinusoids and blood, hinders the outward flow of hepatocyte derived very low-density lipoprotein (VLDL), and leads to the retention of cholesterol and triglycerides in the liver (77). Meanwhile, it can also reduce the transfer of chylomicrons to hepatocytes, enhance de novo lipogenesis and compensatively increase the production of cholesterol and triglyceride synthesis in hepatocytes (78).

Healthy LSECs secrete a constant compositional level of NO in response to normal stimuli, such as shear stress and VEGF. NO produced by eNOS maintains liver homeostasis and the quiescence of HSCs and KCs (79). LSEC vascular dysfunction can occur in the early stage of NAFLD, before liver inflammation and fibrosis (80). Its dysfunction is mainly manifested in the obstruction of eNOS activation and the decrease of the synthesis level of hepatic vasodilator NO. The main mechanisms leading to this result include high lipid exposure, insulin resistance and intestinal flora imbalance (81). LSECs vascular dysfunction will also reversely promote the development of liver steatosis: first, in the eNOS-/- mouse model, the synthesis of NO is blocked, and the animal liver shows a significant tendency of steatosis (82). Secondly, NO plays a role in regulating hepatic fatty acid synthesis, which has been shown to directly regulate the tricarboxylic acid cycle by limiting citric acid synthesis in mitochondria, inhibiting acetyl CoA and activating AMP-activated protein kinase (AMPK) and other pathways (83, 84). Capillarization reduces LSECs permeability, thus affecting the lipoprotein secretion of HCs and the de nova lipogenesis in HCs. Accumulation of lipid or decreased lipid clearance in liver lead to hepatic steatosis, the abnormal accumulation of lipids in HCs will also lead to reactive oxygen species (ROS) overproduction, mitochondrial respiration injury and endoplasmic reticulum stress, which aggravate the damage of HCs (85).

After sustained liver injury, liver fibrosis develops gradually. More and more evidences show that the interaction between LSECs and HCs plays an important role in the initiation and development of liver fibrosis (86). LSECs and HCs also communicate with each other through the VEGF-A/VEGFR-2 (VEGF receptor 2) signaling in fibrotic liver (87). CD147 is a transmembrane glycoprotein and widely expressed on the surface of various cells including HCs and LSECs, has been proven to be involved in multiple biological process, such as immune response, tumor progression and tissue repair (88). It has been demonstrated that CD147 also play a pivotal role in the angiogenesis of LSECs and simultaneously expressed in HCs and LSECs in fibrotic liver. Interestingly, anti-CD147 antibody inhibits angiogenesis via VEGF-A/VEGFR2 axis, thereby improving the process of liver fibrosis (89). In addition, the combination of leukocyte cell-derived chemokine 2 (LECT2) produced by HCs and Tie1 expressed by LSECs also participates in the progress of liver fibrosis. LECT2 is a 16-kDa secreted protein (90), which is a functional ligand of Tie1, a poorly characterized endothelial cell specific orphan receptor. Recently, emerging evidences indicates that LECT2 is involved in many pathological conditions, including sepsis, diabetes, systemic amyloidosis, hepatocarcinogenesis and NAFLD (91–93). In vivo studies showed that overexpression of LECT2 promotes sinusoidal capillarization and worsens fibrosis (94).

The crosstalk between LSECs and HCs can promote the fibrogenesis reaction, so the characterization of intercellular communications between LSEC and HCs is an important goal to develop the treatment of NASH to fibrosis in the future.



Intercellular Crosstalk Between LSECs and KCs

Liver macrophage populations comprises the largest proportion (80%-90%) of resident macrophages in the human body (95), mainly consist of two different subsets of cells, including liver-resident KCs and circulating monocyte-derived macrophages (MoMFs) (96). MoMFs are derived from bone marrow hematopoietic stem cells and recruited to the liver from blood circulation (97–99). Liver macrophages are important mediators of liver inflammation and fibrogenesis in the development of NASH (100, 101). In healthy people, KCs are the main immune cells in the liver. In the healthy rodent liver, KCs account for 20% ~ 35% of all NPCs in the liver (102). Most of KCs are distributed in hepatic sinusoids and have the ability of self-renewal. KCs and MoMFs can usually be polarized into two subtypes, including “pro-inflammatory” M1 macrophages and M2 macrophages involved in “immune regulation” in vitro (103). The M1 macrophages produce proinflammatory cytokines such as TNF-α, IL-1β, CCL2 and CCL5. In contrast, M2 macrophages secreted a distinct set of mediators including IL-13, IL-10, IL-4 and transforming growth factor-β (TGF-β) (104).LSECs also have the unique function of modulating KC phenotype in the liver. In the normal liver, LSEC-derived Delta-like ligand 4, a Notch ligand, and TGF-β contribute to the maintenance of KC identity (105).

As the gatekeeper of hepatic immunity, LSECs interacted directly with the immune cells and antigens in the blood flow (11). Adhesion of monocytes to LSECs is a crucial step for inflammation response in NASH, which verified the central role of macrophages in the progression of NASH to liver fibrosis. There is a dynamic balance between M1/M2 ratio, and the imbalance of M1/M2 ratio may be the key to the progression of NASH to liver fibrosis. In the early stage of NAFLD, mild inflammation is often controllable and contributes to liver repair and regeneration after injury. LSECs play an anti-inflammatory role by inhibiting KCs activation and monocyte migration. LPS or excess FFAs active KCs to release a large number of pro-inflammatory cytokines (TNF-α, TNF-β and NF-κB etc.) and promote lipid accumulation and oxidative stress response in HCs through paracrine, which drives the progression from simple steatosis to NASH and even fibrosis. As NASH progresses, it has been noted that KCs and MoMFs in NASH liver exhibited a notable shift toward a proinflammatory phenotype on the basis of their gene expression signatures at the single-cell level (39). The number of M1 macrophages increased significantly, while the number of M2 macrophages decreased remarkably (106). And capillarization of LSEC occurs, which is required for activation of KCs (61). LSECs convert to a pro-inflammatory phenotype, producing pro-inflammatory mediators that lead to the activation of KCs (23). Activated KCs participate in angiogenesis by secreting ROS and cytokines including TNF-α, PDGF and platelet activating factor (PAF) (107). The pro-inflammatory phenotype of LSECs increases the expression of the chemokine CCL2, recruiting monocytes to the liver (62). In addition, LSECs in NASH mouse models overexpressed adhesion molecules ICAM-1, VCAM-1 and VAP-1, which are critical for monocyte adhesion, transport, and participation in local inflammatory responses (42, 55). While in the fibrosis model, intercellular crosstalk between KCs and LSECs results in fenestration loss and expression of CD31 increased, a surface marker of LSECs dedifferentiation (108, 109). The precise contribution of LSECs-KCs interactions to the pathogenesis of liver fibrosis is still to be elucidated.



Intercellular Crosstalk Between LSECs and HSCs

HSCs are the main source of ECM synthesis, distributed in space of Disse. Activation of HSCs is now well established as a central driver of fibrosis in experimental and human liver injury (110, 111). In normal liver, differentiated LSECs prevent activation of HSCs and promote reversion of activated HSCs to quiescence via VEGF-stimulated nitric oxide production (112). Chronic injury leads to loss of LSECs differentiation and capillarization, diminishes their ability to suppress HSCs activation (111). Uninterrupted inflammation can cause HSCs to active and differentiate into myofibroblasts. The activated myofibroblasts release a large amount of extracellular matrix (ECM) into hepatic sinusoids, which are rich in collagen fibers, eventually promote liver fibrosis or cirrhosis (113). In the early stage of NASH, free cholesterol accumulation in HSCs sensitizes the cells to TGF-β induced activation through enhancement of Toll-like receptor 4 (TLR4) mediated downregulation of TGF-β pseudo receptor BAMBI (bone morphogenetic protein and activin membrane bound inhibitor) (114). LSECs become capillarized and transform into pro-vasoconstriction, pro-inflammation, pro-angiogenesis and pro-fibrosis phenotypes (115, 116). Intercellular crosstalk between LSECs and HSCs cells is an important driver of liver fibrosis (22). Capillarized LSECs no longer keep HSCs quiescence, but secrete fibronectin (FN), platelet-derived growth factor (PDGF), TGF-β and Hedgehog (Hh) ligands, and reduce the transcription factor Kruppel like factor 2 (KLF2), which is a protective molecule of hepatic vascular endothelium (117), to activate HSCs. Meanwhile, capillarization of LSECs may also lead to impaired blood oxygen diffusion, leading to hypoxia environment, which further induces rapid activation of HSCs and expression of HIF-1α (118). Activated HSCs further act on quiescent HSCs and LSECs through autocrine TGF-β1, forming a positive feedback loop on the progression of liver fibrosis (119). HSCs begin to proliferate, contract and deposit a large amounts of collagen fibers and extracellular matrix molecules in the liver parenchyma, leading to organ stiffening and disrupting all cellular functions (36).

Exosomes also play a bidirectional regulatory role in crosstalk between LSECs and HSCs. Dedifferentiated LSECs secrete exosomes rich in sphingospkinase-1 to promote the activation and migration of HSCs. While activated HSCs can also release Hh-rich exosomes and alter the expression of LSECs gene (120, 121). In addition, C-X-C chemokine 12 (CXCL12)/stromal derived factor-1 (SDF-1) produced by LSECs promotes HSCs migration during chronic liver injury (122). Sustained FGF receptor 1 (FGFR1) activation results in higher CXCR4 expression in LSECs than CXCR7, which stimulates HSCs proliferation and causes liver fibrosis (123). DLL4, a ligand of notch signaling pathway, is highly expressed in LSECs of fibrotic human liver tissues, as well as that from CCl4-induced mice. Overexpression of DLL4 accelerates defenestration of LSECs, and also increases the coverage of liver sinusoids by HSCs through endothelin-1 (ET-1) synthesis (124, 125). Meanwhile, ET-1 produced by HSCs plays a key role in the regulation of eNOS activation in LSECs and defenestration of LSECs (126). To clarify the crosstalk between LSECs and HSCs in different stages of chronic liver disease and the mechanism of gene expression and secretion profile alterations of LSECs is of great significance for preventing and reversing NASH to liver fibrosis.




Targeted Therapeutic Strategy of LSECs in NASH to Liver Fibrosis

Currently, no specific drug has been approved for clinical use to treat patients with NASH or liver fibrosis. As LSECs dysfunction drives the progression of NASH to liver fibrosis, restoring LSECs phenotype and regulating the crosstalk between LSECs and other liver cells within sinusoidal microenvironment are identified as attractive targets for treatment (Table 1).


Table 1 | Therapeutic drugs related to crosstalk between LSECs and other sinusoidal cells involved in this paper.




Targeting Adhesion-Related Molecules of LSECs

Adhesion of immune cells to LSECs is an essential step of inflammation in NASH. Adhesion molecules are abnormally expressed on LSECs, which provides multiple potential targets to control inflammation in NASH. Interference with recruiting signals would affect the intercellular communication between the recruited and resident immune cells in the liver. The pro-inflammatory LSECs overexpress adhesion molecules including VAP-1, VCAM-1, CD31, ICAM-1 and E-selectin (16, 55). Blocking these molecules or their ligands may control the development of progression of NASH to liver fibrosis. TERN-201, a kind of potent VAP-1 inhibitor, is still undergoing clinical trials in China for the treatment of NASH (62, 63, 135). Circulating inflammatory monocytes are attracted to the hepatic microenvironment via their chemokine receptor C-C motif chemokine receptor 2 (CCR2), while the corresponding CCL2 is strongly expressed by various liver cells such LSECs and KCs (136). Cenicriviroc (CVC), a dual antagonist of CCR2 and CCR5, ameliorates hepatic inflammation in NASH mice models by reducing the recruitment of CCR2+ monocyte in the liver. The drug has been shown to be effective in reducing fibrosis in a Phase III clinical trial in NASH patients (NCT03028740).



Targeting NO-Related Signaling of LSECs

LSECs are the major producers of NO in the liver (137). The balance of NO is critical in maintaining the morphology and endothelial function of LSECs to keep the quiescence of HSCs and KCs, it also thoroughly participates in the regulation of liver lipid and glucose homeostasis (138). Activation of endothelial Notch in LSECs aggravated the NASH phenotype through eNOS-sGC signaling (139, 140). Thus, targeting NO-related signaling may be an attractive therapeutic strategy. Statins can increase NO bioavailability in the sinusoidal microcirculation through reducing activity of RhoA and enhancing activity of Akt/protein kinase B (PKB) (128, 141). In addition, statins also regulate the LSECs phenotype that paracrinally improves HSCs status (117). Farnesoid X receptor (FXR) is a bile-acid responsive transcription factor that associated inflammation, fibrosis, and vascular homeostasis (129, 142, 143). FXR agonism plays a key role in the recovery of NO pathway and endothelial cells dysfunction, which could effectively increase the expression of eNOS in LSECs by promoting degradation of asymmetric dimethylarginine (AMDA) in bile duct ligation (BDL) rats (144). WAY-362450, an synthetic potent FXR agonist, can protect against NASH and hepatic fibrosis in methionine/choline-deficient (MCD) diet-fed mice model (130). Under oxidative, NO signal and the affinity between NO and sGC are interfered, which leads to the dysfunction of LSECs. Therefore, regulating of sGC activity may be a potential approach to restore the phenotypic changes, prevent sinusoidal capillarization and activation of HSCs. Praliciguat, an oral soluble sGC stimulator with extensive distribution to the liver in clinical development, effectively reduced inflammation, fibrosis, and steatosis by enhancing NO signaling in preclinical NASH models (131).



Targeting Angiogenesis of LSECs

Capillarization of LSECs occurs in the early stage of NASH, angiogenesis is deeply involved in liver fibrogenesis. Pathological capillarization of LSECs promotes liver steatosis, inflammation, and fibrosis. Though current controversial results suggest it is difficult to treat NASH or liver fibrosis through vascular targeting, there a variety of anti-angiogenic therapies have shown promising results (132). As a functional ligand of endothelial cell-specific receptor Tie1, LECT2 promotes liver fibrosis by inhibiting portal angiogenesis and promoting capillarization of liver sinusoids in various liver fibrosis models. Studies have shown that inhibiting the interaction between LECT2 and its receptor Tie1 effectively improved liver fibrosis by using peptibody L1-10 (133). Liver endothelial cells located in different zonations are heterogeneous, and their changes and roles in the pathological process from NASH to fibrosis are also different. Therapeutics that targeted a single vascular endothelial cell is not enough to treat liver fibrosis effectively. Combined muti-target therapies provide innovative insights for blocking or slowing down liver fibrosis. In a recent study, researchers explored a vascular-targeted therapy for liver fibrosis by using the adeno-associated viral vector serotype 9 (AAV9) with a short hairpin RNA (shRNA) of LECT2 combined with recombinant VEGF (rVEGF, VEGF/VEGFR signaling activator) or bevacizumab (VEGF neutralizing antibody, VEGF/VEGFR signaling inhibitor) to simultaneously regulate hepatic endothelial cells in different zonations (134).



Nanomaterial-Based Drug Delivery Targeting LSECs

For several decades, researchers have been developing drug carriers that will increase the drug delivery to liver for targeting NASH and liver fibrosis and decrease the side effects of drug metabolism. Nanoparticle such as exosome offer novel insights for NASH and liver fibrosis due to their low immunogenicity, low toxicity and high engineering (145). Exosomes are cell-derived nanovesicles that are involved in the intercellular crosstalk. Therapeutics, such as small molecules or nucleic acid drug, can be incorporated into exosomes and then delivered to specific types of cells or tissues to realize targeted drug delivery (146). Activation of Notch signaling in macrophages mediates the progression of NASH to fibrosis in the liver, study shows that transcription factor decoy oligodeoxynucleotides delivered by exosomes could be taken up by hepatic macrophages and ameliorate hepatic fibrosis by inhibiting Notch signaling in mice with liver fibrosis (41). Engineering exosomes targeting LSECs are is feasible for NASH treatment (41, 146). Liposome, another promising nanomaterial for drug delivery, can encapsulate both hydrophobic and hydrophilic drugs and the hydrophilic membrane shell may be modified by chemical moieties to target specific liver cell type (41, 145). LSECs could be specifically recognized by hyaluronic acid (HA)-based liposomes through the HARE/Stabilin-2 receptor (147, 148). Nanoparticles decorated with a stabillin receptor ligand can target to natural tolerogenic LSECs is able to generate regulatory T cells, which can suppress antigen-specific immune responses. Nanoparticle modified with the peptide of stabillin receptor ligand can target to LSECs, and modified nanoparticles loaded with different drugs have shown therapeutic effects in in a variety of autoimmune disease models in mice (149, 150). What’s more, functional efferocytosis of apoptotic vesicles restore liver macrophage homeostasis and ameliorates lipid metabolism (151). However, there have been no studies of LSECs-targeting modified nanoparticles for NASH or liver fibrosis treatment. The development of nanomedicine offers novel insights for NASH and liver fibrosis therapy.




Conclusion and Future Perspectives

As the gatekeeper of hepatic microenvironment, LSECs have multiple functions due to their unique structure and anatomical position, including substance exchange and clearance, blood flow regulation, and immune regulation under physiological conditions. In the early stages of NAFLD, lipotoxicity, adipokines, inflammation and gut microbiota derived products trigger LSECs dedifferentiation, driving capillarization and dysfunction of LSECs. In NASH, LSECs can no longer maintain the quiescence of KCs and HSCs, but transform into the phenotype of pro-inflammatory, pro-angiogenic and pro-fibrogenic. The crosstalk among LSECs and other sinusoidal cells plays an important role in the physiological and pathological processes of the liver, thus keeping LSECs healthy has high therapeutic potential for NASH related liver fibrosis.

The pathological process from NASH to fibrosis includes liver steatosis, inflammation, and fibrosis. Here we only review intercellular crosstalk mediated by LSECs within the sinusoidal microenvironment, the detailed mechanisms are involved with multiple alterations of LSECs, including morphology and endothelial function, paracrine and autocrine signals, hepatic cell-derived extracellular vesicles, and autophagy abnormalities. In fact, the crosstalk among various cells in the sinusoid microenvironment is very complex. There are no strongly specific drugs to treat NASH and liver fibrosis, and several candidates are still undergoing preclinical or clinical trials. Currently, our understanding of intercellular crosstalk in the hepatic sinusoidal microenvironment is very limited. In recent years, the rapid development of single-cell technology has provided researchers with powerful tools to gain deep insights into the molecular mechanisms involved in diseases. To explore the intercellular crosstalk between various sinusoidal cells at the single-cell level will help us deeply understand the pathological process from NASH to liver fibrosis, so as to explore better therapeutic strategies.
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Most liver diseases, including acute liver injury, drug-induced liver injury, viral hepatitis, metabolic liver diseases, and end-stage liver diseases, are strongly linked with hormonal influences. Thus, delineating the clinical manifestation and underlying mechanisms of the “sexual dimorphism” is critical for providing hints for the prevention, management, and treatment of those diseases. Whether the sex hormones (androgen, estrogen, and progesterone) and sex-related hormones (gonadotrophin-releasing hormone, luteinizing hormone, follicle-stimulating hormone, and prolactin) play protective or toxic roles in the liver depends on the biological sex, disease stage, precipitating factor, and even the psychiatric status. Lifestyle factors, such as obesity, alcohol drinking, and smoking, also drastically affect the involving mechanisms of those hormones in liver diseases. Hormones deliver their hepatic regulatory signals primarily via classical and non-classical receptors in different liver cell types. Exogenous sex/sex-related hormone therapy may serve as a novel strategy for metabolic liver disease, cirrhosis, and liver cancer. However, the undesired hormone-induced liver injury should be carefully studied in pre-clinical models and monitored in clinical applications. This issue is particularly important for menopause females with hormone replacement therapy (HRT) and transgender populations who want to receive gender-affirming hormone therapy (GAHT). In conclusion, basic and clinical studies are warranted to depict the detailed hepatoprotective and hepatotoxic mechanisms of sex/sex-related hormones in liver disease. Prolactin holds a promising perspective in treating metabolic and advanced liver diseases.
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Introduction

Chronic liver diseases refer to a progressive deterioration of liver functions over six months. The major etiologies of chronic liver disease are genetic defect, toxin ingestion, excessive alcohol consumption, infection, autoimmune reaction, and metabolic syndromes (1, 2). Long-term inflammatory, lipid peroxidation, and necrotic insults lead to liver parenchyma destruction and scar formation (liver fibrosis). A minority of patients will progress to end-stage cirrhosis and/or hepatocellular carcinoma (3, 4). Cirrhosis, characterized by evident fibrosis and nodule formation after chronic injury, is the 11th leading cause of death and the 15th leading cause of morbidity around the world (5). Currently, hepatitis B virus (HBV; 31.5% in males and 24.0% in females), hepatitis C virus (HCV; 25.5% in males and 26.7% in females), and alcohol abuse (27.3% in males and 20.6% in females) are the major etiologies of cirrhosis-induced death. Obesity-related non-alcoholic fatty liver disease (NAFLD; currently 7.7% in males and 11.3% in females), which has overweight and obvious hepatic fat accumulation without a history of alcohol abuse, is also anticipated to account for increasing proportions of death in the future because of its strikingly high prevalence in the world (6). A relatively rare but important cause of cirrhosis is drug-induced liver injury (DILI), which rapidly provokes cell death, severe inflammation, oxidative stress, lipid peroxidation, and alterations in bile acid dysfunction of the liver. Some cases even have loss of immune tolerance, as well as the abnormalities of both innate and adaptive immunity (7). Even after drug cessation, a non-negligible proportion of DILI patients may progress into chronic DILI. Subsequently, more than 40% of the long-term unsolved DILI patients will develop cirrhosis (8). In the United States, the most common drugs that can induce DILI include acetaminophen, antibiotics, herbal/dietary supplements, and immunomodulatory agents (9). A recent epidemiological study indicated that in China, the leading drugs responsible for DILI are traditional Chinese medicines, herbal supplements, and antituberculosis medications (10). Since the incidence of cirrhosis and acute-on-chronic liver failure (ACLF; characterized by acute hepatic decompensation, hepatic and other key organ failure, and high short-term mortality) in DILI patients remains high, efficacious drugs that can control the progression of chronicity are urgently needed.

Sex hormones (include androgen, estrogen, and progesterone), also called sex steroids, are steroid hormones having critical functions such as reproduction, sexual development, puberty, lipid metabolism, body fat distribution, neuronal transmission, and hair growth, in the reproductive and non-reproductive systems. They are mainly produced by the gonads and adrenal glands, including the adrenal cortex, gonads (testes and ovaries), and placenta (11). The circulating and tissue levels of sex hormones are under sophisticated regulations to maintain the body homeostasis and avoid health issues such as infertility, obesity, and hair/bone loss. Several well-documented factors are able to affect the fluctuations of sex hormone levels, including aging, menstruation, stress, menopause, and medications (12). The involving roles of sex hormones in metabolic diseases received mass attention in the past decades since both basic and clinical studies found that those hormones could substantially influence the pathogenesis of or applied as novel therapies for obesity (13), type 2 diabetes (14), cardiovascular diseases (15), and NAFLD (16). Genes regulated by sex hormones are especially important for liver metabolism since the liver expresses receptors for all three sex hormones in males and females (17). In addition, there are “sexual dimorphism” for several common chronic liver diseases. For instance, females exhibit severer liver injury in alcoholic liver disease (ALD; with similar liver pathological phenotypes with NAFLD but has a history of acute or chronic alcohol abuse) and an increased risk of autoimmune liver disease than males. In comparison, hepatocellular carcinoma (HCC; the most common primary malignancy of the liver and strongly associated with cirrhosis caused by alcohol abuse and viral hepatitis) is more common in males (18). Although hormone replacement therapy (HRT) is well-tolerated by the liver, whether the therapy will change liver function and worsen the precipitated liver diseases is in debate, which is probably influenced by hormone dose, duration of therapy, alcohol drinking, smoking, genetic susceptibility, and age (19). Thus, the current review will introduce the hepatoprotective and hepatotoxic roles and mechanisms of sex/sex-related hormones and focus on the advances in elucidating the biological functions of hormone receptors. Since other sex-related hormones, including luteinizing hormone, follicle-stimulating hormone, gonadotrophin-releasing hormone, and prolactin closely coordinate with sex steroid hormones in both physiological and pathological conditions of the liver, we also summarized their involving mechanisms in chronic liver diseases.



Sex Hormones in Liver Diseases


Androgen

Androgens play essential roles in both sexes’ reproductive health and body metabolism. In males, testosterone is the most common androgen, which is produced by the Leydig cells of the testes, or to a lower extent, by the adrenal glands. Dihydrotestosterone (DHT), dehydroepiandrosterone (DHEA), androstenedione (A4), androstenediol (A5), and androsterone are other common types of androgens (20). In females, androgens are produced by the ovaries (testosterone), the adrenal glands (androgen precursors such as DHEA and A4), and the placenta (testosterone) during pregnancy. Androgens play an important role in female reproduction and pregnancy. Although excessive androgen clearly impairs female fertility, physiological level of androgen plays a positive role (21). Pathological conditions of females such as polycystic ovary syndrome (PCOS), obesity, and endocrinopathies (e.g. Cushing’s disease) are associated with pathologically high levels of androgens (22).

Ectopic androgen production directly induces hepatic fat accumulation, indicating a lipid regulatory role of this hormone (23–26). A low level of testosterone increases lipoprotein lipase activity, which in turn promotes triglyceride uptake into the adipocytes and subsequent visceral adiposity. Moreover, low serum DHEA levels are associated with male metabolic syndrome, possibly via the exacerbation of insulin resistance (27). In male rodents, androgen deficiency due to orchiectomized (ORX) also leads to hepatic steatosis (28). Mechanistically, liver lipid deposition is primarily attributed to the up-regulation of genes for de novo lipogenesis (DNL) (e.g. Srebp-1c and Fasn) (23). A prospective follow-up study of 942 Boston males with a median follow-up of 8.9 years reported that adiposity might influence testosterone production via the hypothalamus-pituitary-gonadal axis and confirmed the inverse associations between obesity and total/free testosterones (29). Therefore, in males, obesity is directly associated with low testosterone levels. Contrarily, in females, excessive androgen promotes hepatic steatosis. An important example is that androgen suppression and/or blockade significantly improves hepatic steatosis in female patients with PCOS (30). Moreover, several studies have demonstrated that excessive androgen promoted female food intake to cause obesity and metabolic dysfunction (31–33). A meta-analysis of 5,840 females (including both pre-and postmenopausal women) reported that females with higher circulating testosterone had a higher odds ratio of overweight prevalence (34). Underlying mechanisms probably include hepatic inhibition of phosphoenolpyruvate carboxykinase or up-regulation of proinflammatory mitogen-activated protein kinase 4 (MAP2K4) (35).

The contributing roles of androgens in NALFD seem to be controversial and sex-dependent (36–39). In a longitudinal analysis of 1,944 Korean men (median follow-up of 4.2 years) with repeated liver ultrasonography checks, baseline testosterone concentrations do not predict subsequent NAFLD development (40). A study investigating a cohort of 117 males shows that raising serum testosterone concentrations to normal levels by parenteral testosterone treatments reduces the serum levels of alanine aminotransferase (ALT) and aspartate aminotransferase (AST), body weight, body mass index (BMI), waist size, and improved lipid profiles (41). In comparison to males, one study of 22 postmenopausal females with biopsy-proven NAFLD indicates no significant difference in total testosterone levels with 18 matched controls (42). A large cohort study of 1,052 females in the United States identifies a novel association between free testosterone and risk of prevalent NAFLD in midlife. Importantly, this association is present even among females without androgen excess, suggesting a role of testosterone on NAFLD risk in a broader spectrum of females (43). Indeed, low androgen levels in males and high androgen levels in females facilitate NAFLD occurrence and progression. Therefore, testosterone may act as a potential new target for NAFLD treatment. In a clinical study of advanced hepatitis C-related liver disease in males, it is reported that higher serum testosterone is associated with increased risk of liver inflammation and fibrosis (44). For end-stage liver diseases, Sinclair et al. measure serum testosterone levels in 268 patients with cirrhosis and identify low testosterone is associated with adverse outcomes and mortality. The result significantly worsened below a total testosterone threshold of 8.3 nmol/L or a free testosterone threshold of 139 pmol/L (45). This conclusion is consistent with an observational study of 171 male cirrhotic patients in which low testosterone is found to be an independent but reliable predictor of mortality (46). Androgen signaling seems to be a potential therapeutic target of HCC since surgical castration and liver-specific androgen receptor knockout retard hepatocarcinogenesis (47). A recent study also demonstrates that pharmacologic androgen receptor antagonism with enzalutamide inhibits hepatocellular carcinogenesis in a diethylnitrosamine- (DEN-) induced HCC mouse model. More important, the upregulation of androgen receptor is only observed in portal fibroblasts and leukocytes, but not hepatocytes, implying that hepatocyte-autonomous androgen receptor signaling is not required for DEN-induced HCC (48). PD-L1 expression is negatively regulated by androgen receptor, leading to a transcriptional repression of PD-L1 and enhancement of CD8+T function. Thus, inhibition of androgen receptor might improve the efficacy of HCC immune-therapy to PD-L1 inhibitor (49).

Overall, decreased androgen in males or increased androgen in females may lead to metabolic disorders and end-stage liver diseases. Moderate reduction of testosterone in male is a marker of NAFLD. However, for male patients with established hypogonadism, there is no evidence that testosterone replacement therapy can induce hepatotoxicity. In females, the same focus should be on the association between ectopic androgen production and NAFLD-related risk factors/complications. Further clinical trials are needed to determine whether the reduction of physiological androgen levels will have a beneficial effect on the liver.



Estrogen

Estrogen is one of the major female hormones, mainly secreted by the ovaries, small amounts by the liver, adrenal cortex, and breast. Estradiol is the most important form of estrogen, responsible for the regulation of female characteristics, the maturation of accessory sex organs, the menstruation-ovulation cycle, and the production of the mammary duct system (50). Serum concentrations of estrogens such as estradiol vary periodically throughout the menstrual cycle, with estradiol being the most abundant estrogen in females of childbearing age, except in the early follicular phase (51).

It is well known that the liver is a vital target tissue for estrogen signaling (52). Estrogen has a wide range of protective effects on hepatocytes. Estradiol reduces hepatic susceptibility to steatosis by strengthening cellular mitochondrial function in a substrate-specific manner (53). Moreover, 17β-estradiol (E2) enhances hepatocytes mitochondrial content and oxidative capacity to alleviate hepatic lipid accumulation and oxidative stress. Mechanistically, peroxisome proliferator-activated receptor gamma coactivator 1B (PGC1B), but not PGC1A, functions as a modulator of E2 to promote the mitochondrial biogenesis (54). Since activation of c-Jun N-terminal kinase (JNK) is a key pathological event during the development of obesity and NAFLD and E2 can inhibit the activation of JNK, E2 has been considered in NAFLD treatment in a very cautious way (55, 56).

The pathways responsible for estrogen-mediated hepatic lipid metabolism could be quite complicated and are not fully understood. Hepatocyte estrogen receptor alpha (Erα) promotes hepatic absorption of cholesterol and systemic reverse cholesterol transport, a process that is particularly important in females (57). In particular, the ability of high-density lipoprotein (HDL) to initiate reverse cholesterol transport during the female reproductive cycle is related to plasma estrogen content and hepatic ERα activity, which effectively induces cholesterol efflux from macrophages. Moreover, there is a physiologically functional cross-coupling between ERα and liver X receptor alpha (LXRα) which is another important regulator of hepatic lipid metabolism (58). Estrogen is negatively correlated with serum triglyceride (TG) level, achieved by regulating the expression of apolipoprotein A5 in the liver. Estrogen and the G protein-coupled receptor 30 coactivate protein kinase A (PKA) to enhance the expression of hepatic peroxisome proliferator-activated receptor alpha (PPARα) and hepatocyte nuclear factor 4alpha (HNF4α), thereby increasing the expression of hepatic apolipoprotein (59). Estrogen is found to directly inhibit liver inflammation since (1) postmenopause females often exhibit accumulated lipid peroxidation and inflammation in the liver (60); (2) estrogen signaling suppresses pro-inflammatory cytokine release and reactive oxygen species (ROS) production in hepatocytes (55, 61); (3) estrogen supplementation restores depressed Kupffer cell phagocytic capacity via the activation of Akt (62).

Estrogen is also critical in the amelioration of liver fibrosis and cirrhosis. It is reported that in a carbon tetrachloride-induced mouse liver fibrosis model, exogenous E2 significantly alleviated fibrosis and other liver injuries, partly via a restoration of miR-29a and miR-29b expression (63). Another study of male dimethyl nitrosamine (DMN) model found that estradiol treatment decreased the deposition of type I and III collagen protein, the total hepatic collagen content, and malondialdehyde (MDA), a product of lipid peroxidation (64). In high fructose diet-induced NASH-fibrosis mice models, E2 supplementation reversed liver cell destruction, macrophage accumulation, and hepatic stellate cell activation (65). Clinical features of a disrupted gonadal function (e.g. libido loss and reduced potency) and feminization (e.g. gynecomastia and female habitus) can be found in two-thirds of males with alcoholic cirrhosis. After transjugular intrahepatic portosystemic stent shunt (TIPS), serum E2 is significantly increased (with aggravated sex hormone dysbalance) in males but remain persistent in females with cirrhosis (66). In DMN-induced rat cirrhosis models, administration with E2 significant decreases portal pressure and increases hepatic blood flow, which are abolished by the co-treatment with an estrogen receptor antagonist (ICI-182.780) (67). In addition, estrogen stimulates the expression of nitric oxide synthase 3 (endothelial NOS, eNOS) in sinusoidal endothelial cells to provoke nitric oxide production, contributing toward a reduction in portal pressure (67, 68). Inactivated estrogen sulfates are converted to activated estrogen by the action of steroid sulfatase (STS), which is elevated in patients with chronic inflammatory liver diseases and accompanied by increased circulating estrogen levels. STS serves as a novel nuclear factor kappa-B (NF-κB) target gene to alleviate liver inflammation, partly via the provoked estrogen signaling (69). Estrogen is generally thought to be an anti-HCC hormone (70). Possible mechanisms include: (1) to inhibit inflammasome activation through estrogen receptor (71); (2) to repress HCC growth via inhibiting alternative activation of tumor-associated macrophages (72); (3) to inhibit HCC progression because of transition from pro-inflammatory to anti-inflammatory phenotype of Kupffer cell via the physical interaction between estrogen receptor alpha and NF-κB (73).



Progesterone

Progesterone is a steroid hormone secreted by the granulosa luteal cells of the ovary. Ovulation, reproduction, mammary gland growth, and pregnancy maintenance are the main functions of progesterone. The primary target tissues of progesterone are the endometrium, breast, and central nervous system. In the liver, progesterone is inactivated to estradiol and excreted into the urine in combination with glucuronic acid. Progesterone can be divided into two groups according to its chemical structure: 17α-hydroxyprogesterone and 19-nortestosterone. Biological responses to progesterone are mediated by both genomic (e.g. progesterone receptor acts through specific progesterone response elements within the promoter region of target genes) and non-genomic mechanisms (e.g. non-classical progesterone receptor is activated to elicit the activation of downstream signaling) (74, 75).

Studies have shown that sex hormones have complex and variable effects on NAFLD (76). Increased progesterone level is associated with the development of systemic insulin resistance (77). This hormone is also an independent predictor of insulin resistance in adolescent girls (78). In NASH patients, progesterone use, but not estrogen use, will induce observable hepatic lobular inflammation (79). The mechanisms responsible for progesterone-induced metabolic liver injury are not characterized. A recent study indicates that deficiency of progesterone receptor membrane component 1 induces hepatic steatosis through de novo lipogenesis in the liver (80). Another metabolism-related study suggests that progesterone increases hepatic glucose production via the modulation of gluconeogenesis by progesterone receptor membrane component 1 (PGRMC1), which may exacerbate hyperglycemia in diabetes where insulin action is limited (81).

An interesting clinical phenomenon is that females usually have worse outcomes from DILI than males. It could be partly explained by progesterone-induced immune toxic responses via Kupffer cells and the extracellular-signal-regulated kinase (ERK) pathway (82). Moreover, progesterone itself is reported to induce DILI in females (83). Hepatitis E is usually a self-limited liver disease with relatively good prognosis. However, during pregnancy, fulminant hepatic failure with high mortality rate is commonly observed in clinical hepatitis E virus (HEV)-infected patients. Elevated progesterone and HEV RNA levels have been observed in pregnant females with fulminant hepatic failure. Because progesterone is essential for the maintenance of pregnancy, studies on the potential role of progesterone in HEV replication and disease pathogenesis have demonstrated that in human hepatocytes, progesterone could enhance HEV replication but could not modulate HEV-induced interferon response. Loss of the progesterone noncanonical receptor, PGRMC1/2, was associated with decreased levels of HEV replication and increased levels of HEV-induced type III interferon (IFN-λ1) mRNA expression via the ERK pathway (84). In addition, there is a significant association between vaginal progesterone level and intrahepatic cholestasis of pregnancy (ICP). ICP is accompanied by unique maternal pruritus, abnormal liver function tests, elevated serum total bile acids, and an increased incidence of adverse fetal outcomes (e.g. intrauterine fetal death). Pregnant females who receive long-term daily vaginal progesterone treatment to prevent preterm birth are at increased risk of ICP. Progesterone metabolites (PM2DiS, PM3S, PM3DiS) are abundant during pregnancy of genetically susceptible females, leading to supersaturation of the hepatic transport system for biliary excretion of these compounds (85, 86). In animal models, progesterone induces proliferation and abnormal mitotic processes in rat liver cells. Of note, treatment with progesterone, even at pharmacologically-relevant doses, shows an increase in the percentage of binucleated hepatocytes (87). Progesterone may serve as an autocrine/paracrine mediator of cholangiocyte proliferation. Cholangiocytes express progesterone nuclear receptor (PR-B) and progesterone membrane receptors (PRGMC1, PRGMC2, and mPRα). Moreover, progesterone increases the number of bile ducts in normal rats both in vivo and in vitro, while anti-progesterone antibodies inhibit bile duct ligation-stimulated cholangiocyte growth. Thus, antiprogesterone therapy may therefore benefit patients with cholangiocyte proliferation, such as those with extrahepatic cholestasis (88). In terms of end-stage liver diseases, progesterone is reported to stimulate the production of ROS through progesterone receptor, leading to transforming growth factor (TGF)-β1 expression, hepatic stellate cells (HSCs) activation, and extracellular collagen formation (89). This phenomenon increases the possibility that progesterone can establish a favorable microenvironment for tumors and thus contribute to the development of liver cancer. PGRMC1 is considered to be a biomarker of tumor cell proliferation (90) and is strongly expressed in different kinds of cancers (91). Hepatic PGRMC1 and progesterone receptor are continuously active in the presence of high serum progesterone levels and may facilitate the chemoresistance of HCC (91, 92). Known protective and toxic mechanisms of sex hormones in the liver are summarized in Figure 1 and Table 1.




Figure 1 | Known mechanisms of the hepatoprotective and hepatotoxic effects of sex hormones (androgen, estrogen, and progesterone) on different liver cell types. Low level of testosterone increases the activity of LPL. The up-regulation of SREBP-1c and FASN lead to liver lipid deposition and aggravated insulin resistance. Those changes, together with the down-regulation of PEPCK and up-regulation of MAPK may lead to steatosis. Estrogen increases the content and oxidation capacity of mitochondria in hepatocytes. PGC1B promotes mitochondrial biogenesis. Estrogen also inhibits the activation of JNK and GPR30 to co-activate PKA and enhance liver PPARα and HNF4α to increase APOA5 expression and reduce TG. Estrogen (via its receptor alpha) induce cholesterol efflux from Kupffer cells with HDL. Estrogen can restore the expression of miR-29a/b to reduce the deposition of type I and III collagen, MDA, and α-SMA, to reduce liver fibrosis and other types of liver damage. Estrogen can also significantly reduce portal vein pressure by stimulating eNOS expression. Elevated progesterone leads to insulin resistance, stimulates PGRMC1 to increase hepatic glucose production, stimulates PGRMC1/2 to promote HEV replication, and inhibits IFN- λ1 expression. In addition, the accumulation of progesterone metabolites (PM2DiS, PM3S, PM3DiS) will increase the risk of ICP. Progesterone stimulates PR-B, PRGMC1, and PRGMC2 to facilitate bile duct cell proliferation. It also causes ROS environment via its receptor signaling, resulting in TGF-β1-activated HSC. APOA5, apolipoprotein A5; α-SMA, alpha-smooth muscle actin; eNOS, endothelial nitric oxide synthase 3; ERα, estrogen receptor alpha; FASN, fatty acid synthase; HDL, high-density lipoprotein; HSC, hepatic stellate cell; GPR30, G protein-coupled receptor 30; HNF4α, hepatocyte nuclear factor 4-alpha; ICP, Intrahepatic cholestasis of pregnancy; IFN-λ1, type III interferon-λ1; JNK, Jun N-terminal kinase; LPL, lipoprotein lipase; IR, insulin resistance; LXRα, liver X receptor alpha; MAPK, mitogen-activated protein kinase; MDA, malondialdehyde; mPRα, membrane progestin receptor alpha; PEPCK, phosphoenolpyruvate carboxykinase; PGC1B, proliferator-activated receptor gamma coactivator 1B; PGRMC, progesterone receptor membrane component; PKA, protein kinase A; PM2DiS/PM3DiS/PM3S, progesterone metabolites; PPARα, peroxisome proliferator-activated receptor alpha; PR, progesterone receptor; ROS, reactive oxygen species; SCD1, stearoyl-CoA desaturase1; SRE, sterol regulatory element; SREBP-1c, sterol regulatory element-binding protein-1c; TG, triglyceride; TGF, transforming growth factor (Created with Biorender.com with a publication license).




Table 1 | The involving roles and therapeutic potentials of sex hormones in liver diseases.






Sex-Related Hormones in Liver Diseases


Gonadotrophin-Releasing Hormone

Gonadotropin-releasing hormone (GnRH) is a decapeptide produced in the hypothalamus and secreted by scattered hypothalamic GnRH neurons in a pulsatile manner. GnRH acts on its receptor (GnRHR) on the surface of gonadotropin cells in the pituitary gland to stimulate the release of LH and FSH, which, in turn, enhance the production and release of testosterone (male testes) and estrogen (female ovaries and placenta) (108).

Experiments from murine models demonstrate that increased GnRH causes obesity after ovariectomy. As the upstream regulator of the gonad axis, GnRH stimulates fat accumulation by directly promoting the cell cycle of preadipocytes via the protein kinase A- cAMP-response element binding protein (PKA-CREB) pathway and increasing the FSH secretion to accelerate adipocyte differentiation in adipose tissue of female mice (109, 110). In humans, the pulsatility of serum LH levels is accepted as a GnRH pulse generator activity marker due to its short half-life (111, 112). Therefore, the exact role of GnRH in human obesity cannot be determined at present. In cirrhotic patients, disturbance in gonadotrophin secretion with inappropriately low levels of LH and FSH has been observed in amenorrheic females with alcoholic or non-alcoholic cirrhosis (113). However, these GnRH responses can only indicate the hypothalamus rather than the pituitary as the site of gonadotropin secretion disorder. Knockdown of hepatic GnRH alleviates liver fibrosis in a murine primary sclerosing cholangitis model by the downregulation of miR-200b (108). Another study confirms above findings by showing that GnRH stimulates fibrosis gene expression in HSCs in a bile duct-ligated-induced liver fibrosis rat model (114). Few studies have reported the interaction between GnRH and metabolic liver diseases, which clearly warrants further epidemiological, observational, and mechanistic investigations.



Luteinizing Hormone

Luteinizing hormone (LH) is a glycoprotein gonadotropin secreted by adenohypophysis cells under the control of GnRH. LH can promote the conversion of cholesterol into sex hormones in gonadal cells. In females, LH stimulates the ovaries to release eggs, and its periodic surge leads to monthly ovulation. Moreover, LH stimulates the production of progesterone and estrogen, as well as the growth of the corpus luteum. In males, LH facilitates the production and release of testosterone from testicular interstitial cells in the testes.

A cross-sectional study of obese male patients in Belgium reports that NAFLD is associated with lower levels of LH, FSH, and total testosterone than controls (115). Another study with Chinese exhibits a slight but not significantly decreased LH level in NAFLD patients than that in healthy controls (116). In Chinese postmenopausal female patients, a significantly reduced LH is only observed in severe steatosis subgroup, but not in mild/moderate steatosis subgroups, when compared with that in controls (117). The direct regulatory mechanism of LH in hepatic lipid accumulation, inflammation, and cell death is largely unknown.

The LH level in seminal fluid of HCV patient is slightly, although not significantly, higher than that in healthy controls. Moreover, anti-HCV therapy does not significantly influence such level of LH in patients (118). Another similar study high larger cohort finds a slightly but not significantly lower semen LH level in HCV patients than healthy controls (119). LH and FSH levels are commonly decreased in males with advanced liver disease (120). In a Meta-analysis Of Observational Studies in Epidemiology (MOOSE) guideline report (including 21 studies with 1,274 patients), results indicate that liver transplantation (LT) improves hormonal disturbances associated with chronic liver disease by restoring circulating physiological levels of growth hormone (GH), insulin-like growth factor-1 (IGF-1), testosterone, estradiol, prolactin, FSH, and LH (121).



Follicle-Stimulating Hormone

FSH is a glycosylated protein hormone secreted by basophils in the pituitary, because of its stimulating capacity of female follicles maturation. FSH function is mediated primarily by the FSH receptor (FSHR), which is located on the plasma membrane of hepatocytes (122). It is one of the most important hormones for development, growth, puberty, sexual maturation, and reproduction in both males and females. The level of FSH is usually low in childhood and becomes high after menopause in females. Its secretion is also in pulses with body weight change and the menstrual cycle. The determination of serum FSH is of great significance in understanding the endocrine function of the pituitary, hypothalamus, and ovary, as well as the diagnosing and treating infertility and endocrine diseases (123).

Endocrine changes during menopause, especially the dramatic increase in serum FSH levels, have a negative impact on blood lipid levels. FSH interacts with its hepatocyte receptor to decrease LDL receptor (LDLR) levels, which in turn attenuates low-density-lipoprotein cholesterol (LDL-C) endocytosis (124). After HRT, postmenopausal females with high baseline FSH levels have more significant improvement in LDL-C levels than those with low baseline FSH levels (124). Thus, HRT might be a preventive therapy in postmenopausal patients with higher basal FSH levels, and these females are encouraged to take HRT for several years after menopause. Epidemiological findings suggest that serum FSH levels are positively correlated with serum total cholesterol levels. Mechanistically, in the liver, FSH activates the Gi2α/β-arrestin-2/Akt pathway by binding to the hepatic FSHR and subsequently inhibits the binding between forkhead box protein O1 (FoxO1) and the sterol regulatory element binding protein (SREBP)-2 promoter, thereby driving 3-hydroxy-3-methylglutaryl coenzyme A reductase (HMGCR) transcription and de novo cholesterol biosynthesis, resulting in increased cholesterol accumulation. Therefore, blocking FSH signaling could be a novel strategy for the treatment of menopausal hypercholesterolemia, especially in perimenopausal females characterized only by elevated FSH (122).

There is an established association between FSH and NAFLD in postmenopausal females. However, it is not known whether FSH affects the risk of NAFLD in males. A community-based study of males aged 20 - 69 years observes a gradual increase in FSH with age (125). Another cross-sectional study in 444 Chinese elderly males aged 80-98 years demonstrates that high FSH levels might enhance the risk of NAFLD. Elevated FSH may be one of the possible mechanisms explaining the greater number of NAFLD subjects found in elderly males (126). Considering the age-related changes in circulating FSH levels and the prevalence of NAFLD, FSH might have a novel extragonadal role in the regulation of hepatic gluconeogenesis via FSHR in the liver. Moreover, there is a positive correlation between FSH and fasting blood glucose (127). FSH enhances cyclic AMP-regulated transcriptional coactivator 2-mediated gluconeogenesis via adenosine monophosphate-activated protein kinase (AMPK) phosphorylation regulation in the liver, leading to the pathogenesis of fasting hyperglycemia (128). In a cohort of postmenopausal females with HCV infection, there is a progressive decline in FSH from Child-Turcotte-Pugh class A to C subgroups (129). However, in male HBV-induced cirrhotic patients, such difference is not observed (130). Menotrophin is a female infertility gonadotropin treatment contains purified FSH and LH. It is reported to induce autoimmune hepatitis in a female patient after several cycles of treatment (131).



Prolactin

Prolactin, also known as lactotropin, is a polypeptide hormone produced and secreted from the pituitary gland. The main functions of prolactin include milk production and the development of the mammary gland within breast tissues. During pregnancy, elevated prolactin promotes the growth of mammary alveoli and stimulates the breast alveolar epithelial cells to produce milk components, such as lactose, casein, and lipids (132). Notably, the level of prolactin receptor (PRLR) is suppressed on mammary glandular tissue during periods of elevated progesterone levels and is enhanced to enable lactogenesis when the serum progesterone level drops (133).

Prolactin has a major role in determining the deposition and mobilization of fat. Thus, it is suggested that in both adults and children, increased body weight alters the secretion of prolactin, possibly due to hyperinsulinemia-induced hypothalamic-pituitary dysfunction. In obese females, enhanced prolactin release is in proportion to the size of the visceral fat mass. A possible explanation is reduced dopamine D2 receptor (D2R) availability in the brain, since prolactin is inhibited by D2R activation (134). After the loss of 50% of overweight, such elevated prolactin secretion rate in obese females is significantly blunted, along with increased dopaminergic signaling (135). However, a large cross-sectional study assessing serum prolactin levels in 344 males and females obese subjects’ samples one year after gastric bypass surgery finds no significant association between basal prolactin levels and the degree of obesity or between the change of systematic prolactin level and weight loss. Thus, there does not seem to be a significant role of prolactin in the pathophysiology of obesity (136). Since obesity is associated with higher NAFLD incidence, whether prolactin has hepatoprotective roles in NAFLD received mass attention. A recent clinical study with 859 adults (456 patients with NAFLD and 403 controls without NAFLD) identifies that circulating prolactin levels and hepatic Prlr gene expression levels are lower in NAFLD patients than those of healthy controls (in both sexes). Moreover, in cell models, prolactin ameliorates hepatic steatosis via PRLR and fatty acid translocase (FAT)/CD36, an important hepatic transporter of free fatty acid (137). Thus, prolactin level, body mass index, alanine aminotransferase, HDL cholesterol, and HbA1cA are included in a new noninvasive model for the prediction of NAFLD presence (138). In terms of ALD, since acute and repeated alcohol ingestions sharply rise plasma prolactin levels and decrease plasma testosterone levels in male volunteers (139) and ethanol induces hyperprolactinemia lactotrope growth in female rats (140), it is speculated that increased prolactin is an endogenous protective mechanism to alleviated injury of the liver, and possibly other ethanol-targeted tissues, via unknown pathways. Another study finds a drastic increase in serum prolactin in cirrhotic patients than in healthy control, regardless of hepatic encephalopathy presence, and a cut-off value (50 ng/ml) is capable to predict the mortality (141). This result is consistent with a clinical report including 114 male cirrhotic patients whose increased prolactin level is parallel to growing cirrhosis severity (142). In HCC, prolactin prevents cancer growth by restricting innate immune activation of c-Myc in mice (143). A recent study reports that prolactin upregulated female-predominant cytochrome P450 genes in female mice and downregulated male-predominant 450 genes in male mice, which may explain the abnormal drug metabolism and DILI during pregnancy and lactation (144). In conclusion, increased secretion of prolactin from the pituitary seems to be beneficial for the development of both metabolic and end-stage liver diseases. Compared to other sex/sex-related hormones, prolactin holds a promising perspective in exogenous hormone therapy for those diseases. However, molecular mechanisms and well-designed RCTs are still warranted to be investigated. Known protective and toxic mechanisms of sex-related hormones in the liver are summarized in Figure 2 and Table 2.




Figure 2 | Illustration of the involving mechanisms of sex-related hormones (gonadotrophin-releasing hormone, luteinizing hormone, follicle-stimulating hormone, and prolactin) in liver physiology and pathology. GnRH increases the secretion of FSH through the PKA/CREB pathway, accelerates the differentiation of adipocytes in adipose tissue, which finally lead to hepatic fat accumulation. In amenorrhoea females with cirrhosis, abnormal GnRH secretion leads to low LH and FSH levels. FSH interacts with FSHR to reduce the level of LDLR, weaken the endocytosis of LDL-C, and lead to the increase of circulating LDL-C. After HRT treatment, FSH is inhibited and LDL-C content is improved. FSH activates Gi2 by binding to liver FSHRα/β-Arrestin-2/Akt pathway, which subsequently inhibits the binding between FoxO1 and SREBP-2, drives HMGCR transcription and de novo cholesterol biosynthesis, resulting in increased cholesterol accumulation. Liver transplantation can improve the hormone disorder related to chronic liver disease by restoring the circulating physiological levels of estradiol, FSH, LH, prolactin, testosterone, GH and IGF-1. Inhibition of prolactin by D2R activation leads to reduction of visceral adipose tissue. Prolactin improves hepatic steatosis through PRLR down regulation of FAT/CD36. Prolactin levels are significantly increased in patients with liver cirrhosis. Akt, protein kinase B; AMPK, adenosine monophosphate-activated protein kinase; CREB, cAMP response element binding protein; ESLD, End-stage liver disease; FAT, fatty acid translocase; FoxO1, forkhead box protein O1; FSH, follicle-stimulating hormone; FSHR, FSH receptor; GH, growth hormone; GnRH, gonadotrophin-releasing hormone; HMGCR, 3-hydroxy-3-methylglutaryl coenzyme A reductase; HRT, hormone-replacement therapy; IGF, insulin growth factor; LDL, low-density lipoprotein; LDL-C, low-density-lipoprotein cholesterol; LDLR, LDL receptor; LH, luteinizing hormone; LT, liver transplantation; PKA, protein kinase A; PRLR, prolactin receptor (Created with Biorender.com with a publication license).




Table 2 | The involving roles and therapeutic potentials of sex-related hormones in liver diseases.






Gut-Liver Axis Regulation by Sex/Sex-Related Hormones

The gut microbiome is a microbial ecosystem involved in nutrient acquisition and energy metabolism of the host (154). Sex plays an important role in the composition diversity of the gut microbiota (155, 156). The alpha diversity of the gut microbiota is higher in females than in males (157, 158), with differences occurring at the onset of puberty, suggesting that sex hormones cause important composition changes of the gut microbiome (159, 160). Hyperandrogenism is a key factor in impaired follicular development and metabolic disorders in PCOS. In the animal model, intestinal dysbacteriosis is reproduced in DHEA-induced PCOS-like rats. Antibiotic mixtures can be used to eliminate the gut microbiota during DHEA treatment. However, depletion of the gut microbiota does not prevent the development of the PCOS phenotype in DHEA-treated rats. The DHEA type intestinal microflora transplanted into a pseudo-sterile recipient cause disorders of hepatic glycolipid metabolism and reproductive hormone imbalance. These findings suggest that androgen-induced dysbacteriosis may exacerbate metabolic and endocrine dysfunction in PCOS (161). Males are generally more vulnerable to glucose imbalance and diabetes than females. It is revealed that the depletion of the mice gut microbiome largely eliminates sexual dimorphism in glucose metabolism. Glucose tolerance in male mice is more evidently influenced by the gut microbiome than in female mice. Androgen treatment improves glucose tolerance and insulin sensitivity, in part by modulating the gut microbiome, leading to sexual dimorphism in glucose metabolism. Androgens also regulate circulating glutamine and glutamine/glutamate (Gln/Glu) ratios partly via the actions of gut microbiome. Exogenous glutamine supplementation may increase insulin sensitivity in vitro (162). In terms of estrogen, its related receptor alpha (ESRRA) acts as a key regulator of gut homeostasis by activating autophagic flux and controlling host gut microbiota to improve colonic inflammation. In animal models, ESRRA-deficient mice exhibit a distinct gut microbiota composition and significantly higher microbial diversity compared to wild-type mice. ESRRA promotes gut homeostasis through autophagy activation and gut microbiota control to protect the host from harmful inflammation and mitochondrial dysfunction (163). One of the major regulators of circulating estrogens is the gut microbiome, which modulates estrogen by secreting β-glucuronidase (GUS), an enzyme that breaks down estrogen into its active form. When this process is impaired by dysbacteriosis in the gut, the reduction in deconjugation results in a decreased level of circulating estrogens (164). Changes in circulating estrogens may lead to the development of several diseases (obesity, metabolic syndrome, cancer, endometrial hyperplasia, endometriosis, PCOS, infertility, cardiovascular disease, and cognitive function). Modulation of microbiome composition has been shown to alleviate many estrogen-regulated disease progressions (164). Pregnancy is accompanied by changes in the microbiome, and progesterone, the main pregnancy hormone, is found to directly regulate the intestinal microbial composition during pregnancy, such as promoting the growth of bifidobacteria species (probiotics that live in the intestines) in late pregnancy, in order to transmit them to newborns (165). In the serum of ICP patients, the level of a progesterone metabolite, epiallopregnanolone sulfate is significantly elevated, which can inhibit farnesoid X receptor (FXR)-mediated bile acid export and synthesis. Administration with probiotic Lactobacillus rhamnosus GG prevents epiallopregnanolone sulfate-induced hepatic bile acid accumulation and liver injury, possibly mediated by hepatic FXR activation (166). GnRH is associated with gut motility through GnRH receptors signaling, primarily in cells of parasympathetic ganglion and myenteric plexus of the enteric nervous (167). There is a bidirectional relationship between intestinal flora and GnRH/GnRH receptor signaling axis (168). The potential interaction between GnRH and the gut microbiota has been suggested through a lipopolysaccharide (LPS)-induced proinflammatory pathway (169). Disruption of gut microbiota or large bacterial translocations may lead to greater circulation alterations in LPS, inflammatory responses, and GnRH production (170). A study monitoring the effects of the probiotic Bifidobacterium lactis V9 on the gut microbiome, gut-brain mediators, and sex hormones in 14 PCOS patients shows significant higher levels of prolactin, LH and LH/FSH ratio when compared with 9 volunteers. The levels of sex hormones, brain-gut mediators (e.g. ghrelin) and intestinal short-chain fatty acids (SCFAs) are conversely regulated (171). In a rat model, dietary flaxseed oil (FO) intake improves the disturbance of estrous cycle and ovarian morphology, as well as the disorder of sex/sex-related hormones, including testosterone, estrogen, progesterone, and LH/FSH, body weight, dyslipidemia, and insulin resistance. One of the major mechanisms is through the sex steroid hormone-microbiota-inflammatory axis (172). Possible involving mechanisms of sex/sex-related hormones in gut-liver axis regulation are illustrated in Figure 3.




Figure 3 | Possible involving mechanisms of sex/sex-related hormones in the regulation of the gut-liver axis. The intestinal microbiome is a complex microbial ecosystem. Androgen induced dysbacteriosis may aggravate PCOS and reduce the circulating Gln/Glu ratio. The study on the effects of intestinal microorganisms on gut brain mediators and sex hormones in patients with PCOS showed that prolactin, LH and LH/FSH ratio increased significantly, while brain-gut mediators and SCFAs decreased. Estrogen can improve colitis and protect mitochondrial function by ESRRA-mediated autophagy. One of the main regulators of circulating estrogen is the intestinal microbiome via the secretion of GUS. Progesterone promotes the growth of bifidobacteria in the third trimester of pregnancy and transmits it to newborns. Probiotic Lactobacillus rhamnosus GG can prevent epicallopregnanolone sulfate-mediated FXR activation and bile acid synthesis, so as to reduce liver bile acid accumulation and liver injury in ICP patients. Dysfunction of intestinal microbiota may lead to LPS leakage, inflammatory response, and GnRH secretion abnormality. ESRRA, estrogen related receptor alpha; FSH, follicle-stimulating hormone; FXR, farnesoid X receptor; GnRH, gonadotrophin-releasing hormone; GUS, β-glucuronidase; ICP, intrahepatic cholestasis of pregnancy; LH, luteinizing hormone; LPS, lipopolysaccharide; PCOS, polycystic ovary syndrome; SCFA, short chain fatty acid (Created with Biorender.com with a publication license).





Hepatic Safety Issue of Gender-Affirming Hormone Therapy in Transgender Populations

Transgender people are a diverse population whose assigned sex at birth are different from their current gender identity. The global prevalence of people who identify as transgender is estimated as 0.3-0.5%, which depends on the definition of transgender used (173). Many transgender people are suffering from health inequities such social marginalization, discrimination, stigma, and violence (174). In the past decades, increasing numbers of people with gender dysphoria have sought medical treatments. According to the clinical practice guidelines from World Professional Association for Transgender Health, those treatments consist of puberty suppression, masculinizing or feminizing hormone treatment, and gender-affirming surgery (175). Application of gonadotropin-releasing hormone analog (GnRHa) or estrogen for puberty suppression in adults and adolescents is recommended by the guidelines. However, data on the efficacy and safety, including the possible metabolic dysfunction and hepatotoxicity, are scarce. A study monitoring triptorelin treatment in gender dysphoric adolescents reports that this agent suppresses puberty in most participated gender dysphoric adolescents. No sustained elevations of liver enzymes or creatinine are observed (176). Another study of 28 transgirl adolescents treated with oral estrogen for more than one year reveals that modest breast development can be found in most participants. The BMI, lean body mass percentage, fat percentage, and liver function do not change during two years of estrogen treatment (177). In a European cohort study of 155 transwomen and 233 transmen, testosterone and estradiol levels are not significantly correlated with amenorrhoea in transmen and breast development in transwomen, respectively. Elevations of liver values are rare (< 4%) and transient in most cases (178). Thus, it seems that GAHT with a safe and effective hormone regimen recommended by the guidelines will not induce liver injury. However, a very recent longitudinal cohort study, which incorporates follow up of over 10 years of 624 transwomen and 438 transmen indicates that, transwomen are likely to experience a moderate elevation of ALT and AST following testosterone initiation, while feminizing GAHT is unlikely to induce such changes. Importantly, alcohol abuse and obesity are strongly associated with liver function abnormalities in transgender populations (179). Thus, more clinical trials and basic studies are needed to delineate the molecular pathways that mediate the sex difference in the liver. Although long-term GAHT under the supervision of clinicians and mental health professionals is not likely to induce evident liver injury, we cannot ignore that many transpeople commonly use sex hormones without any medical supervision and the aware of the potential risks, particularly in the developing world (180). Since irregular and high dosages of sex hormones are common in those transpeople, it is important to test the possible hepatotoxicity and hepatoprotection of those hormones in animal models and, if available, from medical records (Figure 4).




Figure 4 | Patient care, therapy selection, and balance between desired effects and potential side effects (with special emphasis in the liver) of gender-affirming hormone therapy (GAHT) for transgender populations. AMPK, D2R, dopamine D2 receptor; GnRH, gonadotropin-releasing hormone; MC, menstrual cycle.





Conclusion

Virtually all kinds of liver diseases are strongly linked with hormonal influences (181, 182). Identifying the clinical manifestation and underlying mechanisms of the “sexual dimorphism” is critical for providing hints for the prevention, management, and treatment of those diseases (76). HRT is used to alleviate vasomotor (e.g. hot flushes and night sweats) and vaginal (e.g. dryness and itching) symptoms of females during menopause because of the reduction in estrogen levels. Previously, the use of HRT is cautioned for patients with basic liver disease since it may provoke or worsen cholestasis (183). Other studies, however, have proved that HRT in patients with chronic liver disease was quite safe and efficacious (184–186). In particular, for patients with chronic liver disease and osteoporosis, transdermal HRT and oral calcium/vitamin D supplementation have been the first-line therapy (187, 188). Results of exogenous sex hormone therapy in liver diseases, both in humans and animals, are controversial. As identified by a Cochrane Review, there is no significant beneficial effect of anabolic-androgenic steroids on clinical outcomes (e.g. liver histology, mortality, and liver-related mortality) of patients with ALD (102). Several small clinical trials tried to examine the efficacy of testosterone therapy in males with cirrhosis, but none of them found beneficial outcomes (189, 190). Since androgen receptor signaling has been shown to suppress metastasis of HCC, combined therapy of Sorafenib and agents that enhance the functional expression of androgen receptor may suppress the HCC progression (106). Similar results are reported in HBV-induced HCC because a small chemical compound that can degrade androgen receptor (ASC-J9) successfully reduce tumor foci and volume in a mice model (95). Estrogen therapy and hormone treatment are generally considered to protect against fatty liver, insulin resistance, and diabetes, although this beneficial effect is not equal in males and females (100). Nuclear receptor proteins (e.g. peroxisome proliferator-activated receptors) are possibly the main targets mediating such protection in the liver (191). Importantly, active estrogen metabolites and derivatives, which have limited affinity for ERs, may play fibrosuppressive roles in the liver (192). Thus, this provides novel therapeutic options for patients with cirrhosis and portal hypertension. An unexplored but promising therapy is the clinical use of prolactin since administration with prolactin or prolactin-releasing peptide evidently improves steatosis in mice obesity models (137), and ablation of prolactin receptor increases hepatic triglyceride accumulation (193). More pre-clinical studies and well-designed RCTs are needed to establish the possible therapeutic effects of prolactin on NAFLD or other chronic liver diseases. Perspectives and side-effects of sex/sex-related hormones or their agonists/antagonists in liver diseases therapy are summarized in Table 3.


Table 3 | Perspectives and side-effects of sex/sex-related hormones or their agonists/antagonists in liver diseases therapy.



Several problems hinder the development of sex and sex-related hormone-based therapy in liver diseases: (1) lack of mechanistic study, particularly the roles of canonical receptor pathway and non-canonical receptor pathway, which provides the detailed information of drug design and adverse effect; (2) lack of study investigating the complicated interplay between sex/sex-related hormones and other hormones, because several source glands do not only secrete sex/sex-related hormones; (3) the involving roles of precipitating factors of liver diseases, such as alcohol abuse, smoking, and obesity, in sex and sex-related hormone-based therapy need further investigation, both in pre-clinical experiments and clinical trials; (4) maximize the alleviative effects and minimize the side effects of synthesized hormones or their derivatives in clinical application are necessary (e.g. ethynyleestradiol has greater side effects than estradiol valerate); (5) well-designed RCT studies are warranted to ensure the efficacy and safety of novel sex and sex-related hormone-based therapy of liver diseases, with special emphasis in the difference caused by biological sex, age, psychiatric status, and menopause.

We cannot ignore the urgent need for clinical study of possible liver injury after GAHT. Although the standards for optimal individual clinical protocols pf GAHT are generally consistent around the world, the implementation of such service is unequal because of health system infrastructure and socio-cultural contexts (214). The large number of transgender populations that meet difficulty in seeking professional medical help for sex hormone recipes must not be overlooked. Developing novel therapeutic agents for over-dose hormone-induced liver injury is critically urgent for those populations.

In conclusion, both clinical and basic studies provide evidence of sexual dimorphism in liver diseases, from acute liver injury to cirrhosis and HCC. Delineating these observations requires a deep understanding of the characters of sex/sex-related hormones in disease initiation and progression. Whether supplementation of a specific hormone can ameliorate liver injury with acceptable side effects require further basic and clinical studies, particularly for transgender people needing GAHT.
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Fibrates, which are agonists of peroxisome proliferator-activated receptor alpha, have received increasing attention in the treatment of primary biliary cholangitis. Reduced alkaline phosphatase levels and improved clinical outcomes were observed in patients with primary biliary cholangitis with an inadequate response to ursodeoxycholic acid (UDCA) monotherapy4 when treated with bezafibrate or fenofibrate combined with UDCA. In contrast to obeticholic acid, which exacerbates pruritus in patients, fibrates have been shown to relieve pruritus. Clinical trial outcomes show potential for the treatment of primary biliary cholangitis by targeting peroxisome proliferator-activated receptors. It is currently agreed that primary biliary cholangitis is an autoimmune-mediated cholestatic liver disease, and peroxisome proliferator-activated receptor is a nuclear receptor that regulates the functions of multiple immune cells, thus playing an important role in regulating innate and adaptive immunity. Therefore, this review focuses on the immune disorder of primary biliary cholangitis and summarizes the regulation of hepatic immunity when peroxisome proliferator-activated receptors are targeted for treating primary biliary cholangitis.
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Introduction

Primary biliary cholangitis (PBC) is an autoimmune-mediated cholestatic liver disease characterized by progressive destruction of hepatic interlobular bile ducts, which eventually leads to liver cirrhosis (1). The diagnosis of PBC depends on elevated alkaline phosphatase (ALP)/γ-glutamyl transpeptidase (γ-GT) levels; exclusion of other diseases that may cause cholestasis, including drug-induced liver injury, biliary stones, and malignant tumors through patient medical history and imaging examinations; and positive antimitochondrial antibody (AMA) and/or antinuclear antibodies (ANA) tests, including anti-gp210 and anti-sp100. Liver biopsy may be performed when the diagnostic results for these tests are insufficient to determine PBC (2). PBC is the only cholestatic disease which has an established treatment available. Ursodeoxycholic acid (UDCA) has been the only approved treatment for PBC for over 20 years, until 2016, when obeticholic acid (OCA) was licensed for the treatment of primary biliary cholangitis (previously primary biliary cirrhosis) in combination with UDCA in adults showing an inadequate response to UDCA or as monotherapy in adults unable to tolerate UDCA (3). However, there remains a need to develop improved PBC treatments. Up to 40% of patients with PBC respond inadequately to UDCA therapy (4), and OCA aggravates pruritus dose-dependently (5, 6). Recent clinical trials of selective peroxisome proliferator-activated receptor α (SPPARα) agonists for the treatment of PBC have received increasing attention.

PPARs are ligand dependent transcription factors and three isoforms including PPARα (NR1C1), PPARβ/δ (NR1C2) and PPARγ (NR1C3) are found (7). PPAR isoforms heterodimerize with retinoid X receptor. This complex regulates gene expression by binding to specific peroxisome proliferator response elements located in regulatory site of each gene. Due to differences in tissue distribution, ligands sensitivity and target genes, these three PPAR isoforms have distinct but complementary physiological functions (8). PPARα is highly expressed in the liver, skeletal muscle, and mainly regulate lipid and glucose metabolism (9). Fibrates, which are PPARα agonists, are used to treat hyperlipidemia. PPARγ is predominantly expressed in adipose tissue, which plays an important role in insulin sensitivity (10). Thiazolidinediones, the PPARγ agonists, are used to manage type 2 diabetes. PPARβ/δ is ubiquitously expressed and is involved in many physiological processes, including lipid metabolism, wound healing and inflammation (11). PPARβ/δ agonists currently are not approved for clinical use.

The first evidence that fibrates could be used to treat hepatobiliary disease was presented in 1993, when bezafibrate treatment caused a reduction in serum and biliary ALP activities (12). In 1999– 2003, several studies from Japan attempted to treat primary biliary cirrhosis with bezafibrate (13–18), and the results of these preliminary studies indicated that bezafibrate was effective in reducing ALP, γ-GT, and immunoglobulin M (IgM), with or without UDCA. In 2002 and 2004, preliminary clinical trials of fenofibrate in the treatment of primary biliary cirrhosis were conducted in Japan, and the results suggested that combination therapy with UDCA and fenofibrate was useful in reducing ALP, γ-GT, and IgM levels (19, 20). Subsequent clinical trials and retrospective studies have provided new evidence for the use of PPAR agonists in the treatment of PBC. Table 1 summarizes the studies that have been published and registered on the National Institutes of Health clinical trials website (http://clinicaltrials.gov). Systematic reviews and meta-analyses of these clinical trials have confirmed the efficacy of bezafibrate and fenofibrate in improving serological responses and relieving pruritus in patients (58–63). Clinical trials have attempted to treat refractory PBC with triple therapy (UDCA, OCA, and fibrate) (64, 65) with higher risks of adverse events despite a significant reduction in serological markers. Almost all clinical trials take the serological response of patients as the endpoint and lack the detection of immune-related indicators. This is due to a lack of reliable immune-related markers associated with PBC progression and prognosis. One study showed that IgM shows potential as a marker to predict the long-term clinical outcomes of patients with PBC treated with UDCA and bezafibrate (34), but further evidence is needed to confirm this assumption. In a particular clinical trial (NCT02931513), researchers evaluated whether soluble mannose receptor and soluble CD163 (sCD163), a macrophage activation marker, can be used as potential predictors of non-response to UDCA treatment and thus, as predictors of patients needing add-on therapy. Another clinical trial (NCT04514965, in progress) attempts to investigate how treatment with bezafibrate as an add-to therapy to UDCA influences the levels of sCD163, fibrosis markers, and bile acid composition in patients with PBC.


Table 1 | clinical studies of PPAR agonists on the treatment of PBC.



Innate and adaptive immune-response abnormalities play an essential role in the occurrence and progression of PBC. Whereas PPAR, an important component of nuclear receptors, regulates the function of multiple innate and adaptive immunity-response cells. However, research on immune regulation related to PPAR in PBC is limited. Previous studies were evaluated for the regulation of PPAR on hepatic immunity in the progression of PBC to identify potentially novel biomarkers and therapeutic drugs that can be further investigated in future studies.



Regulation of Immune Response Abnormality by PPARs in PBC

Genetic susceptibility and exposure to environmental factors are the two main contributors to PBC development. Genome-wide association studies and observations of identical twins have confirmed genetic associations and risk factors for PBC (66–68). Molecular mimicry induced by bacterial infection, especially the pyruvate dehydrogenase complex-E2 (PDC- E2), and xenobiotic exposure are important environmental factors that disrupt hepatic immune tolerance and induce PBC (69, 70). T help 1(Th1)-mediated immunopathological damage to the intrahepatic small bile duct is a characteristic of PBC (71). In fact, innate and adaptive immune-response cells collectively participate in the development of PBC at different stages of the disease, including monocytes and macrophages with hyperreaction, dendritic cells with enhanced antigen presentation, and natural killer (NK)/natural killer T (NKT) cells with enhanced killing properties in the early stage of PBC. Th17 were shown to inhibit Th2/Treg, and B cells were also involved in PBC progression. We describe the specific role of individual immune response cells in PBC progression and the regulatory role of PPARs in these cells.


Th1/Th2

Interleukin-12 (IL-12)-induced Th1 cells produce IFN-γ and IL-2, whereas IL-4 and IL-2-induced Th2 cells secrete a variety of cytokines, including IL-4, IL-10, and IL-13 (66). Excessive Th1 immune response leads to uncontrolled tissue damage. High levels of IFNγ are associated with portal inflammation activity indicating Th1-dominant liver injury in PBC (72). Decreased IL-4 producing CD4+ T cells in patients with advanced PBC also supports this result (73). In addition, a trans-ethnic genome-wide meta-analysis revealed that IL12RB1 is included in the susceptibility loci of PBC, and Th1 differentiation is significant in pathway analysis (66). A decrease in liver-infiltrating CD4+ Th1 cells in patients with PBC indicated an adequate response to UDCA treatment (74). Therefore, reversal of the excessive Th1 immune response is of significance for the treatment of PBC.

Fibrate treatment has also been found to reduce CD4+ T cell migration to the liver. Bezafibrate and fenofibrate have been shown to decrease elevated normal T-cell expressed and secreted (RANTES) levels induced by chenodeoxycholic acid (75). RANTES, a member of the CC chemokine family, mediates the migration of CD4+ T cells to inflamed tissues, and in PBC RANTES expression has been observed to be elevated (75, 76). Research in PBC animal models also indicated that 15d-PGJ2, a PPARγ ligand, effectively attenuated portal inflammation with reduced T cell numbers, which prevented the progression of PBC (77). However, this study did not confirm the reduction in CD4+ T cells because of the limitation of mouse anti-CD4 antibodies.

PPARs activation also promotes Th1/Th2 phenotypic conversion, except for the inhibition of CD4+ T cell migration. Sex differences were found in the expression of PPARα in CD4+ T cells. CD4+ T cells isolated from female peripheral blood produced higher levels of IFNγ than those isolated from male peripheral blood. Knockdown of PPARα by small interfering RNA in male CD4+ T cells contributes to increased IFNγ production (78). Another study indicated that higher PPARα expression was detected in male CD4+ T cells than in females, and deletion of PPARα in male T cells induced increased IFNγ and TNF production (79). One study suggested a possible regulatory mechanism of PPARα in IFNγ production. Interaction of PPARα and nuclear receptor corepressor 1 reduced histone acetylation of sites on cis-regulatory elements in the ifng locus, thereby inhibiting IFNγ production and Th1 dominant immunity (80). Female predisposition characterizes multiple autoimmune diseases, including PBC. Several hypotheses, such as sex hormones, genes, and epigenetic regulation, have attempted to explain the predominance of PBC in females (81), but the reasons remain unclear. The potential relationship between differences in PPARα expression in CD4+ T cells and characteristics of autoimmune diseases remains to be investigated. PPARγ activation also contributes to Th1/Th2 phenotypic conversion (82, 83). Another study indicated that PPARγ binds directly to prospero-related homeobox and inhibits the production of IFNγ (84). PPARδ was also demonstrated to inhibit IFNγ production in other Th1-mediated autoimmune disease (85, 86), but these results need to be confirmed in studies on PBC.



Th17

Th17 cells differentiate from naïve T cells stimulated by IL-1β, IL-6, and TGF-β1 and are characterized by IL-17 production. IL-23 is required to maintain Th17 cellular function (87). Recent studies have confirmed that Th17 cells play an important role in the progression of PBC, although the mechanism has not been fully elucidated. The frequency of Th17 cells in the liver tissues of patients is higher than that in healthy controls (88). Th1 and Th17 differentiation was included in the pathway analysis of the trans-ethnic genome-wide meta-analysis of PBC cohorts. Elevated IL-17 produced by Th17 cells in the liver promotes the proliferation and fibrosis of hepatic stellate cells in PBC (89).

PPARα and PPARγ are involved in the suppression of Th17 differentiation from naïve T cells by inhibiting the expression of the retinoic acid receptor-related orphan receptor (RORγt), an important factor controlling Th17 polarization (90). Fenofibrate inhibits Th17 differentiation through the IL-6/STAT3/RORγt pathway, and this effect could be reversed by MK886, a PPARα antagonist (91). Upregulation of PPARγ also selectively inhibits Th17 differentiation, but not Th1, Th2, or Treg differentiation in CD4+ T cells via inhibition of RORγt (92). PPARγ agonist has also been reported to inhibit Th17 polarization by regulating the expression of cyclin B1 and glutaminase (93; 94). Increased IFNγ and IL-17 levels have been observed in PPARδ-deficient mice, indicating an enhanced Th1/Th17 mediated immune response (95). However, a PPARδ agonist blocks IL-17 production by inhibiting Th17 function (85). These results were obtained from studies on isolated Th17 cells or other autoimmune diseases. More evidence is needed on the effects of PPAR agonists on Th17 cells after PBC treatment.



Dendritic Cell

Dendritic cells (DC) play an essential role in the induction of an adaptive immune response. DCs from patients with PBC have a higher capacity for antigen presentation, and the presence of DCs, especially myeloid DCs, has been confirmed immunohistochemically around the damaged bile ducts (96–98). Bile epithelial cells produce macrophage protein-3α in response to IL-1β, TNFα, and IL-17, which promotes DC infiltration (99). The production of nitric oxide by DCs, which may participate in bile duct injury, was significantly higher in patients with PBC than in healthy controls (100, 101). Cytokines produced by DCs partly determine helper T cell differentiation from naïve T-cells. A study on DC subtypes found that type 2 DCs in patients with PBC were significantly decreased, which is characterized by the expression of CD123 and the promotion of Th2 cell differentiation (102). Therefore, antigen presentation and cytokines of DCs are involved in directing the Th cell response in PBC patients.

PPARα, PPARβ, and PPARγ mRNAs were detected in DCs, but only PPARγ was detected at the protein level (103). Therefore, PPARγ has been extensively studied for its role in the regulation of DC function. Isolation and culture of DCs from peripheral blood of patients with PBC indicated that bezafibrate treatment significantly decreased nitrite production in DCs (104), which was elevated in patients with PBC (100). In monocyte-induced DCs, PPARγ activation reduces DC immunogenicity and increases self-tolerance maintenance by downregulating RelB protein expression (105). Troglitazone and 15d-PGJ2, which are PPARγ ligands, inhibit toll-like receptor-mediated activation of DCs via inhibition of the NF-κB mitogen-activated protein kinase pathway (106). Another study indicated that troglitazone inhibited dectin-1-mediated activation by interfering with curdlan-mediated accumulation of caspase recruitment domain 9, mitogen-activated protein kinase, and the NF-κB pathway (107). Therefore, the upregulation of PPARγ may suppress the immune response in PBC by inhibiting antigen presentation by DCs.

Additionally, PPARγ activation in DCs also inhibits the Th1-dominant immune response via the alteration of cytokines. Activation of PPARγ in DCs maintains the immature status of DCs, which fails to promote the activation and differentiation of CD4+ T cells (108). Rosiglitazone, a PPARγ agonist, can downregulate CD40-induced secretion of IL-12 in DCs, a potent Th1 driving factor (109). Another study also found that PPARγ activation reduces the production of IL-12 in CD1a- monocyte-derived DCs (110). These results were confirmed in another study with unaffected production of IL-1β, IL-6, IL-10, and TNF-α. Reduced Th1 recruiting chemokines, including CXCL10 and CCL5, but not Th2-attracting chemokines including CCL22 and CCL17, were observed in this study (111). It was found through subsequent research that PPARγ directly binds to the PPAR response element in the human IL-10 promoter region, upregulating IL-10 expression of DCs (112).



Treg

Regulatory T (Treg) cells are important in the maintenance of immune tolerance, and the forkhead transcription factor Foxp3 has been shown to be an essential regulator of Treg lineage commitment and function (113). Two subtypes of Tregs, thymus-derived natural Tregs and inducible Tregs from CD4+CD25- T effector cells, have been described (114, 115). The suppressive effects of Treg cells from patients with PBC decreased and differentiated into Th1 cells upon stimulation with low concentrations of IL-12 (116). The relative number of CD4+CD25+ regulatory T cells and Foxp3-expressing Tregs in patients with PBC was significantly reduced compared to that in healthy controls, and the CD8+/Foxp3+ Treg ratio was markedly higher in late-stage patients with PBC than in those with chronic hepatitis C and autoimmune hepatitis (117).

In vitro and in vivo studies confirmed the regulatory effects of PPARs on Tregs. Fenofibrate promotes Foxp3+ regulatory T cell differentiation in vitro by inhibiting Akt and enhancing Smad3 phosphorylation (118). Another study found that the suppressive effect of PPARα-deficient Treg cells on CD4+CD25- and CD8+ T cell proliferation was impaired (119). Bezafibrate and ciglitazone induces stable Foxp3 expression by collaborating with transforming growth factor-β through the downregulation of DNA methyltransferase, which mediates demethylation of Foxp3-conserved noncoding DNA elements (120). Pioglitazone also promotes Foxp3 expression, increasing the percentage of hepatic CD4+CD25+Foxp3+ Treg cells significantly (121). It seems that the upregulation of PPARs contributes to the maintenance of the inhibitory effects and high frequency of Treg cells.



Follicular Helper T Cell

Follicular helper T (Tfh) cells are a subset of CD4+ T cells with the characteristic CXCR5+, whose main function is to regulate humoral immunity. The activation, proliferation, and differentiation to antibody-producing plasma cells depend on Tfh cells (122, 123). It has been demonstrated that the frequency of circulating CD4+CXCR5+ Tfh cells in patients with PBC is significantly higher than that in healthy controls and patients with autoimmune hepatitis (124). In this study, the frequency of Tfh cells was reduced in patients with PBC with an adequate response to UDCA treatment compared to those who showed an inadequate response to UDCA. Another study indicated that elevated Tfh cells were positively correlated with increased plasma B cells, serum AMA, and IgM in patients with PBC (125). Mice with a specific knockout of PPARγ in CD4+ T cells developed an autoimmune phenotype with increased activation of Tfh cells and enhanced autoantibody production of B cells. However, pioglitazone treatment significantly ameliorated the Tfh cell response (126, 127). These results confirm the regulatory effects of PPAR on Tfh cells.



B Cell

The presence of autoantibodies and hyperglobulinemia, particularly IgM, is characteristic of PBC. IgM-producing plasma cells are significantly increased in the serum of patients with PBC (128). Presentation of PDC by cross-reactive B cells may be responsible for the disruption of T cell tolerance to highly conserved self-antigen PDC (129). Whether the levels of autoantibodies and IgM are correlated with the clinical manifestations and outcomes of patients with PBC is still controversial (130, 131). However, decreased IgM levels were observed in patients who responded adequately to UDCA monotherapy or UDCA combined with OCA or fibrates in some clinical trials. One study reported that serum IgM has the potential to be a marker for predicting long-term clinical outcomes of patients with PBC treated with UDCA and bezafibrate (34). The mechanism underlying the high levels of IgM and its role in PBC remains unclear. Genomic and miRNA analyses have indicated that IFNγ and CD40L are central upstream regulators of PBC (132). One study also found that reduced methylation of the CD40L promoter in CD4+ T cells was inversely associated with IgM levels in PBC (133). This provides an epigenetic regulatory explanation for the elevated IgM levels. The depletion of B cells is an immune-related treatment strategy for PBC. Decreased ALP and IgM levels were observed in patients with PBC treated with rituximab, with increased frequency of CD25highCD4+ T cells and increased expression of FoxP3 (134). Although B cell depletion is effective in reducing AMA and IgM levels, serological responses of patients with PBC are not always reproducible in all clinical trials (135).

The regulatory role of PPARs in B cells is limited. B cell-activating factor (BAFF) belongs to the tumor necrosis factor family, which plays an important role in B cell maturation. Overexpression of BAFF is harmful to the immune tolerance of B cells, and increased BAFF is detected in patients with PBC (136). BAFF-activated B cell-mediated Treg cell apoptosis also contributes to impaired immune tolerance, and bezafibrate treatment effectively inhibits BAFF-induced Treg apoptosis (137). In addition, in PPARγ haplo-deficient mice, the proliferation and antigen-specific immune response of B cells are upregulated (138). Research on B cell-specific PPARγ knockout mice demonstrated that reduction of IL-10 producing CD5+CD1dhi regulatory B cells was responsible for exaggerated hypersensitivity (139). PPAR agonist treatment has reduced IgM levels in patients with PBC in numerous clinical trials (Table 1), which may confirm the inhibitory effects of PPARs on B cells.



Macrophage and Monocytes

Resident Kupffer cells and monocyte-derived macrophages from the peripheral blood comprise the hepatic macrophage population, which participates in hepatic inflammation and immune response regulation. Macrophages are roughly divided into classically or alternatively activated phenotypes, which are also called M1 or M2 phenotypes with pro-inflammatory and anti-inflammatory effects, respectively (140). Early research has found that the number of hepatic Kupffer cells is increased in patients with PBC (141). In addition, monocyte chemotactic proteins (MCP), CXCL12, and CX3CL1 in the liver tissue of patients with PBC are significantly increased, which promotes the accumulation of monocytes in the liver (142–144). Monocytes from patients with PBC exhibit higher TLR4 expression, are more sensitive to LPS stimulation, and increase the production of TNFα, IL-1β, IL-6, and IL-8 (145–147). Monocytes and macrophages also influence NK cell function and T-cell differentiation. Increased circulating CD14lowCD16+ monocytes in PBC promote Th1 cell skewing and accelerate liver injury (148). Kupffer cells promote NK cell activation via the direct interaction between NK group 2, member D, and retinoic acid early inducible-1, with increased production of IL-12, TNFα, and IFNγ, which synergistically induces hepatic inflammation in PBC (149). A study of macrophage activation markers demonstrated that an increase in soluble CD163 and mannose receptors is consistent with an increase in ALP, and these can be used as markers to predict disease severity and prognosis of patients with PBC (150).

Previous studies have shown that PPARγ, PPARβ/δ, and PPARα exert regulatory effects on macrophages. Activation of PPARγ in Kupffer cells significantly inhibits the production of nitric oxide and TNFα, resulting in the suppression of inflammation (151). Another study showed that pioglitazone prevents LPS-induced liver injury by inhibiting TNFα production in Kupffer cells (152). Recruitment of monocytes/macrophages is reduced in cholestatic mice treated with 15d-PGJ2 (153). Several studies have confirmed that PPARδ (154) and PPARγ (155–158) activation promotes M2 macrophage polarization, which effectively inhibits hepatic inflammation. However, the mechanisms by which PPARγ and PPARδ inhibits inflammation in classically activated macrophages are distinct. SUMOylated PPARγ inhibits macrophage inflammatory gene expression by blocking the release of the nuclear receptor corepressor complex, and when PPARδ is linked to its ligands, the release of B-cell lymphoma 6 allows it to repress the transcription of inflammatory genes (159). Overexpression or absence of PPARα indicates that PPARα might also promote macrophage polarization from M1 to M2 (160, 161). Macrophages also act as intermediaries for IL-4 to suppress the secretion of IL-2 by T cells because of 12/15-lipoxygenase production in macrophages, whose metabolic product, 13-hydroxyoctadecadienoic acid, is the ligand of PPARγ (162).



Natural Killer Cell

NK cells participate in the innate immune system, mainly through cytotoxic mechanism activation and IFNγ production. Early studies have demonstrated that the number of circulating and liver-infiltrating NK cells is significantly elevated in patients with PBC (163, 164). These increased NK cells had different properties compared with healthy controls, with increased cytotoxic activity and perforin production, but significantly decreased IFN-γ, IL-6, and IL-8 synthesis (164). Recently NK cells of patients with PBC were found to have increased sensitivity to IL-12 stimulation. A minimal amount of IL-12 stimulation can enhance IFN-γ production in NK cells (165).

PPARγ regulates NK cell cytotoxicity and IFN-γ production by interacting with PPARγ ligands. A study found that 15d-PGJ2, a natural ligand of PPARγ, simultaneously inhibited cytotoxicity and IFNγ production in NK cells, regardless of the presence of PPARγ. However, ciglitazone, a synthetic ligand of PPARγ, reduces IFNγ production via PPARγ activation (166).



Natural Killer T Cell

NKT cells are lymphocytes characterized by the simultaneous expression of T-cell receptors and NK cell-related markers (CD56, CD57, and CD161) (167). In the liver, NKT cells reside in hepatic sinuses and secrete a variety of cytokines, including IFN, IL-2, IL-4, and IL-17, to induce Th1, Th2, and Th17 differentiation (168). Studies have demonstrated that NKT cells are involved in immunopathological damage in PBC. The hepatic infiltration of CD1d-αGalCer-restricted NKT cells was significantly higher in patients with PBC than in healthy controls (169). In the dnTGFβRII mouse model of PBC, the lack of CD1d-restricted NKT cells significantly decreased hepatic injury (170). Another study found that the activation of iNKT cells via αGalCer exacerbated hepatic damage, increased AMA production and CD8+ T cell infiltration in 2-OA-BSA, which induced PBC in the animal model (171). One study found that CD57+CD3+NKT accumulation around damaged interlobular bile ducts might be related to an imbalance in Th1/Th2 cytokines (167). CD56+and Fas ligand-positive NKT cells are involved in the death of bile epithelial cells (BECs), which promotes PBC progression. Therefore, the activation of NKT cells promotes the progression of PBC, and inhibition of NKT cells may be a potential therapeutic target for PBC.

There is no direct evidence on whether PPARs regulate NKT cells, and thus affect PBC progression. Studies on other autoimmune diseases and liver inflammation-related diseases have confirmed that PPARα and PPARγ have regulatory effects on NKT cells. One study reported that PPARα activation negatively regulates Ifng gene transcription in NKT cells, whereas PPARα antagonist enhances IFNγ production and induces Th1 dominant immunity (80). Elafibranor, a dual PPARα/δ agonist, ameliorates hepatic inflammation by reducing a variety of immune response cells, including NKT cells (172). PPARγ activation also indirectly enhances iNKT cell expansion via upregulation of CD1d and cathepsin D expression in DCs (89, 173). These two studies only focused on antigen presentation between DC and iNKT cells without evaluating the effects on the Th1/Th2 balance. Another study showed that iNKT cell activation enabled a Th2-dominant immune response upon PPARγ activation (174). Further research is needed to evaluate whether fibrates have the same effects on PBC treatment.



Bile Epithelial Cell

Th-1 mediated damage to hepatic small bile ducts is characteristic of PBC, but bile epithelial cells (BECs) are not just innocent victims. BECs are involved in the maintenance of immune tolerance and immune cells including macrophages are associated with the repair of damaged BECs (175). Bacterial components recognized as pathogen-associated molecular patterns (PAMPs) are detected in bile from patients with PBC and the healthy controls (176). TLR4 in BECs is markedly expressed in patients with PBC and recognizes lipopolysaccharide (177). TLR4 interacts with the adaptor protein myeloid differentiation primary response 88 (MyD88), which recruits IL-1 receptor-associated kinase (IRAK) 1 and subsequently activates the NF-κB and MAPK signaling pathways. Owing to the activation of these pathways, BECs produce more IL-6, IL-8, and MCP-1 (178). PPARγ and IRAK-M, inhibitory kinases of IRAK molecules, strongly inhibit NF-κB pathway activation by inhibiting MyD88 and IRAK1, thus maintaining the immune tolerance of BECs (179). PPARγ expression in cultured human BECs were downregulated in a Th-1-dominant immune environment, which promotes PBC progression. BECs from patients with PBS are more sensitive to LPS stimulation than those from healthy controls. PPARγ activation by 15d-PGJ2 negatively inhibits LPS-induced NF-κB pathway activation (180). Therefore, PPARγ is involved in negative regulation of BECs to maintain immune tolerance.




Therapeutic Strategies for Immune Disorders

Reduction of ALP is currently considered an adequate response to treatment and an endpoint in clinical trials. The mechanism of damage by the immune system in PBC, a disease with strong autoimmune characteristics, has not yet been fully elucidated. Drugs with broad immunosuppressive effects, including glucocorticoids (181), cyclosporine (182), and azathioprine (183), have not produced visible beneficial effects on the clinical outcomes in patients with PBC. In addition, selective depletion of B cells with anti-CD20 monoclonal antibody significantly reduced the titer of autoantibodies in patients with PBC, but the therapeutic effect was nonsignificant (135). Other immunomodulators under development include the IL12/23 monoclonal antibody (ustekinumab), CD40/CD40L antagonist, CX3CL1 antibody, CD80/CD86 antagonist, and selective sphingosine-1-phosphate receptor modulator (184). Current animal models cannot fully reproduce the clinical features and immunological complexity of human PBC (185), which makes it difficult to select suitable models. In addition, the lack of immune-related biomarkers for predicting PBC progression and prognosis also complicates PBC research.

The efficacy of PPAR agonists in the treatment of PBC has been confirmed. Previous studies have primarily focused on the regulation of PPARs in bile acid metabolism. It has been proven that regulation of cytochrome P450 enzymes and bile acid transporters by PPARα contributes to hepatic lipid and bile acid homeostasis, which is involved in alleviating cholestatic liver injury (186). Regulation of immune response and inhibition of disease progression by PPARs have been confirmed in studies of other autoimmune diseases, including colitis (187) and autoimmune encephalomyelitis (188). Although studies on PPAR-regulating immunity in PBC are relatively limited, current research results have preliminarily confirmed that activation of PPARs is involved in the reverse of Th1-dominant immune injury, which may delay the progression of PBC. As shown in Figure 1, PPARs have regulatory effects on multiple immune cells involved in immune disorders. In Table 2, we describe the regulatory effects of different PPAR subtypes on diverse immune cells. In general, PPAR activation promotes the maintenance of immune tolerance by directly or indirectly influencing the differentiation of Th cells. Whether the alterations in immunity are directly related to the decrease in serological indicators or are beneficial to the long-term clinical outcomes of PBC patients requires further evaluation.




Figure 1 | PPAR regulates immune cells involved in PBC pathology. PDC-E2 the E2 component of the mitochondrial pyruvate dehydrogenase complex; APC antigen-presenting cell; DC dendritic cell; IFNγ interferon-γ, TFh follicular helper T cell; AMA anti-mitochondrial autoantibody; TGFβ transforming growth factor-β; Treg regulatory T cell; CTL cytotoxic T lymphocyte; NK natural killer; MHC-II major histocompatibility complex-II; TCR T cell receptor; Th T helper.




Table 2 | Regulatory effects of different PPAR subtypes on diverse immune cells.





Summary and Prospects

The new generation of farnesoid X receptor and PPAR agonists and bile acid uptake inhibitors have effectively expanded the second-line treatment of PBC. UDCA still occupies a dominant position in the treatment of PBC, with its incomparable safety and effectiveness, as confirmed by several clinical trials. Fibrates are currently included in the clinical guidelines for add-on therapy (189). It is not known whether PPAR agonists will be used as monotherapy in the future or in combination with UDCA in patients with PBC, regardless of adequate response to UDCA. PPARα, PPARβ/δ, and PPARγ have distinct, but complementary functions. Dual- or pan-PPAR agonists may have better therapeutic effects than selective agonists. Activation of different subtypes of PPARs has beneficial effects on upstream immune disorders, midstream cholestasis (186), and downstream fibrosis (190) of PBC progression. The side effects may be a barrier to the application of PPAR agonists. Increased creatinine levels and myalgia are common side effects of PBC treatment (29). Cardiotoxicity, hepatotoxicity, and tumorigenesis of PPAR activation also indicate that PPAR agonists should be used circumspectly (191). Agonists with stronger liver targeting and more balanced activation effects may be more competitive in the future.

In this review, we comprehensively summarize the regulation of PPARs on known immune abnormalities of PBC. However, the full picture of the pathogenesis of PBC is not yet understood. In addition, not all the immune cells involved in PBC pathogenesis are associated with PPARs, such as cytotoxic T cells, although regulatory effects have been demonstrated in anti-tumor researches. Therefore, with the deepening of understanding about PBC immunopathogenesis, the regulatory roles of PPARs will be further updated. Interestingly, the expression of PPARα in T cells has gender differences, and whether this difference is related to the female dominance of PBC should be further explored. Comparison of PBC patients who have adequate response to UDCA in combination with fibrates therapy but not to UDCA monotherapy may obtain novel biomarkers which could predict disease progression and treatment response, such as sCD163. Although animal models of PBC are still defective, the effects of PPARs on immune cells in current autoimmunity mice model, such as dnTGF-βRII and IL-2Rα-/- mice models (185), are worthy of further exploration.
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Liver inflammation and the immune response have been recognized as critical contributors to cirrhosis pathogenesis. Immunity-related genes (IRGs) play an essential role in immune cell infiltration and immune reactions; however, the changes in the immune microenvironment and the expression of IRGs involved in cirrhosis remain unclear. CD45+ liver cell single-cell RNA (scRNA) sequencing data (GSE136103) from patients with cirrhosis were analyzed. The clusters were identified as known cell types through marker genes according to previous studies. GO and KEGG analyses among differentially expressed genes (DEGs) were performed. DEGs were screened to identify IRGs based on the ImmPort database. The protein-protein interaction (PPI) network of IRGs was generated using the STRING database. IRGs activity was calculated using the AUCell package. RNA microarray expression data (GSE45050) of cirrhosis were analyzed to confirm common IRGs and IRGs activity. Relevant regulatory transcription factors (TFs) were identified from the Human TFDB database. A total of ten clusters were obtained. CD8+ T cells and NK cells were significantly decreased in patients with cirrhosis, while CD4+ T memory cells were increased. Enrichment analyses showed that the DEGs focused on the regulation of immune cell activation and differentiation, NK-cell mediated cytotoxicity, and antigen processing and presentation. Four common TFs, IRF8, NR4A2, IKZF3, and REL were expressed in both the NK cluster and the DEGs of liver tissues. In conclusion, we proposed that the reduction of the CD8+ T cell cluster and NK cells, as well as the infiltration of CD4+ memory T cells, contributed to immune microenvironment changes in cirrhosis. IRF8, NR4A2, IKZF3, and REL may be involved in the transcriptional regulation of NK cells in liver fibrosis. The identified DEGs, IRGs, and pathways may serve critical roles in the development and progression of liver fibrosis.
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Introduction

Liver cirrhosis is the irreversible form of liver fibrosis. It was the 11th highest contributor to global mortality from 2000 to 2019 according to the WHO (1). Liver fibrosis is a common and complex pathological pathway that results from diverse liver injuries. Pathological, persistent liver injury leads to hepatocyte necrosis and hepatic stellate cell (HSC) activation which can result in distortion of hepatic architecture, nodular formation, and excessive extracellular matrix (ECM) production. When hepatic architecture is dysregulated and excessive nodules occur, liver fibrosis converts to cirrhosis with progressive loss of liver function. In recent years, liver inflammation and liver immune microenvironment changes have been recognized as critical contributors to cirrhosis pathogenesis (2, 3). Accumulating experimental evidence has revealed that the immune cells can regulate both the progression and regression of liver fibrosis.

During the fibrogenic process, the immune system participates in wound healing and tissue repair by initiating inflammation. After liver injuries, the infiltrated immune cells are recruited to the site of injured hepatocytes and contribute to the liver fibrotic cascade by secreting pro-inflammatory cytokines such as TNF-α, IL-6, and CCL4 (4). These cytokines mediate the crosstalk between immune cells and HSCs, which leads to HSC activation and transdifferentiation to myofibroblasts. Some cytokines such as IFN-γ, can also regulate ECM synthesis and remodelling. For viral hepatitis related fibrosis, the CD4+ T cell activity and CD8+ T cell cytotoxic effects to achieve viral clearance can directly mediate HSC activation and fibrogenesis (5). In addition, natural killer (NK) cells display anti-fibrotic activity by directly killing activated HSCs, inducing HSC apoptosis and cell cycle arrest (6). Immunity-related genes (IRGs) play essential roles in immune infiltration; however, the expression characteristics of IRGs and immune microenvironment changes in cirrhosis remain unclear.

Single-cell RNA (scRNA) sequencing technology advances have made it possible to isolate and determine the transcriptomic profiles of liver immune cells. This study investigated the expression characteristics of IRGs and immune microenvironment changes in cirrhosis by combining single-cell RNA (scRNA) and RNA microarray expression data.



Methods


ScRNA Sequencing Data Analysis

Published scRNA-seq data were retrieved from the Gene Expression Omnibus (GEO) dataset GSE136103 (7). Single-cell transcriptomic data of CD45+ liver leukocytes were chosen from the liver tissue of 5 healthy controls and 5 cirrhotic patients. The Seurat R package (Version 4.1.0) was used for downstream principal component analysis (PCA) and t-distributed stochastic neighbour embedding (t-SNE) analysis. Cells with <200 genes, >2,500 genes, or >5% mitochondrial genes were filtered out. A total of 30,934 filtered liver cells were selected for analysis. Gene expression was normalized using the “LogNormalize” method and further scaled. After data normalization, 2000 highly variable genes (HVGs) were identified using the Seurat “FindVariableGene” function with default parameters. Subsequently, PCA was applied to identify significant principal components (PCs), and the P value distribution was visualized using the “JackStraw” and “ScoreJackStraw” functions. Ultimately, fifteen PCs were selected for t-SNE analysis. The “FindClusters” function was used to classify the cells into twenty different clusters with a resolution of 0.5. The Seurat “FindAllMarkers” function with default parameters (logfc threshold = 0.5) was applied to identify marker genes for each cluster. Cell type identification was performed based on the marker genes in each cluster and manually checked according to previous studies (8, 9). The Seurat “FindMarkers” function with default parameters (logfc threshold = 0.25) was applied to identify differentially expressed genes (DEGs) between the healthy group and the cirrhotic group. The EnhancedVolcano R package (1.12.0) was used to visualize the DEGs between the two groups.



RNA Microarray Expression Data Analysis

Raw data of GSE45050 were downloaded from the GEO database using the GEOquery R package (Version 2.62.2) (10). DEGs were calculated using the limma R package (Version 3.50.1). Genes with an adjusted P value <0.05, and an absolute logFC > 0.8 were considered DEGs. Volcano and heatmap plots were generated using the ggplot2 R package (Version 3.3.5).



IRG Scoring

DEGs of scRNA data and RNA microarray expression data were screened separately to identify IRGs based on the ImmPort database (https://www.immport.org/shared/home), and IRGs were selected for IRG scoring with the AUCell R package (Version 1.16.0). According to the area under the curve (AUC) value of the selected IRGs, gene expression rankings of each cell were generated to estimate the highly expressed gene set proportion in each cell. Cells expressing more genes within the gene set had higher AUC values. The “AUCell_exploreThresholds” function was used to determine the threshold to identify gene set active cells. Then, the AUC score of each cell was mapped to the UMAP embedding using the ggplot2 R package to visualize the active clusters.



GO and KEGG Enrichment Analysis

The DEGs in GSE136103 were analyzed by Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses. The ClusterProfiler R package (Version 4.2.2) was used to visualize the GO and the KEGG pathway data.



PPI Network Construction

Protein-protein interaction (PPI) network analysis was performed using STRING (https://string-db.org/). A functional network was constructed through Cytoscape (Version 3.9). The Cytoscape plug-in cytoHubba was used to select the hub genes based on the degree method.




Results


ScRNA Profiling of Liver Leukocytes in Cirrhosis

The scRNA sequencing dataset (GSE136103) from the GEO database was analyzed, which included CD45+ liver leukocytes, comprising 15,462 cells from liver cirrhosis patients and 21,779 cells from controls. After filtration, 30,934 cells comprising 11,974 cells from cirrhotic patients and 18,960 cells from healthy controls were retained. The expression characteristics of each sample are shown in (Figure 1A). nCount_RNA, which represents the number of unique molecular identifiers (UMI), positively correlated with nFeature_RNA, which represents the number of genes, with a correlation coefficient of 0.82 (Figure 1B). The top 10 hypervariable genes (HVGs) were identified (Figure 1C). IGKC and IGHG1 are the top two HVGs, which encode allotypes of immunoglobulin that regulate antigen-binding activity and immunoglobulin receptor binding activity (11). PCA identified all 20 PCs with the P value <0.05, as visualized with JackStrawPlot (Figure 1D). Sixteen separate clusters were identified using 10 PCs, and the top 5 marker genes of each cluster are listed (Figure 1E). These clusters could be identified as known cell lineages through marker genes, according to a previous study (8, 9). The ten clusters were visualized using the t-SNE algorithm (Figure 2A). Compared with the healthy group, the CD8+ T cluster and NK cluster had a significantly lower frequency of their cells in the cirrhotic group. The CD4+ memory T cluster had an increased percentage of CD4+ memory T cells in the cirrhotic group. (Figure 2B). The expression of cell type marker genes is shown in the dot plot (Figure 2C) and violin plot (Figure 2D). The cell proportions of each cluster in two groups are shown in Figure 2E. The number and proportion of each cluster in each sample are shown in Figure 2F respectively. The CD8+ T cluster and NK cluster were significantly reduced in the cirrhotic group compared with the healthy group (11.6% vs. 36.4%, 15.7% vs. 28.7%), while the CD4+ T cells percentage was increased in the cirrhotic group (41.0% vs. 17.8%).




Figure 1 | scRNA analysis of liver cirrhosis. (A) The gene features, gene counts, and mitochondrial gene percentage of each sample. (B) Correlation between genes and counts in each sample. (C) HVGs are colored red, and the top 10 HVGs are labeled. (D) PCs selection using the JackStraw function. (E) Heatmap of the top 5 DEGs in each cluster. The top 5 DEGs are labeled in yellow.






Figure 2 | Marker gene expression of each cluster. (A) tSNE projection of all liver CD45+ leukocytes. Different cell types were colored with unique colors. (B) tSNE projection of the cirrhotic group and the control group. (C) Dot plot of cell type marker genes. Cell specific marker genes were selected according to previous studies. The color of the dots represents the average expression, and size of dots represents average percentage of cells expressing the selected gene. (D) Violin plot depicts the distributions of cell type marker genes in each cluster using density curves. The width of each violin plot corresponds to the frequency of cells with relevant gene expression levels. (E) Cluster distribution in the two groups. (F) Cluster distribution in each sample.





DEGs of Liver Cirrhosis and Enrichment Analysis

To investigate the expression features of cirrhotic tissues, the FindMarkers function with default parameters (logfc threshold = 0.25) was applied to identify DEGs in GSE136103 between the two groups. A total of 191 DEGs were found. The heatmap and the volcano plot of DEGs were shown in Figures 3A, B. We further performed GO and KEGG analyses of the DEGs (Figures 3C, D). These terms were mainly related to immune cell activation, T cell differentiation, NK-cell mediated cytotoxicity, and antigen processing and presentation. Among the DEGs, the expression levels of some IRGs, such as FYN, IFNG, KLRD1, and HLA-G which are related to the process of NK-cell mediated cytotoxicity; some transcription factors (TFs) such as ID2, ETS1, IRF1, and PRDM, which are essential for the development and differentiation of NK cells were decreased in the cirrhotic group. The change in these IRGs and TFs may contribute to the decrease in the NK-cell population (Supplementary Figures 1, 2)




Figure 3 | DEGs of cirrhosis from scRNA sequencing data. (A) Heatmap of all the DEGs. (B) Volcano plot (|logFC| > 0.25 and adjusted P value < 0.05).The DEGs are colored red. (C) GO analysis of DEGs. The top 5 biological processes (BP), the top 5 cellular components (CC), and the top 5 molecular functions are shown. (D) The top 10 KEGG pathways of DEGs.





IRGs of Liver Cirrhosis

To investigate the IRGs expression characteristics in cirrhotic patients, DEGs were screened to generate IRGs based on the ImmPort database, which summarizes IRGs from published studies. The number of overlapping IRGs between the ImmPort database and DEGs was 55 (Figure 4A). The PPI network was constructed to show the relationship between IRGs (Figure 4B). The top ten hub IRGs including CD8A, IFNG, CCL4, CCL3, CXCR4, ALB, JUN, CCL5, SOCS3, and FOS were selected. These genes may play critical roles in the process of liver fibrosis (Figure 4C and Supplementary Table 1). To investigate the IRGs expression characteristics, the IRGs activity of each cell line was identified using the AUCell R package (Figure 4D). Cells expressing more genes exhibited higher AUC values, and these cells were mainly in CD16+ monocytes and NK cells (Figure 4E).




Figure 4 | IRGs and IRG scores of cirrhosis from scRNA sequencing data. (A) Venn plot showing IRGs of DEGs from the GSE136103 dataset and the gene set of the ImmPort database. A total of 55 IRGs were found. (B) The PPI network of the IRGs. (C) Results of the CytoHubba plugin and expanded the subnetwork. The color change from yellow to red was indicative of the rank of protein, where deeper red staining indicates higher protein rank. (D) Score of 55 IRGs. The threshold was chosen as 0.58. (E) UMAP plots of the IRG score in all clusters. CD16+ monocytes and NK cells express more genes and exhibit higher AUC values.





DEGs of Liver Cirrhosis From RNA Microarray Expression Data

To confirm the expression features of liver tissues in cirrhosis, the RNA microarray expression dataset GSE45050, which included 5 cirrhotic patients and 3 controls, was analyzed to explore DEGs in liver cirrhosis and screen the IRGs. A total of 507 up-regulated and 399 down-regulated DEGs were retained (Figure 5A and Supplementary Table 2). A heatmap of the top100 up-regulated and top100 down-regulated DEGs is shown (Figure 5B). There were 103 overlapping IRGs between the ImmPort database and DEGs (Supplementary Table 3). The IRGs activity of each cell line was also identified (Figure 5C), and the cells that exhibited higher AUC values were also mainly in CD16+ monocytes and NK cells (Figure 5D). To investigate the transcriptionally regulated activity of IRGs, a list of 1,665 TFs was obtained from TFDB (http://bioinfo.life.hust.edu.cn/HumanTFDB/#!/).Four common TFs, IRF8, NR4A2, IKZF3, and REL were identified, which were simultaneously the marker genes of the NK cluster and the DEGs of liver tissues. (Figures 5E, F).




Figure 5 | IRGs and relevant regulatory TFs of cirrhosis from the GSE45050 dataset. (A) Volcano plot of DEGs (|logFC| > 0.8 and adjusted P value < 0.05). Up-regulated genes are colored red and down-regulated genes are colored blue. (B) Heatmap of the top 100 up-regulated and top 100 down-regulated DEGs. (C) Score of 103 IRGs. The threshold was chosen as 0.28. (D) UMAP plots of the IRG score in all clusters. CD16+ monocytes and NK cells express more genes and exhibit higher AUC values. (E) Venn plot showing TFs in the NK cluster of the GSE136103 dataset, Human TF database, and TFs in DEGs of the GES45050 dataset. (F) Dot plot of the 4 identified common TFs.





ScRNA Profiling of Cirrhosis by Different Causes

To investigate the expression features of liver leukocytes in different causes of cirrhosis, the scRNA sequencing dataset GSE136103 of 5 cirrhotic samples, including 11,974 cells was further analyzed. Of these five cirrhotic samples, two samples, including 6089 cells, were caused by non-alcoholic fatty liver disease (NAFLD), two samples, including 3576 cells, were caused by alcohol, and one sample, including 2309 cells, was caused by primary biliary cholangitis (PBC). After identifying the cell lineages of every cluster according to marker genes, ten clusters were visualized using the t-SNE algorithm. The CD8+ T cells were decreased in all three groups, and significantly decreased in the alcohol group (0.53%) and the PBC group (13.7%). The reduction in the NK cells cluster was most prominent in the PBC group (7.1%), followed by the NAFLD group (13.1%). The CD4+ memory T cells cluster exhibited a prominent increase in all three groups (49.9% of the PBC group, 37.9% of the NAFLD group, and 36.3% of the alcohol group (Figure 6A). The expression of cell type marker genes is shown in the dot plot (Figure 6B) and Violin plot (Figure 6C). The cell proportions of each cluster in the three groups are shown in Figure 6D.




Figure 6 | scRNA analysis of cirrhosis by different causes. (A) tSNE projection of the alcohol group, the NAFLD group and the control group. (B) Dot plot of cell type marker genes. (C) Violin plot depicts the distributions of cell type marker genes in each cluster using density curves. (D) Cluster distribution in the three groups.






Discussion

Liver fibrosis is preceded by inflammation. Immune systems play a vital role in regulating the fibrogenic process. Hepatocyte necrosis and HSC activation are major initiators. Activated HSCs secrete TGF-β, which is a crucial pro-inflammatory and pro-fibrogenic factor. The TGF-β/Smad signaling pathway is the classical fibrogenic pathway. Tissue macrophages are attracted by the CCL2-CCR2 axis and phagocytose necrotic hepatocytes and decrease ECM degradation by regulating the expression of tissue inhibitors of metalloproteinase (TIMP). Moreover, TLR4 signaling promotes fibrogenesis by activating HSC, secreting adhesion molecules to recruit macrophages, and boosting TGF-β signaling. The crosstalk between persistent liver injury and the immune response, and the interactions between liver cells and immune cells perpetuate fibrogenesis.

The T cell immune response is closely associated with liver inflammation and viral clearance after hepatitis virus infection. However, evidence indicates that T-cell immunity can also influence the fibrosis process (12). Previous studies reported that transferred CD8+ T cells contributed to liver fibrosis, and CD8+ T cells were found to be able to mediate the direct activation of HSCs in murine models (13). Another study reported that hepatic fibrosis leads to the accumulation of liver resident IL10+ cells, and that these cells could directly impair CD8+ T cell functions and result in the development of hepatocellular carcinoma. CD4+ T cells activity mediates the progression of liver fibrosis by intrinsic apoptosis (14), by secreting signature cytokines IL-4, IL-10, and IFN-γ (15), and by stimulating other immune cells such as NK cells (16). Muhanna et al. analyzed T cells distribution in cirrhotic tissues from 25 HCV patients, seven HBV patients, and six healthy controls (4). The study found that CD4+ T cells and the CD4/CD8 ratio were decreased in cirrhotic tissue, while the difference in intrahepatic CD8+ T cells between the two groups was not significant. In this study, the proportion of CD8+ T cells decreased in the cirrhotic group; however, an increased proportion of CD4+ T cells, including CD4+ effector T cells and CD4+ memory T cells, was found in the cirrhotic group. This result is contrary to that of the study of Muhanna, and there could be several reasons. First, in the study of Muhanna, cirrhotic tissues were obtained by liver biopsy, which could not represent immune microenvironment changes in the entire liver. In this study (7), cirrhotic tissues were obtained from patients who underwent liver transplantation. The tissues were relatively complete and could reflect the complete landscape of immune cell changes in cirrhotic tissues. Second, the etiologies of cirrhosis in the two studies were different. In this study, the causes of cirrhosis were NAFLD, alcohol, and PBC, while in the study of Muhanna, the cirrhotic tissues came from patients with HBV or HCV infection. The immune mechanisms of the fibrosis process caused by different etiologies are not the same. Changes in T cell populations are likely to be dependent on the underlying etiology that drives the fibrosis process.

NK cells are a subgroup of cytotoxic cells of the innate immune system and participate in regulating various liver diseases (17). NK cells with activating receptors such as NKG2D, can be activated to initiate apoptosis of other cells, and release inflammatory cytokines such as IFN-γ, to stimulate other immune cells (18). Numerous studies have indicated that NK cells manifest an anti-fibrotic effect by exerting cytotoxicity to activated HSCs (6, 19). In addition, IFN-γ secreted by NK cells is another vital factor contributing to the anti-fibrotic effects of NK cells. IFN-γ not only inhibits HSC activation and ECM synthesis directly (20) but also amplifies NK-cell cytotoxicity against HSCs by promoting NKG2D expression on liver NK cells to attenuate liver fibrosis (21). A decreased frequency of NK cells with a reduction of function can be observed in the liver of both murine cirrhotic models (22) and cirrhotic patients (4, 23, 24). In this study, the proportion of the NK cluster cells decreased significantly in the cirrhotic group, which was consistent with previous findings. Thus, targeting NK cells may shed light on the treatment of liver fibrosis.

Enrichment analysis of DEGs between the cirrhotic group and the control group mainly focused on the regulation of immune cell activation and differentiation, NK-cell mediated cytotoxicity, and antigen processing and presentation, and these immune reaction pathways may be associated with the fibrosis process. We further investigated the IRGs of DEGs and the top 10 hub genes of the PPI network. Among these hub genes, some are cytokines and chemokines closely related to liver fibrosis (IFNG, CCL3, CCL4, CCL5, and CXCR4) (25, 26). JUN and FOS are transcription factors and the members of the MAPK signaling pathway. They are involved in TGF-β/Samd pathway transduction (27) and can positively regulate HSC proliferation and the progression of fibrosis (28). SOCS3 is a member of the suppressor of cytokine signaling family and has a negative regulatory effect on cytokines such as IFN-γ (29). IRGs are essential for immune reactions and immune infiltration. The variation in these genes also reflected the changes in the immune microenvironment of liver fibrosis.

The IRGs were enriched in the pathway of NK-cell mediated cytotoxicity, suggesting a potential role of NK cells in cirrhosis. In addition, the IRG scores were calculated according to the expression of IRGs, and high scores were mainly found for CD16+ monocytes and NK cells in both scRNA data and RNA microarray expression data. We further explored the potential regulatory mechanisms by investigating TF DEGs in the gene set of the NK cluster. A total of 4 common TFs were found in both the NK cluster and DEGs of liver RNA microarray expression data. IRF8 is a transcription factor of the IFN regulatory factor family that regulates the expression of IFN. IKZF3 is a member of the zinc family, and its encoding protein is an important TF involved in the regulation of lymphocyte development. Studies have shown that the loci of IKZF3 is associated with PBC (30). The encoding protein of REL is the subunit of NF-κB, and the NF-κB signaling pathway has particular relevance to liver fibrosis (31). NR4A2 is a member of the orphan nuclear receptor family, and the overexpression of NR4A2 suppresses the activation of HSCs and ECM production (32). NK cell immune reaction and these genes may play critical roles in the process of liver fibrosis

As previously mentioned, the immune mechanisms of fibrosis caused by different etiologies are not the same; therefore, we further explored the immune cell changes in cirrhotic patients caused by NAFLD, alcohol, and PBC. NAFLD is hallmarked by hepatic steatosis and is tightly associated with inflammation and insulin resistance. NK-cell activities attenuate fibrosis progression of NAFLD by regulating cytokine production (33, 34) and the immune response of other immune cells (35). Our study showed NK cells were decreased in the NAFLD group, and targeting NK cells may be a feasible therapeutic strategy for NAFLD. Excessive alcohol consumption affects cellular immunity. Early studies already indicated that alcohol abuse resulted in reduced T cell numbers (36, 37). Alcohol exposure disrupted the balance between different T cell subsets leading to a decreased frequency of naïve CD4+ T cells and CD8+ T cells, as well as an increased frequency of memory T cells (38, 39), and this conclusion was further supported by our results. It is striking that CD8+ T cells were significantly decreased in the PBC group. Generally, it is thought that CD8+ T cells activation and infiltration are mediators of bile duct damage, and reports have demonstrated that special differentiated CD8+ T cells are increased in PBC patients (40, 41). Further studies are urgently needed to explore the changes in the overall level of T cell subsets and detailed immunologic mechanisms.

In the present study, the scRNA sequencing data GSE136103 was used, which came from the study conducted by Ramachandran et al. (7). The study isolated all hepatic non-parenchymal cells (NPCs) and analyzed the microenvironment of human liver cirrhosis to provide a spatial map and a conceptual framework of liver fibrosis. Our study only analyzed and devoted attention to immune cells (CD45+ NPCs) and divided these cells into more detailed immune subpopulations to explore the immune microenvironment change in cirrhosis, which was a supplement to the original research. However, the study had several limitations. First, the scRNA data showed the changes in the numbers of immune cells, but could not reflect their functional changes. Second, the sample size, especially the number of cirrhotic samples of different etiologies was not large enough to draw accurate conclusions.

In conclusion, we proposed that the reduction in the CD8+ T cluster and NK cells, as well as the infiltration of CD4+ memory T cells, contributed to immune microenvironment changes in cirrhosis. The identified DEGs, IRGs, and pathways may play critical roles in the development and progression of liver fibrosis.
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Supplementary Figure 2 | Gene expression levels of TFs (ID2, ETS1, IRF1, and PRDM1) on t-SNE plots between the healthy group and the cirrhotic group. Red coloration indicates the expression of the genes.
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Supplementary Table 2 | DEG of liver cirrhosis from GSE45050 dataset.

Supplementary Table 3 | IRGs of liver cirrhosis from GSE45050 dataset.
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Liver disease and its complications affect millions of people worldwide. NAFLD (non-alcoholic fatty liver disease) is the liver disease associated with metabolic dysfunction and consists of four stages: steatosis with or without mild inflammation (NAFLD), non-alcoholic steatohepatitis (NASH), fibrosis, and cirrhosis. With increased necroinflammation and progression of liver fibrosis, NAFLD may progress to cirrhosis or even hepatocellular carcinoma. Although the underlying mechanisms have not been clearly elucidated in detail, what is clear is that complex immune responses are involved in the pathogenesis of NASH, activation of the innate immune system is critically involved in triggering and amplifying hepatic inflammation and fibrosis in NAFLD/NASH. Additionally, disruption of endoplasmic reticulum (ER) homeostasis in cells, also known as ER stress, triggers the unfolded protein response (UPR) which has been shown to be involved to inflammation and apoptosis. To further develop the prevention and treatment of NAFLD/NASH, it is imperative to clarify the relationship between NAFLD/NASH and innate immune cells and ER stress. As such, this review focuses on innate immune cells and their ER stress in the occurrence of NAFLD and the progression of cirrhosis.




Keywords: non-alcoholic fatty liver disease, immune cells, unfolded protein response, endoplasmic reticulum stress, hepatic steatosis



Introduction

Liver disease is a major medical problem for human health. Non-alcoholic fatty liver disease (NAFLD) describes a range of liver conditions characterized by metabolic abnormalities, a global epidemic that seriously endangers people’s health and has become the most prevalent liver disease worldwide (1). It is defined as steatosis in more than 5% of hepatocytes and associated with metabolic risk factors (especially obesity and type 2 diabetes), but is not associated with excessive alcohol consumption (≥30 grams per day for men and ≥20 grams per day for women) or other chronic liver diseases (2). In the US, NAFLD affects 3% to 6% of the population, and it is most prevalent in patients with metabolic diseases and obesity. Despite its importance, NASH is underestimated in clinical practice. It is estimated that 20% of patients with NASH will develop hepatic fibrosis, and fibrosis is the most important prognostic factor for the long-term outcomes of NASH and are associated with increased liver-specific and overall mortality (3). The number of cirrhosis cases worldwide increased by 74.5% from 1990 to 2017, with NAFLD accounting for 59.5% of the cases (4). According to the National Institutes of Health, NASH is anticipated to be the leading cause of liver transplantation in the US, with a mortality rate that is substantially higher than the general population or in patients without this inflammatory subtype of NAFLD (5). Since there is no effective treatment for cirrhosis, it is critical to manage the disease in its early stages. Despite the urgency of treatment for this range of diseases, the underlying causes of the disease remain unclear. Current studies suggest that multiple factors, including protein abnormalities in signal transduction pathways, insulin resistance, oxidative stress, inflammation, intestinal bacterial translocation, and environmental factors, could contribute to disease progression in NAFLD. Among these, we cannot ignore the factor of inflammation in particular.

The recently suggested nomenclature changes to metabolic-associated fatty liver disease (MAFLD) draw attention to the root cause of the disease. As the current subclassification of this widespread hepatic metabolic disease remains to be defined by an international consensus group, this review will consider the literature on pathogenesis and progression under the old nomenclature NAFLD. Obesity and adipose tissue insulin resistance cause ectopic fat accumulation in the liver, thereby impairing hepatic insulin signaling, provoking ER stress, mitochondrial dysfunction, and oxidative stress, and inducing inflammation. Liver damage from cirrhosis is usually irreversible, the good news is if cirrhosis is diagnosed and treated early, further damage may be prevented and, in exceptional circumstances, reversed. In NAFLD improvement or worsening of disease activity may be associated with the regression or progression of fibrosis, respectively. According to Paul Angulo’s clinical study and some meta-analyses, the survival rate of clinical patients with NAFLD is related to the severity of inflammation and fibrosis (6).

Although the pathogenesis of NAFLD is complex and incompletely understood, interestingly, recent evidence has implicated the ER in the development of steatosis, inflammation and fibrosis. It is widely recognized that ER is a multifunctional organelle in eukaryotes that is essential for protein maturation. The accumulation of lipids in hepatocytes increases the demand for protein processing by the ER, causing misfolded proteins to accumulate in the ER lumen (7). Excess misfolded or unfolded proteins provoke ER stress, and the unfolded protein response (UPR) is triggered to restore homeostasis (8). UPR, which is associated with membrane biosynthesis, insulin action, inflammation, and apoptosis, serves to restore ER homeostasis by reducing protein synthesis and increasing protein folding and clearance (8). ER stress is prominently displayed in inflammatory responses, including direct defense against microbial pathogens, production of pro-inflammatory cytokines, immunogenic cell death, metabolic homeostasis and maintenance of immune tolerance (9). During these processes, immune cells infiltrate the liver and release pro-inflammatory cytokines and immunomodulatory mediators that may worsen hepatocyte dysfunction, resulting in hepatocyte necrosis, hepatic steatosis, and fibrosis, which may result in NAFLD and NASH (10, 11). On the other hand, the conditions most conducive to ER stress-mediated disease progression may include chronic injury that induces persistent ER stress, which is associated with a reduced or impaired ability of the general immune response to mitigate inflammatory damage (12). At the onset of NASH, damaged hepatocytes release a variety of signals, including damage-associated molecular patterns (DAMPs) and pathogen-associated molecular patterns (PAMPs), which activate local and mobilized immune cells and trigger an immune response.

Therefore, the mechanisms that disrupt ER homeostasis in NAFLD and the role of ER stress on innate immune cells in the occurrence and development of NAFLD are gradually being explored in more detail.



The unfolded protein response

The purpose of UPR is to maintain hepatic physiology by protecting hepatocytes from cellular stress due to increased secretory demand or cellular differentiation (13). While under physiological conditions, the liver experiences transient ER stress and quickly returns to normal. In chronic diseases such as NAFLD, this stress may become chronic and then promote the progressions to a more severe stage, such as liver cirrhosis or HCC, by inducing inflammatory responses and cell death (14, 15). The induction of UPR involves the activation of three transmembrane ER resident stress sensors: PERK-eIF2α-ATF4(RNA dependent protein kinase-like ER kinase—the eukaryotic translation initiation factor eIF2α—activating transcription factor 4), IRE1-XBP1(inositol-requiring enzyme 1—X box binding protein-1), and ATF6 (activating transcription factor 6) (13, 14), which aim to increase protein folding capacity by reducing protein translation to restore ER homeostasis and promote degradation of misfolded or unfolded proteins (Figure 1) (8). When hepatocytes are in non-stressed or physiological conditions, these proteins remain inactive and bind to the molecular chaperone GRP78/Bip (glucose-regulated protein 78/binding immunoglobulin protein), which is also known as a major regulator of ER stress (13, 16). GRP78 disintegrates from these three stress sensors following intracellular ER stress, leading to their activation. The extent to which ER stress and the UPR contribute to the NAFLD disease process may depend on the ability of the UPR to mitigate the damage that leads to disruption of ER homeostasis.




Figure 1 | The classic endoplasmic reticulum stress signaling pathway. In response to stress or physiological conditions, the endoplasmic reticulum molecular chaperone GRP78/Bip binds to three transmembrane ER resident pressure sensors (A) PERK, (B) IRE1, and (C) ATF6. When endoplasmic reticulum stress occurs, misfolded or unfolded proteins accumulate in the lumen of the ER, GRP78/Bip dissociates from these three pressure sensors and binds to misfolded or unfolded proteins, triggering the UPR. The extent to which ER stress and the UPR contribute to the NAFLD process may depend on the ability of the UPR to mitigate the damage that leads to disrupted ER homeostasis. (A) PERK phosphorylates eIF2α. To alleviate protein overload in the ER, phosphorylation of eIF2α reduces translation of mRNAs but can increase translation of some specific mRNAs, such as ATF4.(B) Accumulation of unfolded protein in ER induces oligomerization of IRE1α on ER membrane and autophosphorylation of IRE1α cytoplasmic structural domain, and autophosphorylation of IRE1α can further activate ribonuclease activity; and IRE1 has endonuclease activity, which will splice XBP1 mRNA into XBP1s, encoding transcription factors and activating expression of UPR target genes.(C) ATF6 moves as a vesicle from the ER to the Golgi apparatus, where it is cleaved by S1P and S2P then migrates to the nucleus to activate XBP1 and genes involved in ER protein folding and secretion, such as CHOP. ER, endoplasmic reticulum; UPR, unfolded protein response; S1P, site 1 protease; S2P, site 2 protease.




PERK-eIF2α-ATF4 pathway

The PERK-eIF2α-ATF4 pathway leads to the up- regulation of UPR target genes and induces the proapoptotic protein C/EBP homologous protein (CHOP), regulating both lipogenesis and hepatic steatosis. PERK, PKRlike endoplasmic reticulum kinase, also known as eukaryotic translation initiation factor 2αkinase (eIF2α) 3, also contributes to hepatic stellate cells (HSC) activation (17). To alleviate protein overload in the ER, phosphorylated eIF2α blocks mRNA translation by preventing the assembly of 80s ribosomes, while paradoxically increasing the translation of several mRNAs with upstream open reading frames in the 5’ region, such as ATF4 (18). Prolonged ER stress can induce autophagy mediated by PERK through ATF4, increasing expression of key autophagy-related proteins necessary for autophagosome formation (7). Protein kinase mediated phosphorylation of eIF2α increases the translation of ATF4, and eIF2α phosphorylation can greatly reduce the functional load of the ER by reducing the synthesis of new proteins that need to be folded. It was shown that ATF4 gene knockout mice were protected against diet-induced obesity, hyperlipidemia, and hepatic steatosis. In addition, ATF4 deficiency significantly reduced the expression of lipogenic nuclear receptor peroxisome proliferator-activated receptor (PPARγ), sterol regulatory element binding protein (SREBP1c), acetyl coenzyme A carboxylase and fatty acid synthase in liver and white adipose tissue (19–21). Another study has confirmed that ER stress reduces apolipoprotein B 100 (ApoB100) by degrading ApoB100 and impairing ApoB100 translation through the PERK-ATF4 branch of the UPR. ApoB100 is one of the apolipoproteins of very low-density lipoprotein (VLDL) and low-density lipoprotein (LDL), both are rich in cholesterol and whose main role is to transport cholesterol into the peripheral circulation (22). The decrease in ApoB100 caused by the PERK-ATF4 branch increases blood cholesterol levels, causing liver steatosis. Pre-clinical studies have shown that carbon monoxide upregulates sestrin-2 through the PERK-eIF2α-ATF4 signaling pathway and alleviates dietary methionine/choline deficiency induced hepatic steatosis (23). Salubrinal is a selective inhibitor of eIF2α dephosphorylation, which maintains the phosphorylation state of eIF2α and protects cells from ER stress-induced apoptosis (24). By inhibiting the dephosphorylation of eIF2α in ER stress, Salubrinal reduces hepatic steatosis and fat deposition (25).



IRE1α-XBP1 pathway

Inositol-requiring protein 1 (IRE1α) is a type I bifunctional transmembrane protein with serine/threonine protein kinase and endonuclease activities, and the accumulation of unfolded proteins in the ER induces oligomerization of IRE1α on the ER membrane and autophosphorylation of IRE1α cytoplasmic structural domain (26), the autophosphorylation of IRE1α can further activate ribonuclease activity. Activated IRE1α processes an intron of X box binding protein-1 (XBP-1) mRNA, leading to unconventional splicing, followed by mRNA rejoining and eventual translation to produce active transcription factors XBP1s; XBP-1 binds to the promoters of several genes involved in UPR and ER-associated degradation (ERAD) in order to maintain ER dynamic homeostasis and prevent cytotoxicity (27), and XBP1s enhance ER protein folding, secretion, ERAD and lipid synthesis (28). Activated IRE1α also recruits tumor necrosis factor receptor (TNFR)-related factor 2 (TRAF2) and apoptosis-signaling kinase 1 (ASK1) to mediate activation of c-jun amino-terminal stress kinase (JNK) and nuclear factor kappa B (NF-κB) (29, 30). Mice with hepatocyte-specific deletion of IRE1α exhibit increased hepatic steatosis and decreased plasma lipids under ER stress conditions due to altered expression of key metabolic factors such as C/EBPβ, C/EBPδ, PPARγ, and enzymes involved in triglyceride biosynthesis (31), and IRE1α is also required for the efficient synthesis of ApoB (32). This suggests that the transactivator protein IRE1α in the UPR inhibits lipid accumulation in the liver, especially under ER stress conditions. Although IRE1α is protective, it blocks basal levels of UPR in the liver, which may lead to increased ER stress (14). XBP1 expression is significantly upregulated in liver samples from patients with NASH, and inhibition of the XBP1 signal significantly reduced serum triglyceride, cholesterol and fatty acid levels by reducing the metabolism of liver lipogenesis in mice (33). Inhibition of the IRE1α pathway in HSC can reduce both their activation and autophagic activity, resulting in a reduced fibrogenic response (34). Therefore, XBP1 inhibition may prevent steatohepatitis, and XBP1 is a potential therapeutic target for NASH (33).



ATF6 pathway

ATF6 is a type II transmembrane protein on the ER membrane and is distributed as a proenzyme in the non-stressed state; in ER stress, ATF6 is metastasized to the Golgi apparatus in the form of the vesicle (35, 36). In the Golgi apparatus, both ATF6 and SREBPs are activated by the same proteases site-1 protease and site-2 protease (37, 38), which then migrate to the nucleus under the pull of nuclear localization signals (38) to induce transcriptional expression of ER stress genes, including CHOP/XBP-1 in the nucleus. Studies of ATF6 activity and SREBP2-mediated lipogenesis indicate that ATF6 overexpression binds to and inhibits transcription and lipogenesis accumulation of SREBP2 regulated lipogenic genes (39), but this inhibition can be reversed by blocking ATF6 cleavage by GRP78/BiP (40). Researchers have shown that ATF6 plays a “dual role” in the development of diabetes. On the one hand, ATF6 protects β cells from ER stress, inhibits hepatic steatosis, and reduces hyperglycemia and hyperinsulinemia in obese mice with hepatic overexpression (41); on the other hand, ATF6 is also involved in the development of hyperlipidemia and insulin resistance (42). Deficiency in ATF6 prevents steatosis during chronic ER stress, but exacerbates it during acute ER stress, suggesting that ATF6 plays both a protective and a pathological role in fatty liver (43). Recent studies have shown that the activation of the ATF6 signaling pathway can promote the progression of NAFLD, and the down-regulation of the pathway can inhibit the disease progression by reducing ER stress-induced inflammation and hepatocyte apoptosis (44).

Generally, under ER stress, Bip binding to unfolded proteins dissociates the tubular domain of the sensor, which then leads to activation of IRE1α and PERK through transphosphorylation and ATF6α through a protein hydrolysis process (45, 46). ATF6 enhances XBP1 mRNA expression, providing additional substrate for IRE1α to splice into a more transcriptionally active form; whereas the unspliced XBP1 protein is intracellularly unstable and can heterodimerize with ATF6 and sXBP1, which promotes their proteasomal degradation (47, 48). Upon activation of the three pathways, the UPR signaling pathway induces the expression of genes encoding functions that improve the stress state of the ER.




The role of innate immune cells and ER stress in NASH

Activation of innate immunity further drives the infiltration and accumulation of inflammatory cells in the liver, thereby exacerbating inflammation and injury (49). Pro-inflammatory mediators produced by immune cells and their damage trigger activation of HSC involved in fibrosis. Innate immune cells such as neutrophils or macrophages are the central regulatory cells of NASH-related inflammation (Figure 2). Macrophages are crucial in driving this process. Other Immune cells, such as T cells, cytokines, death ligands and oxidative stress may also promote hepatic stellate cell apoptosis. Senescent cells are subsequently eliminated by NK cells. Given the central role of innate immunity in NAFLD pathogenesis, this section discusses recent advancements in the function of innate cell subsets and the effects of ER stress in NAFLD and NASH.




Figure 2 | Functional changes of innate immune cells are involved in the progression of NAFLD. NAFLD progression occurs in parallel with metabolic and inflammatory derangements that promote the activation and aggregation of innate immune cells (e.g., KCs, neutrophils, DCs, and NK cells). During the development of NASH, KCs can be activated by excessive fat load in hepatocytes, dysregulated hepatic metabolism or inflammation. Fat overload in hepatocytes induces the release of lipotoxic and DAMP, activating KCs and HSC, thereby promoting inflammation and fibrosis. Neutrophils induce metabolic inflammation in the liver by releasing high levels of granulins, forming NETs, and activating KCs. DCs can also activate KCs and activated KCs can exacerbate hepatocyte steatosis by secreting cytokines, such as IL-1β, TNF-α, and IL-6. Meanwhile, both KCs and NK cells promote the activation and survival of HSC, which trigger their release of collagen 1, as well as the development of liver inflammation and fibrosis. KCs, Kupffer cell; DCs, dendritic cell; HSC, hepatic stellate cell; NK cell, natural killer cell; DAMP, damage-associated molecular patterns; NETs, neutrophil extracellular traps; IL-1β, interleukin 1 beta; TNF-α, tumor necrosis factor alpha.




Macrophage

Macrophages are key components of the innate immune system and in the liver include liver-resident Kupffer cells (KCs) and recruited circulating monocyte-derived macrophages (50–52), which constitute the largest natural immune cell population in the liver. Hepatocyte fat overload induces the release of lipotoxic and damage-associated molecular patterns (DAMP), activating KCs and hepatic stellate cells HSC, which respectively promote inflammation and fibrosis (53); and activated KCs then produce inflammatory cytokines and chemokines, such as tumor necrosis factor-α (TNF-α), interleukin-1β (IL-1β), and leukocyte interleukin-6 (IL-6), to induce hepatocyte injury and inflammatory necrosis (49). Macrophages are activated and polarized by metabolic changes that allow them to adapt to microenvironmental changes associated with inflammation or tissue damage (hypoxia, nutritional imbalance, oxidative stress, etc.) and to perform their highly energetic pro-inflammatory and antimicrobial function (54, 55). For example, during inflammation, KCs infiltrate into the liver and participate in the progression of various liver diseases; the phenotype and function of monocyte derived hepatic macrophages are highly dependent on local stimulation during liver disease and both together play a key role in the regulation of inflammation, fibrosis and fibrosis (56, 57). RNA sequence analysis showed that both KCs and monocyte derived macrophages upregulated the expression of inflammatory cytokines, whereas monocyte derived macrophages were more likely to express growth factors associated with angiogenesis and liver fibrosis (58). In the early stages of liver injury KCs play a crucial role by producing tumor necrosis factors and chemical inducers that trigger the recruitment of circulating monocyte-derived macrophages, rapidly acquiring a pro-inflammatory phenotype and amplifying the development of NASH and liver fibrosis (59). In response to liver injury, KCs recruit blood immune cells and then differentiate into CD11b+F4/80+ classically activated macrophages (M1 type) with phagocytic activity and secretion of pro-inflammatory cytokines and reactive oxygen species (ROS); M2 type macrophages induce M1 type macrophage apoptosis in vitro through IL-10 paracrine activation of arginase (60). Mitochondrial DNA in high-fat diet (HFD)-fed mouse hepatocytes activates KCs and induces cytokine release, steatosis, and inflammation through the interferon gene stimulator (STING) pathway (61). According to a study conducted on children with NAFLD, activated macrophages were located in the interstitial space between damaged hepatocytes. When NASH occurs, high levels of endotoxin induced by increased intestinal permeability and/or danger signals from lipotoxic hepatocytes stimulate KCs to produce transforming growth factor (TGF)-β, IL-1β, and TNF-α. Then the inflammatory factors stimulate HSC, they can mediate immunoregulatory effects by functioning as non-professional antigen presenting cells in the injured liver. As the same time, they increase hepatic collagen-α1 production to ultimately trigger fibrosis (59). Therefore, NASH facilitates infiltration of pro-inflammatory macrophages and promote the activation of HSC, which conversely increases liver injury, inflammation and fibrosis, creating a vicious cycle (62).

And the ER stress response is critical for the integration of metabolic and inflammatory responses in KCs (Figure 3). Under conditions of metabolism and inflammation, the UPR signaling pathway in the ER is activated. In KCs, toll-like receptor(TLR) signaling induces ER stress, which triggers the TLR response upon binding to its ligand (63). TLR2 and TLR4 induce IRE1α activation through a mechanism that requires NADPH oxidase NOX2 and TNF receptor-associated 6 (TRAF6), and subsequently induce XBP1s activation (64). Similarly, ATF6 contributes to the pathogenesis of liver ischemia-reperfusion injury through meditating a pro-inflammatory synergy between ER stress and TLR activation (65). On the other hand, ATF4 links metabolic stress to IL-6 expression in macrophages (66), while the TLR signaling pathway adaptively inhibits the ATF4-CHOP branch of the UPR in a TRIF (TIR structural domain-containing adapter-induced interferon-β)-dependent manner (67). In an experimental model of lung injury and fibrosis, CHOP deficiency in mice promotes macrophage accumulation by inhibiting ER stress-induced cell death. The results indicate that GRP78 inhibits pulmonary fibrosis, while CHOP upregulation promotes pulmonary fibrosis (68, 69). Therefore, macrophages, either liver-resident KCs or circulating monocyte-derived macrophages, have great phenotypic plasticity, and they may positively or negatively influence the development of NASH.




Figure 3 | Endoplasmic reticulum stress in Kupffer cells. Under metabolic and inflammatory conditions, the UPR signaling pathway is activated in the ER. In macrophages, TLR signaling pathway induces ER stress, and TLR2 and TLR4 induce activation of IRE1α, followed by activation of xbp1, through a mechanism that requires the NADPH oxidase NOX2 and TRAF6. ATF6, by mediating a proinflammatory synergy between ER stress and TLR activation is involved in the development of liver injury. The TLR signaling pathway adaptively inhibits the ATF4-CHOP branch of the UPR in a TRIF-dependent manner. Activated KCs then release cytokines such as TNF to act synergistically with other immune cells to exacerbate hepatic steatosis and fibrosis. TLR, toll-like receptor; TRAF6, TNF receptor-associated 6; TRIF, TIR structural domain-containing adapter-induced interferon-β.





Neutrophil

The neutrophil is the most abundant white blood cell in human blood and the primary player in the innate immune response (70). There are virtually no resident neutrophils in the liver, but when the liver undergoes pathogens invasion, acute inflammation or injury, neutrophils are the first to reach the lesion and integrate chemotactic signals into a migratory response toward tissue injury (71, 72). In the presence of IFN-β, IL-1β, IL-8, and TNF-α, neutrophils polarize toward N1 (73). N1 neutrophils are characterized by short lifespan, mature phenotype, high cytotoxicity, high immune activity, and promotion of CD8+ T cell activation (74, 75). Experimental data suggests that CD8+ T cells could play a pro-fibrogenic role in the liver. However, IFN-γ can change the phenotype of hepatic CD8+ T cells towards increased cytotoxicity and its absence attenuated liver fibrosis in chronic sclerosing cholangitis (76). In the effect of TGF-β, IL-8, IL-6, and IL-17, neutrophils polarize toward N2, which has a long lifespan, immature phenotype, low cytotoxicity, and promotes tumor growth, infiltration and metastasis (77). Complex mechanisms help neutrophils get involved in immunity and inflammation, including phagocytosis, superoxide production, cytokine and chemokine production, degranulation and the formation of neutrophil extracellular traps (NETs) (71, 78). These mechanisms play an important role in acute aseptic liver injury, however, their role in metabolism-induced chronic liver disease in NAFLD requires further investigation. Recently, NETs show a facilitative role in NAFLD progression. In the serum of NASH patients, the levels of myeloperoxidase (MPO)-DNA complexes elevate, which are NET biomarkers, have been found (79, 80). In addition, neutrophil infiltration into the liver of NASH mice and promotion of NETs formation, and the synergy of the two can promote the development of NAFLD into hepatocellular carcinoma in mice (80). Inhibition of NETs formation by deoxyribonuclease (Dnase) treatment or by using peptide arginine deaminase type IV-deficient (PAD4-/-) mice significantly reduced macrophage infiltration, inflammatory cytokine production, and the progression of NASH to hepatocellular carcinoma (81). Some studies show that neutrophil elastase (NE)/α1-antitrypsin ratio, plasma proteinase 3 (PR3) and NE concentrations (82), neutrophil/lymphocyte ratio (83), NETs levels and MPO levels (81) are significantly elevated in patients with NAFLD. In short, neutrophils promote metabolic inflammation in the liver through releasing high levels of granule proteins, as well as forming NETs and interacting with other pro-inflammatory immune cells.

During neutrophil differentiation, the activity of PERK and ATF6 decreases and the activity of IRE1α increases, activation of the IRE1α-XBP1 pathway is the basis of neutrophil differentiation (84). Traditionally, apoptosis of neutrophils is mainly activated by endogenous and exogenous pathways. However, several key molecules of the UPR, such as GRP78, ATF6, XBP1 and eIF2α, are found to be highly expressed in neutrophils treated with arsenic trioxide ATO or other ER stress-inducing inducers. These results suggest that the ER stress-mediated apoptotic pathway plays a role in human neutrophils (85). Several studies show that human NE can induce apoptosis in endothelial cells by activating the PERK-CHOP branch of the unfolded protein response (86). In lupus disease, neutrophils amplify inflammation in the disease by releasing NETs, and elevated the ER stress sensor IRE1α activity associated with overall disease activity can be detected in neutrophils isolated from lupus patients, suggesting that the ER stress sensor IRE1α drives neutrophil hyperactivity in lupus (87). Thus, UPR is important for both neutrophil stage-specific and intensity-specific differentiation by reducing ER stress during neutrophil differentiation, maintaining UPR and controlling ER stress (88). After neutrophils infiltrate the liver, either by their differentiation or apoptosis, it is not difficult to speculate that they are regulated by the UPR, which in turn regulates the occurrence of their ER stress. When the balance is disturbed, ER stress in neutrophils promotes disease progression.



Dendritic cell

Dendritic cells (DCs), which originate from bone marrow pluripotent hematopoietic stem cells, are the most functional and specialized antigen presenting cells (APC) in the body, acting as a cellular connector between innate and adaptive immunity. DCs can efficiently uptake, process and present antigens (89). DCs migrate from the blood to the lymph nodes through the hepatic sinusoids, so the hepatic sinusoids can serve as an important enrichment area for hepatic DCs (90). Hepatic dendritic cells (HDCs) are a heterogeneous group of bone marrow-derived cells involved in the regulation of antigen presentation to lymphocytes and the hepatic immune response (51, 91, 92). HDCs are mainly localized in the portal area and can be classified according to the expression of specific markers: plasmacytoid-like dendritic cells (PDCA-1+; pHDCs); myeloid or classical dendritic cells (PDCA-1-; cHDCs/mHDCs), the latter were further subdivided into CD103+/CD11b- type 1 (mHDC1) and CD103-/CD11b+ type 2 (mHDC2) cells (91, 92). pHDCs secrete type I interferons (IFNs) during viral infection, whereas cHDCs present antigens to T cells (93). When a liver injury occurs, mHDCs proliferate and activate as efficient antigen-presenting cells, producing large amounts of pro-inflammatory cytokines (94). However, it has been found that type I myeloid HDCs (CD103+/mHDC1) have an anti-inflammatory ability, affecting the conversion from steatosis to steatohepatitis, and it has been suggested that different subsets of mHDCs may have opposite effects in regulating lobular inflammation in human NAFLD/NASH (95). Therefore, the role of HDCs in the progression of NAFLD disease needs further study.

Three pathways of UPR are involved in the in vivo homeostasis and control of immune responses in DCs (96, 97). The PERK-CHOP branch increases IL-23 expression in human DCs upon LPS and tunicamycin stimulation (98), which is a cytokine associated with protective immunity against some pathogens (99). In cancer, the IRE1α-XBP1 pathway can active DCs of the tumor microenvironment and regulates antitumor immunity to evade immune control (100–102). During acute inflammation, elevated fatty acids (FA) production from lipolysis in adipose tissue may enhance the production of IL-23 and IL-6 by DCs, thereby promoting inflammatory effects against pathogens. Excessive FA during obesity and HFD feeding may lead to excessive activation of UPR in DCs, exacerbating inflammation through DC-specific XBP1-dependent regulation of IL-23 production and promoting DCs differentiation by enhancing TLR signaling to stimulate inflammatory cytokine gene production and late metabolic adaptation of TLR-activated DCs to a high FA environment leading to synergistic induction of UPR (103). And XBP1 plays a key role in reducing the immunogenicity of DCs by promoting the synthesis and accumulation of fatty acids and triacylglycerols (103).



Natural killer cell and natural killer T cell

Natural killer cells (NK cells) belong to the innate lymphoid cell family and are involved in early defense against foreign cells, as well as experiencing various forms of stress. IRE1α and its substrate XBP1 drive NK cells response to viral infection and in vivo tumor, as well as being critical for the proliferation of activated mouse and human NK cells (104). NK cells usually exhibit anti-fibrotic properties, including killing activated HSC by secreting interferon gamma, and also help to clear senescent activated hepatic stellate cells (76, 105).The functions of NK cells are strongly regulated by the stimulation of multiple surface-activated and inhibited receptors. Various studies show that NK cells activation in NASH may be associated with elevated levels of several NK cell-activating cytokines, such as IL-2, IL-12 and IFN-α/β (106). However, there are discrepant data in this regard as obese subjects with NAFLD and rats fed with a diet deficient in methionine and choline (MCD), which induces NASH, exhibit decreased cytotoxic activity of NK cells.

Natural killer T (NKT) cells comprise a unique immune cell subtype that expresses specific NK cell surface receptors as well as an antigen receptor (TCR) characteristic of conventional T cells. Similar to NK cells, NKT cells have antifibrotic effects by directly killing activated HSC (107). However, another study suggests NKT cells can also accumulate in progressive NASH, thereby promoting the fibrotic process. Depletion of these cells resulted in reduced NASH progression and thus presents novel therapeutic avenues for the treatment of NASH (108, 109). In mice fed with a high fat or sucrose diet, increased apoptosis of NKT cells was induced in the liver, which resulted in the reduced NKT cells and promoted hepatic inflammation by excessive production of IFN-γ and TNF-α (110). The classification may play a significant role in these differences. Studies have pointed out that there are at least two NKT cells subsets, which play opposite roles in liver inflammation. Type I NKT cells is pro-inflammatory, while Type II NKT cells has protective effects on liver injury (111). Interestingly, type I NKT cells are easily activated by lipids and therefore may play a role in NAFLD.




Treatment

The ideal therapy would effectively reverse the lipid accumulation, liver inflammation, liver injury and fibrosis, although a wealth of information on the pathogenesis of NASH has accumulated during the past 10 years, there are no specific therapeutic drugs for NAFLD/NASH. Cholesterol­lowering drugs such as ezetimibe or statins can reverse hepatic free cholesterol accumulation and attenuate steatohepatitis and fibrosis in a mouse model of NASH (112), but their activity in humans has not yet been rigorously assessed in large numbers of patients. Currently, what is clear is that both genetic and lifestyle factors play a non-negligible role in the development of NAFLD. Lifestyle changes, such as improved diet, weight management and increased physical activity, are effective strategies to prevent and treat NAFLD (113, 114). These measures aim to eradicate NASH and other diseases related to metabolic syndrome. A prospective cohort study of paired liver biopsies in 261 patients suggested that weight loss of more than 5% may be associated with fibrosis stabilization and regression (115). Many current pharmacological approaches to the treatment of NASH focus on events such as liver injury, inflammation and fibrosis (Table 1).


Table 1 | Therapies for non-alcoholic steatohepatitis (NASH).




Effects on lipid metabolism

As mentioned earlier, a possible mechanism by which Salubrinal attenuates hepatic steatosis and fat deposition is by inhibiting ER stress and alerting autophagy via eIF2α signaling (25). The bile acid receptor farnesoid X receptor (FXR) is a member of the nuclear hormone receptor superfamily that is highly expressed in the liver (116). FXR ligands have many beneficial effects treating NAFLD and/or NASH by decreasing hepatic lipogenesis, steatosis, and insulin resistance while also inhibiting inflammatory and fibrogenic responses in NASH patients (125–127). Obeticholic acid (OCA) is an agonist of FXR, OCA reduces endogenous bile acid production by down-regulating SREPB-1C, which helps to improve the histological features of NASH (128). Rapamycin improves hepatic steatosis by selectively inhibiting mammalian target of rapamycin (mTOR) and inhibiting ER stress (117). Matrine, a competitive inhibitor of the SarcoEndoplasmic Reticulum Calcium ATPase (SERCA), improves the ER stress state, which reduces lipid metabolism disorders, mitochondrial dysfunction and inflammatory responses (118). Vitamin E, which mediates the reduction of hepatic new lipogenesis by inhibiting the late maturation of SREBP-1c (122). According to a clinical study, in NAFLD, compared with placebo, vitamin E therapy demonstrated improvement in steatosis or lobular inflammation and no increase in fibrosis (121). However, the long-term safety of vitamin E is controversial due to its potential risk for increased mortality (129). In mice treated with empagliflozin, according to protein expression, the expression of PPARα was higher in the experimental group, and the expression of lipogenic genes SREBP-1c and PPARγ was concomitantly reduced, along with a decrease in genes associated with ER stress CHOP, ATF4 and GADD45 (119). Therefore, it is not difficult to speculate that empagliflozin reduces adipogenesis and ER stress by suggesting that empagliflozin may be an important tool in the treatment of progressive hepatic steatosis. A small phase 2 trial that assessed the safety and efficacy of liraglutide, a synthetic long-acting glucagon-like peptide 1 (GLP-1) receptor agonist currently available for the treatment of type 2 diabetes and obesity, in patients with NASH found the drug to be effective in weight loss, resolution of steatohepatitis and less progression of fibrosis in patients with NASH, but further studies are needed (124).



Other treatments

Broad spectrum antibiotics reduce bacterial translocation and TLR4-dependent macrophage activation to alleviate steatohepatitis and fibrosis in mice (130). Thus, affecting the gut microbiota through probiotics, antibiotics, and modifying bile acid composition may potentially mitigate the activation of pathogenic Kupffer cells in the liver (131). In liver fibrosis, studies indicate that a cell therapy approach (for example, the delivery of bone marrow-derived macrophages) could potentially induce pro-regenerative effects (132). On the other hand, NE inhibitor sivelestat treatment inhibits the infiltration and activation of neutrophils and apoptosis and reduces pro-inflammatory factors such as TNF-α and IL-6, and downregulates chemokines (133).

The current treatment for NAFLD/NASH is limited to lifestyle modifications, and no drugs are currently officially approved as treatments for NASH. Therefore, it is necessary for us to pursue the development of medications for the treatment of NASH. Given the multiple pathways implicated in NASH pathogenesis and observed response from single-agent therapies, combination and individualized regimens will likely be needed to adequately treat NASH. However, there is little targeted treatment available, and liver transplantation remains the only potentially effective treatment available, so controlling disease progression in the early stages of the disease (whether it is alcoholic liver disease or NASH, etc.) through interventions such as inflammation is a more effective treatment.




Conclusion and perspective

Significant advances in understanding the history and underlying mechanisms of NAFLD development in the past decades. In recent years, due to the in-depth understanding of the pathogenesis of NAFLD and the increasing prevalence of NAFLD, the diagnosis of NAFLD requires a “positive standard”. Therefore, in 2020, NAFLD was proposed to be replaced by MAFLD (134, 135). This is a consensus statement issued by an international panel of 30 experts from 22 countries that provides a comprehensive and simple diagnosis of MAFLD and can be applied to any clinical setting (135). This name change is the result of 40 years of research and understanding with a new milestone significance. The new diagnostic criteria for MAFLD are based on the presence of fatty liver indicated by liver biopsy histology or imaging or even blood biomarker examination, and meeting one of the following three conditions: overweight/obesity, type 2 diabetes, or metabolic dysfunction (135). This update of nomenclature will be a step towards further characterizing the pathology of the disease. Previous studies suggest that ER stress can aggravate lipid accumulation in the liver by increasing the synthesis of fatty acids, and activation of the IRE1α pathway may lead to hepatic insulin resistance accelerating the development of MAFLD; additionally, it can increase the expression of inflammatory factors, which may contribute to the development of NASH. This mechanism is particularly obvious in MAFLD caused by high fructose and has been validated by experimental treatment (136).

In animal models and clinical studies, innate immunity cells have been demonstrated to play a crucial role in the development, propagation, as well as modulation and amelioration of liver inflammation as it pertains to NASH. It is clear that innate immunity contributes to liver immune cell infiltration, further aggravating liver damage and inflammation. As a consequence of this inflammatory process, HSC is activated, which later promotes inflammation and liver fibrosis, ultimately promoting the development of cirrhosis. It is estimated that as many as 7 million of the total population of China have cirrhosis of the liver, with 460,000 new cases of liver cancer occurring each year (137). Compared with healthy individuals, patients with compensatory and decompensated cirrhosis had five-fold and 10-fold increases in mortality risks, respectively (138). Portal hypertension occurs in decompensated cirrhosis, and decompensated events such as ascites, hepatic encephalopathy, bleeding esophagogastric fundic varices and hepatorenal syndrome may occur, which arise in the context of cirrhosis-related immune dysfunction and determine morbidity and prognosis (139). Targeting strategies should be disease-specific, either to enhance, inhibit or restore the function of immune cells, and some strategies are already in clinical use or different clinical trial phases (140). Macrophages and other immune cells in liver play an important role in triggering and amplifying liver inflammation and fibrosis in NAFLD/NASH, and it is not difficult to imagine their impact on NAFLD/NASH after the occurrence of ER stress. Therefore, there is great potential for research on drugs targeting immune cells and their ER stress, myeloid cells and products may represent potential therapeutic targets and noninvasive markers of disease severity.

However, there are still many challenges left to overcome. Researchers increasingly understand the importance of addressing the risk factors of NAFLD from a multi-pronged public health approach due to the scarcity of awareness in the general population and treatments for such diseases. Furthermore, new techniques such as single-cell RNA sequencing, multiparameter histological analyses or multiple paired liver biopsies will help overcome some of these challenges. In conclusion, early identification and targeted treatment of patients with nonalcoholic steatohepatitis can greatly assist in improving patient prognosis, including guiding patients to intensive lifestyle modifications to promote weight loss and referral to bariatric surgery, as indicated by the management of obesity and metabolic diseases. It is believed that our in-depth study of the inflammatory immune microenvironment of the liver will provide a more effective treatment for inflammation and fibrosis caused by the progression of NAFLD. In the future we need more efforts to explore the targeting of therapies, whose successful application will require an unprecedented interdisciplinary approach, which will obviously be a multidisciplinary combination of molecular biology, immunology, pharmacology, genetics, chemistry and technological advances in nanotechnology.
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Liver fibrosis is a highly conserved wound healing response to liver injury, characterized by excessive deposition of extracellular matrix (ECM) in the liver which might lead to loss of normal functions. In most cases, many types of insult could damage hepatic parenchymal cells like hepatocytes and/or cholangiocytes, and persistent injury might lead to initiation of fibrosis. This process is accompanied by amplified inflammatory responses, with immune cells especially macrophages recruited to the site of injury and activated, in order to orchestrate the process of wound healing and tissue repair. In the liver, both resident macrophages and recruited macrophages could activate interstitial cells which are responsible for ECM synthesis by producing a variety of cytokines and chemokines, modulate local microenvironment, and participate in the regulation of fibrosis. In this review, we will focus on the main pathological characteristics of liver fibrosis, as well as the heterogeneity on origin, polarization and functions of hepatic macrophages in the setting of liver fibrosis and their underlying mechanisms, which opens new perspectives for the treatment of liver fibrosis.
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Introduction

Liver fibrosis is a coordinated protective response to acute and/or chronic injury of the liver. A series of cellular and molecular responses could cause pathological changes including death of parenchymal cells and deposition of ECM in the liver (1). As is known that, infection with viruses or parasites, excessive alcohol, nonalcoholic fatty liver, toxins, biliary obstruction, autoimmune disorders and metabolic diseases are the leading causes of liver fibrosis (2, 3). Besides, genetic mutations may also be the cause of liver fibrosis (4). For example, mutations in patatin-like phospholipase domain containing protein 3 (PNPLA3) are closely related to fibrosis caused by alcoholic liver injury or fatty liver (5). Hepatitis C virus-induced liver fibrosis is also associated with a series of genetic mutations (6).

Different types of stimuli mentioned above could cause destruction to the liver and induce a series of repair processes. The very first intention of these repair processes is to maintain normal functions of the liver and resist the damage of harmful stimuli. However, when these harmful stimuli persist, the repair processes tend to lose balance and aggravate the destruction of the structure and normal functions, which could lead to liver fibrosis. Fibrosis is usually caused by destruction of epithelial cells and even some types of endothelial cells that die in the forms of necrosis, apoptosis, programmed necrosis, pyroptosis, ferroptosis, etc. (7). In the meanwhile, tissue resident macrophages could be activated after the recognition of damage related molecular patterns (DAMPs) released by damaged cells through pattern recognition receptors (PRRs), and then release large amount of inflammation-related factors such as cytokines and chemokines (8, 9). These chemokines could further recruit a large number of immune cells, including lymphocytes, polymorphonuclear leukocytes, eosinophils, basophils, mast cells and macrophages to the site of injury, to take part in inflammatory responses (4). In addition, small molecules generated by injury release into the blood, which further attract phagocytic cells, promote their phagocytosis abilities to fulfill the removal of cellular debris and harmful substances in the tissue caused by injury (10). However, in many cases, the above mechanisms may not be able to completely remove harmful substances when injury continues to persist, and as a result, inflammatory response will be amplified and injury will last longer. In this process, activated immune cells could promote the activation of quiescent effector cells by releasing alarmins, cytokines and chemokines on the one hand. And on the other hand, reactive oxygen species (ROS), lipid, acetaldehyde, as well as inflammatory mediators secreted by immune cells such as interleukin-1 β (IL-1β), IL-6, IL-13, IL-33 and tumor necrosis factor α (TNF-α) could further aggravate the death of hepatocytes and cholangiocytes, leading to the destruction of tissue integrity and fibrosis progression (7).

During fibrosis progression, fibroblasts and myofibroblasts are considered as the main effector cells, which play a role in promoting the synthesis of ECM, upregulating pro-inflammatory cytokines, chemokines and angiogenesis related cytokines, while aggravating the impairment of hepatocytes and cholangiocytes (11, 12). In recent years, a series of studies have revealed the origins of fibrotic effector cells, which include tissue resident fibroblasts, bone marrow-derived circulating fibroblasts, vascular smooth muscle cells, and perivascular gli1+ mesenchymal stem cell like cells. Besides, epithelial and endothelial cells could also obtain the phenotype of myofibroblasts through activation, transformation, proliferation, infiltration, epithelial-mesenchymal transformation, mesenchymal transformation and endothelial-mesenchymal transformation (13). In addition, mesenchymal cells like hepatic stellate cells (HSCs) and other resident mesenchymal stem cells or precursor cells also appear to be precursors of myofibroblasts, which contribute to the progression of fibrosis (14).

ECM synthesized by fibroblasts and myofibroblasts during fibrosis is the main component of fibrous scar, mainly including type I and type III collagen, fibronectin, elastin, basement membrane proteins such as laminin, and a small number of other kind of proteins, among which type I collagen is the most abundant protein in fibrotic tissue. Fibroblasts and myofibroblasts first secrete procollagen into the tissue, and mature collagen fibers are then formed through modification, shearing and cross-linking (14). In addition, contractile myofibroblasts could synthesize large amount of smooth muscle protein, such as α-smooth muscle actin (α-SMA). The contraction ability of these cells could lead to the twist of normal parenchymal structures, which promotes fibrosis progression and aggravates liver failure (15). And when chronic stimuli persist, fibrotic effector cells like fibroblasts and myofibroblasts appear to be in a state of continuous activation, and fibrous scars further accumulate in the injured tissue, which will worsen tissue impairment.

In the progression of fibrosis, many types of molecular signaling pathways are involved. It is reported that both immune cells and fibrotic effector cells can synthesize and release transforming growth factor-beta (TGF-β) into the tissue in autocrine or paracrine manners. As an essential fibrogenic factor, TGF-β could promote a large number of fibrotic effector cells to synthesize ECM on the one hand, and on the other hand, TGF-β is also an important regulatory factor which could inhibit excessive inflammatory responses (16). Apart from TGF-β, platelet-derived growth factor (PDGF), connective-tissue growth factor (CTGF) and vasoactive peptide system including angiotensin II and endothelin I also contribute to the progression of fibrosis (17). As a potential mitogen and chemokine in the liver, PDGF could promote the proliferation and recruitment of myofibroblasts (18, 19). In the vasoactive peptide system, endothelin also participates in the progression of fibrosis, mainly through G protein coupled endothelin A or endothelin B receptors (20). In addition, angiogenic signaling pathways and integrins may also participate in the regulation of fibrosis. For example, integrins can promote proliferation, migration, differentiation, survival and apoptosis of myofibroblasts. And in the progression of liver fibrosis, αv integrins are upregulated in myofibroblasts (21). Recent studies have shown that stiffness of the tissue is also an important factor for the maintenance of myofibroblasts activation, depending on stress-dependent activation of TGF-β signaling (22).

However, fibrosis is reversible in most cases. Even when fibrosis develops to late stages, it is not a unidirectional irreversible process. When the stimuli of liver injury are removed, the reparative mechanisms start, which inhibit the activation of myofibroblasts. In the meanwhile, local microenvironment is shifted from a pro-inflammatory state to a reparative state, with immune cell, especially macrophages switching from a pro-inflammatory state to a reparative one. During the resolution phases, myofibroblasts in the liver undergo apoptosis, senescence, or inactivation, which is key to fibrosis regression. Therefore, excessive ECM is degraded by matrix metalloproteinases (MMPs), and macrophages contribute to the reversal of fibrosis by phagocytizing ECM fragments and inhibiting the expression of tissue inhibitors of MMPs (TIMPs) (23, 24).

Hepatic macrophages play a central role in the pathogenesis of chronic liver injury and are considered as potential targets for anti-fibrosis treatment. However, through experimental liver fibrosis models, researchers found that hepatic macrophages actually play dual roles by both promoting and eliminating the excessive deposition of ECM (17). In recent years, researchers continue to focus on elaborating the mechanisms of the diverse functions of hepatic macrophages in the process of liver fibrosis, and have found that origins of macrophage subsets, their differentiation and their polarization states might be the reasons why they function differently during fibrosis. In this review, we will summarize current knowledge on the heterogeneity of hepatic macrophages in the progression and resolution of fibrosis. In-depth understanding of heterogeneity and various functions of hepatic macrophages will open new perspectives for macrophage-based interventional strategies in the treatment of liver fibrosis.



Heterogeneity of hepatic macrophages


Origins of hepatic macrophages

Hepatic macrophages are abundant in the liver, which account for 80% of the total macrophages in the body (25). Macrophages are important contributors in the maintenance of homeostasis of the liver, and could sense integrity of liver by identifying and removing bacteria and microbial debris obtained from small intestine through portal vein, in order to determine the initiation or inhibition of immune response (8, 26). According to previous concepts, KCs generally referred to all kinds of macrophages in the liver, and they were roughly identified by surface markers like F4/80 (specifically expressed in mouse) or CD68 (mainly expressed in human). However, according to recent findings, hepatic macrophages show strong heterogeneity after liver injury, and can be divided into embryonic tissue resident macrophages (KCs) and monocyte derived macrophages based on their origins. The different origins of hepatic macrophages are closely related to their functional diversity during fibrosis (27).

KCs are the first line of defense against microbial invasion and maintain homeostasis of the liver, which preferentially reside in periportal and mid zones of murine liver and locate in the mid zones of human liver, usually with larger size than monocyte derived macrophages (28, 29). KCs function as main phagocytic macrophages which clear exogenous pathogens, engulf aging red blood cells and participate in the regulation of iron metabolism and lipid metabolism (30). However, due to continuous exposure of the liver to intestinal antigens and low-dose bacterial endotoxin, KCs avoid excessive self-activation through a variety of mechanisms. For example, KCs maintain immune tolerance through secreting anti-inflammatory cytokines like IL-10 and modulating regulatory T cells (Tregs) (27). Murine KCs were previously recognized as CD45+F4/80+CD11bintCLEC4F+TIMD4+ cells, and additional surface markers including V-set and immunoglobulin domain containing 4 (VSIG4) and folate receptor beta (FOLR2) were identified to better characterize KCs. And as for human KCs that were generally characterized as CD68+ TIMD4+ cells, VSIG4 was found to be one of the best human KC markers according to cellular indexing of transcriptomes and epitomes by sequencing (CITE-seq) data, while CD5L, FOLR2, CD163, and CD169 were also useful markers to identify human KCs (28).

KCs are tissue resident macrophages and mainly derived from primitive hematopoiesis of yolk sac and the definitive hematopoiesis of fetal liver. According to recent researches, embryonic hematopoietic stem cells could also be progenitors of hepatic macrophages. Monocytes unlikely contribute to adult macrophages pool in steady state, and KCs usually maintain through self-renewal (31). However, with single cell sequencing technology, recent researches indicated that there appear to be two subsets of KCs with distinct functions in human liver, one of which support tolerogenic immune responses, while the other show pro-inflammatory phenotype (32). And in murine liver, a major CD206loESAM- subset (KC1) and a minor CD206hiESAM+ subset (KC2) were also identified. KC2 exhibit a distinct metabolic signature, which regulate oxidative stress associated with obesity. And this minor subset of KCs are equipped with enriched IL-2 sensing machinery and antigen presentation capacity (33, 34). In addition, a subset of radioresistant KCs were discovered, which highly express cyclin dependent kinase inhibitor 1A (CDKN1a) (35). During mouse and human nonalcoholic steatohepatitis (NASH) pathogenesis, a specific Trem2+ NASH-associated KC population was identified (36). These new findings have challenged our previous concept. However, the above results still require further analysis to confirm whether these subsets of KCs truly come from different origins, and whether pro-inflammatory KCs are actually monocyte derived macrophages.

In homeostatic conditions, there are only a few monocytes derived macrophages in the murine liver, which originate from CX3CR1+CD117+Lin- bone marrow derived progenitors and modulate immune responses (37). Murine monocytes can be further divided into different subsets by lymphocyte antigen 6 complex, locus C (Ly6C). Ly6Chi monocytes are also CCR2hiCX3CR1loCD62L+ cells, which are rapidly recruited to the site of injury and differentiate into monocyte derived macrophages when tissue damage occurs. In comparison, Ly6Clo monocytes are CCR2loCX3CR1hi cells, showing a patrolling behavior in the liver and expressing more scavenging receptors (27). Based on CITE-seq data, other non-KC macrophage subsets were identified, namely GPNMB+SPP1+ lipid-associated macrophages (LAMs), GPNMB+ bile duct LAMs, CD207+CX3CR1+ liver capsular macrophages (LCMs), as well as transitioning monocytes (28, 38, 39). Different subsets of non-KC macrophages seem to be located in different zones of the liver, for example, LCMs occupy the hepatic capsule, which function in neutrophil recruitment in response to bacteria reaching the liver capsule (39). Besides, it is reported that LAMs were found only in portal zones of non-steatotic livers, while in steatosis liver, LAMs were located across portal, periportal and mid zones (28). The above findings further suggest the need for spatial approaches to better reveal cell identities. Different from murine monocytes, human monocytes could be divided by CD14 and CD16 (40). Beside bone marrow, peritoneum and spleen are also resources of hepatic macrophages (41, 42).

With different origins and locations in the liver, identities and functions of hepatic macrophage subsets are shaped by both ontogenic and environmental factors, which could possibly account for their diverse functions in response to different conditions of the liver. It is interesting that monocytes colonizing the liver macrophages niche could be imprinted with KC identity. Interactions of the delta like canonical Notch ligand 4 (DLL4) and TGF-β family ligands produced by endothelial cells, as well as liver X receptor alpha (LXR-α) induced by endothelial and stellate cells are required for the fate of macrophages migrating to the liver followed by the maintenance of KC identity. Therefore, signals from the tissue microenvironment could shape the identity of macrophages migrating to the liver to acquire tissue-specific phenotypes (43, 44). However, underlying epigenetic mechanisms maintain the status of these migrated macrophages in liver still need to be further investigated.



Polarization of hepatic macrophages

Different activation states of hepatic macrophages are also closely related to their functional diversity during fibrosis. According to the old dogma, hepatic macrophages was described as M1 and M2 macrophages. M1 macrophages are defined as classically activated macrophages under the stimulation of interferon-γ (IFNγ) or lipopolysaccharide (LPS). M1 macrophages take part in promoting inflammation and Th1 immune response, and exert anti-fibrotic role. In comparison, M2 macrophages are alternatively activated macrophages under the stimulation of IL-4 or IL-13. M2 macrophages are anti-inflammatory cells promoting Th2 immune response as well as tissue repair and regeneration (8, 45).

However, in recent years, with the advent of single cell sequencing technology, researchers have revealed that even under physiological conditions, there are various macrophage subsets with different activation states and diverse functions in the liver. Stimulated by complex signals in microenvironment, these macrophages actually show a broad spectrum of activation states instead of a well-defined M1 or M2 phenotype. In injured liver, macrophages usually express both inflammation and resolution markers, and could change their phenotypes under different microenvironments. Therefore, instead of classical M1/M2 dichotomy, definition of activators and a collection of markers that describe activation states of the macrophages should be utilized, such as M(IL-4), M(IL-10) and M(TGF-β) and so on (46). These findings may possibly explain why hepatic macrophages play different or even completely opposite roles in different stages of liver fibrosis.



Functions of hepatic macrophages in liver fibrosis

Evidence from clinical and animal studies has shown that hepatic macrophages play important roles in the process of liver fibrosis. Upon injury, hepatic epithelial cells such as hepatocytes or cholangiocytes are destroyed, which leads to the release of DAMPs like high mobility group box 1 (HMGB1) (17, 47). Interaction of HMGB1 with its receptor then triggers signal transduction cascades, which could possibly result in cellular responses like inflammation and fibrosis (48). Researches have indicated that liver fibrosis caused by multiple etiologies might yield context-dependent functions of different hepatic macrophage subsets. For example, in alcohol-related cirrhosis, hepatic macrophages express both M1 and M2 macrophage-associated cytokines, and are more sensitive to endotoxin like LPS. Moreover, ethanol could enhance the expression of telomerase reverse transcriptase, which tends to promote M1 hepatic macrophage polarization. While in liver fibrosis caused by Hepatitis B virus (HBV) and Hepatitis C virus (HCV) infections, hepatic macrophages have a significant immunoregulatory function and appear to play a role in pathogen clearance and anti-viral immunity. Evidence suggests that TNFα released by hepatic macrophages could induce HCV entry of hepatoma cells. However, other cytokines such as IL-1β and IL-6 could inhibit the replication of HCV, indicating that hepatic macrophages play diverse roles in the context of HCV infection. And in fibrosis induced by NAFLD, hepatic macrophages accumulate dramatically, which show a M2 macrophage phenotype at the early stage and a M1 macrophage at the late stage (45, 49). Despite exhibiting different functions in response to diverse stimuli, hepatic macrophages are inclined to play similar roles in the progression and resolution of liver fibrosis, which are discussed as follows.


A. Kupffer cells

Upon injury, KCs are activated and initiate immune responses through rapidly secreting cytokines and chemokines, such as IL-1β, TNF-α, CCL2 and CCL5, and then recruit other types of immune cells such as monocytes to infiltrate the site of injury (8, 25). However, the number of KCs decline rapidly in the initiation stage of fibrosis, and gradually recover with the regression of inflammation and resolution of fibrosis. Besides, KCs could secrete pro-fibrotic cytokines like TGF-β and PDGF to activate HSCs, which aggravate the progression of fibrosis. On the other hands, KCs could also express many types of MMPs such as MMP9, MMP12 and MMP13 to promote degradation of ECM and contribute to the resolution of fibrosis (50, 51).



B. Monocyte-derived Ly6Chi macrophages (Ly6ChiMs)

By contrast, monocyte-derived macrophages are significantly accumulated after liver injury. In CCl4 induced liver fibrosis models, the number of macrophages in the liver amplified 3-5 times due to the recruitment of Ly6Chi monocytes. After recruited to the liver, Ly6Chi monocytes differentiate to Ly6Chi macrophages which secrete inflammatory cytokines like TNF, IL-6 and IL-1β, as well as chemokines like CCL2, CCL3 and CCL5 to promote the recruitment of other leukocytes (52). Although these monocyte-derived Ly6Chi macrophages initially showed a pro-inflammatory and pro-fibrotic phenotype, they further differentiated into Ly6Clo macrophages with anti-inflammatory functions which promote tissue repair and resolution of fibrosis (53). CCL2-CCR2 pathway is essential for the recruitment of Ly6Chi monocytes (54). Knockout of CCR2 or inhibition of CCL2 could alleviate liver fibrosis, indicating that Ly6Chi monocytes/macrophages are pro-fibrotic cells and play roles in aggravating tissue damage (55, 56).

Excessive deposition of ECM is one of the main pathological features of liver fibrosis. Studies have shown that macrophages can promote the deposition of ECM through a variety of mechanisms resulting in accelerated progression of fibrosis. Ly6Chi macrophages generate cytokines like TGF-β, PDGF, CTGF and IL-13 to activate HSCs and other interstitial precursors. TGF-β is one of the main contributors to ECM synthesis in the tissue, while upregulating the expression of α-SMA in activated myofibroblasts and generating type I collagen (16). PDGF acts as a mediator to promote the proliferation of activated myofibroblasts in the process of fibrosis through extracellular signal regulated kinase (ERK)-dependent or independent manners. Meanwhile, PDGF, IL-4 and IL-13 secreted by Ly6Chi macrophages could directly enhance the synthesis of ECM by myofibroblasts (20). In addition, macrophages could also express chemokines like CCL8 and CCL7 to further recruit myofibroblasts to the site of injury. It is reported that Galectin3 secreted by macrophages could promote the activation of myofibroblasts in liver fibrosis models (57). Recent studies have indicated that pro-inflammatory cytokines like TNF and IL-1β secreted by macrophages could also activate HSCs, and maintain the survival of activated HSCs through nuclear factors κB (NF-κB) signaling pathway, which aggravates liver fibrosis (58). In addition, there appear to be other factors that participate in the regulation of macrophages during liver fibrosis progression. For example, alcohol could increase intestinal permeability, thus the level of LPS in the circulation is enhanced and activates HSCs and KCs in liver through TLR4 signaling pathway, which lead to the progression of liver fibrosis (59).



C. Monocyte derived Ly6Clo macrophages (Ly6CloMs)

However, hepatic macrophages function differently in the process of fibrosis, with both pro-fibrotic and anti-fibrotic functions, which may be due to the opposite roles of different macrophage subsets in the tissue. Under pathological microenvironment, Ly6Chi macrophages switch their phenotype towards Ly6Clo macrophages triggered by specific molecular signals, which is an indicator of fibrosis resolution. It is reported that factors like phagocytosis of cellular debris could promote the phenotypic switch of these macrophages. According to in-depth gene expression profiling, Ly6Clo macrophages are the main sources of MMPs such as MMP9, MMP12 and MMP13, which accelerate the resolution of ECM. Ly6Clo macrophages express high levels of TNF-related apoptosis-inducing ligand (TRAIL), which could promote myofibroblast apoptosis together with MMP9. Clearance of Ly6Clo macrophages hinders the resolution of liver fibrosis (50). In addition, when CCL2-CCR2 signaling pathway is blocked in CCl4 induced or methionine choline deficiency diet induced mouse models, the number of Ly6Clo macrophages rises dramatically, leading to the rapid resolution of liver fibrosis (56). Interestingly, Ly6Clo macrophages express low levels of pro-inflammatory cytokines and chemokines, while their expression of anti-inflammatory cytokines such as CX3CR1, IL-10 and arginase 1 is enhanced (60, 61). The above findings further indicate that Ly6Clo macrophages are the main contributors to fibrosis resolution and tissue repair. It is worth noticing that pro-inflammatory Ly6Chi macrophages and reparative Ly6Clo macrophages could express markers of both M1 and M2 macrophages, which indicates that M1/M2 dichotomy is not adequate to explain the heterogeneity of hepatic macrophages in the context of liver fibrosis (27).

Taken together, different functions of hepatic macrophage subsets during fibrosis might be attributed to their heterogeneity on origins, locations and activation. A table summarizing the heterogeneity of hepatic macrophages is provided (Table 1).


Table 1 | Heterogeneity of hepatic macrophages.







Hepatic macrophages in humans

Although we have understood the liver fibrogenesis using rodent models, there still remains unmatched conditions in fibrotic patients. Previously, a subset of CD14loCD16- tissue resident KCs were found in the liver of cirrhosis patients, while CD14hiCD16- and CD14+CD16+ macrophages are defined as monocyte derived macrophages in humans. And CD14+CD16+ macrophages are the most abundant in cirrhosis livers. It is reported that CD14+CD16+ macrophages could be derived from CD14hiCD16- macrophages, which resembles the phenotypic switch from Ly6Chi macrophages to Ly6Clo macrophages in mice. Although CD14+CD16+ macrophages show phagocytic and reparative capacities, they could also express pro-inflammatory and pro-fibrotic cytokines to directly active HSCs, which resembles the features of Ly6Chi macrophages to some degree (62).

Currently, single-cell RNA sequencing (scRNA-seq) is being applied in exploring the mechanisms regulating human liver fibrosis. Ramachandran and colleagues take advantage of scRNA-seq and find that a novel scar-associated Trem2+CD9+ macrophage subsets (SAMs) existing in human fibrotic liver, which differentiates from circulating monocytes and exhibits pro-fibrogenic phenotype. In addition, there are tissue resident KCs and monocytes in the fibrotic niche, but no differentiation from KCs to SAMs and no progression from SAMs to KCs. More importantly, the SAM subsets are conserved across species, suggesting Trem2+CD9+ SAMs might be a potential pathology biomarker related with hepatic fibrogenesis (63). However, how differently these hepatic macrophage subsets play roles in human hepatic fibrosis still requires further investigations.



Regulation of hepatic macrophages in liver fibrosis

Many signaling pathways are involved in the initiation, progression and resolution of liver fibrosis. In chronic liver diseases caused by bacterial infection, pathogen associated molecular patterns (PAMPs) participate in the response of fibrosis by activating TLR. By applying TLR4 antibodies or TLR4 deficient mice, liver fibrosis is alleviated (64). And in patients with liver fibrosis caused by HCV, inhibition of TLR4 is also related to the alleviation of fibrosis (6). In mouse models of liver fibrosis induced by alcoholic liver disease or nonalcoholic fatty liver disease, TLR4 signaling mainly promotes the production of proinflammatory cytokines by KCs, including TNFα, IL-1β, CCL2 and CCL20 (65, 66). In addition, TLR9 expressed on HSCs can also be activated by DNA fragments released from hepatocytes, which aggravates the progression of liver fibrosis, while TLR3 and TLR7 signaling could impede liver fibrosis progression (59).

Researches have shown that peroxisome proliferator-activated receptors (PPARs) are essential regulators of inflammation in macrophages and are involved in the regulation of liver fibrosis. It was reported that deletion of PPAR-α could worsen hepatic steatosis, while PPAR-α agonist was associated with reversion of NASH and fibrosis. Compared with healthy controls, the level of PPAR-γ in the peripheral blood of HBV patients was significantly decreased. Further studies have found that the transcription of PPAR-γ in HBV patients was inhibited, and might possibly be related to DNA methylation (67). Additionally, the transcriptional inhibition of PPAR-γ is essential for the activation of HSCs, which relies on the binding of MeCP2 to the CpG island in the promoter of PPAR-γ (68). Both PPAR-γ and PPAR-δ contribute to the anti-inflammatory polarization of hepatic macrophages, and deletion of either PPAR isoforms in macrophages could exacerbate hepatic steatosis and fibrosis. Therefore, agonists of PPARs represent attractive candidates for the treatment of hepatic fibrosis, and inhibition of PPARs is closely related to sustained inflammatory state and delayed resolution of fibrosis (69).

Moreover, interferons also participate in the regulation of macrophages in liver fibrosis. Interferons are up-regulated in chronic liver diseases, and are central participators in innate immune responses (64). In various types of immune cells, activation of TLR can promote the secretion of interferons. IFN-γ could induce proinflammatory activation of hepatic macrophages, and controlling the activation of macrophages through interfering with IFN-γ provides a possible therapeutic target against hepatic fibrosis (70). However, it is reported that IFN-γ could hinder the progression of liver fibrosis by inhibiting the proliferation of HSCs and the expression of α-SMA, and by promoting the activation of NK cells (71). And in human liver, IFN-λ is closely associated with antiviral responses and could promote inflammation and fibrosis through stimulating macrophage phagocytosis and the secretion of pro-inflammatory cytokines as well as chemokines by macrophages (72). Besides, IFNα could also contribute to the regulation of fibrosis by downregulating the transcription of collagen synthesis related genes in HSCs (73). Accordingly, interferons could be utilized as therapeutic targets in the treatment of liver fibrosis.

C-Jun-N-terminal kinases (JNKs) could be activated by a variety of stimuli, including TLRs, IL-1β, TNF, ROS and other saturated free fatty acids. The liver could usually express JNK1 and JNK2, instead of JNK3. JNK participates in multiple signaling cascades with relevance to hepatocellular injury, metabolism, inflammation and fibrosis (74). Activation of JNK could promote the release of pro-inflammatory cytokines, attract macrophages to the injured liver and further augment liver fibrosis (75). In addition, in HSCs, JNK plays a role in promoting the progression of fibrosis by enhancing the proliferation and activation of HSCs induced by PDGF, TGF-β and angiotensin II, which contributes to the deposition of ECM (76). Apart from directly aggravating liver fibrosis, JNK also participates in the regulation of liver fibrosis by regulating liver steatosis, death of hepatocytes, and the expression of inflammatory factors (74).

In addition, NF-κB signaling pathway is key to the regulation of cellular processes like inflammation and cell death, thus plays an important role in chronic liver diseases. NF-κB signaling pathway could be activated by a variety of stimuli, including TLRs, IL-1β and TNFα (45). Conditional inhibition of NF-κB in KCs could alleviate the degree of liver fibrosis induced by CCl4 (77). When NF-κB signaling pathway is activated in HSCs, the survival of HSCs is prolonged, leading to the sustained fibrosis. Moreover, it is reported that NF-κB signaling in HSCs is up-regulated by the stimulation of IL-1β and TNFα secreted by KCs (58).

JAK-STAT signaling pathway may also be involved in the regulation of liver fibrosis. JAK tyrosine kinase plays a key role in the apoptosis of macrophages. The activation of JAKs leads to the autophosphorylation of JAKs and the phosphorylation of STATs. Studies have shown that the suppressor of cytokine signaling (SOCS) protein could inhibit JAK-STAT signaling pathway, thereby inhibiting the release of inflammatory factors and alleviating the inflammatory responses in the liver (78, 79).

Notch signaling pathway is also an important participator in the regulation of liver fibrosis. We have previously reported that Notch signaling could participate in the regulation of liver fibrosis by regulating the activation of macrophages. When RBP-J gene is conditionally knocked out in myeloid cells, the expression of CYLD is up-regulated, and NF-κB activity and the expression of TGFβ and PDGFβ is inhibited, which alleviated the progression of liver fibrosis (80). In addition, in mouse models of liver fibrosis infected with Schistosoma japonicum, inhibition of Notch1/Jagged1 signaling pathway could reverse the M2 polarization of macrophages, thereby alleviating liver fibrosis (81). And in the mouse models of CCl4 induced liver fibrosis, the inhibition of Notch signaling could hinder the activation of HSCs, and the polarization of macrophages to a pro-inflammatory M1 phenotype is also inhibited. Meanwhile, the expression of anti-inflammatory genes expression is up-regulated, which contributes to alleviated liver fibrosis (82). In addition, Notch signaling mediates the proliferation of CCR2-independent hepatic macrophages, and thereby regulates the progression of hepatocellular carcinoma (83).

Beside Notch signaling pathway, Wnt/β-Catenin signaling pathway is also involved in the regulation of liver fibrosis. It is reported that conditional blockade of Wnt signaling in myeloid cells could aggravate liver fibrosis, with precursor cells activated, TIMP1 level up-regulated to inhibit collagen degradation, and MMP12 and MMP13 level down-regulated. The above findings suggested that activation of Wnt signaling pathway in macrophages was closely related to the inhibition of liver fibrosis (84, 85).

To sum up, different hepatic macrophage subsets function differently in distinct stages of liver fibrosis, and are modulated by various signaling pathways and regulatory molecules (Figure 1). Therefore, in-depth study on how macrophages play roles in liver fibrosis and the underlying mechanisms could improve our understanding of the complex regulating network, and open new perspectives for macrophage-based treatment of liver fibrosis.




Figure 1 | Different hepatic macrophage subsets function differently in distinct stages of liver fibrosis, and are modulated by various signaling pathways and regulatory molecules.





Macrophage-directed therapeutic approaches to liver fibrosis

In recent years, hepatic macrophages have already become an attractive target for novel therapeutic approaches to treat liver fibrosis. In humans and mice, the signaling pathways that promote the recruitment and differentiation of macrophages and trigger immune responses are conserved, which should in theory allow the transition from mouse models to human diseases (25, 86). However, targeting macrophages to treat human liver fibrosis faces many challenges. First of all, through animal models, it is found that macrophages play different or even completely opposite roles under different experimental conditions. Therefore, when performing macrophage-directed therapeutic approaches, it is necessary to consider the optimal dosing, the intervention timing and the specific targeted macrophage subsets to treat liver fibrosis in different disease stages. Second, mouse models could not fully represent the conditions of human diseases by far. Mouse models usually could only represent the pathological process of liver fibrosis under specific stimuli, but cannot fully reflect the process of liver fibrosis induced by a variety of different causes in human diseases (86). Moreover, human patients are more heterogeneous than inbred mouse strains, with respect to intrinsic factors like gender, age, genetic background and existing comorbidities as well as external factors like microbiota, infections and combined medication. Third, researchers have a clearer and deeper understanding of the heterogeneity and functions of hepatic macrophages in mouse models than in human diseases, as limitations in obtaining human fibrotic tissues at different stages of diseases hinder the further understanding of hepatic macrophage subsets in humans (87, 88). Despite the above challenges, with advanced technologies researchers have gained in-depth understanding of the role of different hepatic macrophage subsets in the progression and resolution of liver fibrosis, providing theoretical basis for macrophages-targeted treatment.

In the initiation of liver fibrosis, KCs are activated by small molecules generated by injury, which aggravates the pro-inflammatory immune responses in the liver. Therefore, targeting the activation of KCs could be an important intervention for the treatment of liver fibrosis. When broad-spectrum antibiotics were utilized to reduce bacterial translocation and TLR4 dependent macrophage activation, liver fibrosis in mice was significantly reduced (89). Therefore, by using probiotics or antibiotics, transferring fecal microbiota or changing bile acid composition to modify intestinal permeability and microbiome, the activation of KCs could be inhibited and fibrosis could be alleviated. In addition, both hepatic macrophages and hepatocytes are activated by intracellular inflammatory signaling pathways, such as NF-κB, ASK1, JNK and p38 signaling (17). Therefore, inhibitors of specific inflammatory signaling pathways, for example ASK1 inhibitor Selonsertib, not only function on the metabolism of hepatocytes, but also participate in the activation of macrophages. In a multicenter, open-label trial involving 72 patients with nonalcoholic steatohepatitis and liver fibrosis, Selonsertib is found to have significant anti-fibrotic effect (90).

In the progression of liver fibrosis, monocytes are recruited to the site of injury and aggravate inflammatory responses, which is regulated by chemokines and their receptors in mouse models and human diseases, including CCL2-CCR2, CCL1-CCR8, CCL5-CCR1/CCR5, as well as CXCL10-CXCR3 (39). Therefore, a variety of pharmacological strategies targeting chemokines and their receptors have been utilized to interfere with the process of liver fibrosis, including monoclonal antibodies against chemokines or their receptors, chemokine receptor antagonists that prevent chemokine binding, and aptamers or small molecule inhibitors that inhibit chemokines (91). Among various CCR2 inhibitors, the effect of Cenicriviroc, a CCR2/CCR5 co-inhibitor, is verified in the phase II clinical trial of 289 patients with nonalcoholic steatohepatitis and liver fibrosis. Cenicriviroc can effectively prevent the recruitment of monocytes to the site of injury mediated by CCL2, and has an anti-fibrotic effect in mouse models. A randomized controlled trial indicated that the number of patients with liver fibrosis recovered in Cenicriviroc group (20%) is twice as many as that in placebo group (10%), without worsening after one year of the two-year treatment. Moreover, Cenicriviroc trial has excellent safety profile tested by clinical trials, suggesting that inhibition of monocyte recruitment will not affect the antimicrobial defense and immune responses of hepatic macrophages (92, 93).

The above treatment of inhibiting chemokines mainly aims to reduce the recruitment of inflammatory monocytes, thereby alleviating liver fibrosis, while alternative therapeutic interventions focus on augmenting macrophage numbers and functions. When patients with liver fibrosis progress to cirrhosis, the immune responses are seriously damaged with high risks of life-threatening infections (94). Therefore, hematopoietic growth factors that play important roles in the recovery of immune functions are investigated. Researchers found that CSF1-Fc can promote the accumulation of macrophages in the liver of mice, promote the proliferation of KCs, and then facilitate innate immunity in mice after partial hepatectomy or acetaminophen (APAP) induced liver injury, thus delaying the progress of the diseases (95).

In addition, KCs express high levels of scavenger receptors, which can be used for drug delivery. Studies based on mouse models have found that hard-shell microbubbles (size ~2 μm), liposomes (size ~100 nm) and polymers (size ~10 nm) can deliver drugs to the liver, and KCs are the main targets of these drug delivery systems (96). Because KCs express mannose receptor CD206, when particles are functionally modified by sugar moiety mannose, the targeting specificity for KCs will be significantly enhanced (96). Dexamethasone is an anti-inflammatory drug. And with macrophage-targeted delivery of dexamethasone, liver fibrosis in mice was alleviated (97). Therefore, different drug delivery systems can be utilized to deliver specific drugs such as siRNA, inhibitors of inflammatory signaling or enhancers of autophagy to hepatic macrophages, so as to inhibit their pro-fibrotic roles (98). Current studies also suggested that galectin-3 can be used as a target to regulate the function of inflammatory macrophages in advanced liver diseases, and galectin-3 inhibitors are under clinical investigations (99). In addition, as studies have already suggested that the phenotypic switch from pro-inflammatory macrophages to reparative macrophages in the process of liver fibrosis may be regulated by phagocytosis or CX3CR1, identification of the mechanisms of phenotypic switch may provide new translational approaches for clinical interventions of liver fibrosis.

However, the role of macrophage-based therapies remains unclear at present. Theoretically, CD14+ monocytes could be extracted from patients with liver cirrhosis by plasma isolation, and these cells could further differentiate into reparative macrophages, suggesting their therapeutic possibilities in clinical trials (100). Although it is reported that transfer of ex-vivo polarized reparative macrophages could alleviate liver fibrosis in mice, not any beneficial effects is observed after transfer of G-CSF mobilized CD133+ bone marrow stem cells to patients with cirrhosis (88). Similarly, through the APAP induced or CCl4 induced mouse fibrosis model, it is found that transfer of bone marrow derived monocytes could aggravate liver injury and the progression of liver fibrosis (93). These unexpected outcomes might be caused by uncontrolled differentiation fate of precursor cells in vivo. Considering this point, Thomas and colleagues find that delivery of unpolarized macrophages can reduce both CCl4-induced murine liver fibrosis and human hepatic cirrhosis (101–103). However, due to the high plasticity of macrophages in tissue microenvironement, transplanted unpolaried macrophages may show various phenotypes with different stimuli in vivo. We recently transferred the bone marrow-derived unpolarized macrophages and ex-vivo polarized M1 macrophages into mouse fibrosis models respectively. Compared with unpolarized macrophages, we found that M1 macrophages are more qualified to alleviate liver fibrosis through modulating the microenvironment, suggesting that more defined macrophages will enable adoptive cell therapy more precisely for human liver fibrosis in the future (103, 104).

Besides, with genetic programming technologies, genetically modified macrophages have emerged as attractive targets in the treatment of various diseases. By modifying certain transcriptome, macrophages could be reprogrammed to acquire certain therapeutic functions involved in promoting tissue regeneration and wound healing, while inhibiting inflammation, which may potentially contribute to the resolution of liver fibrosis. Genetic modification tools, such as RNA interference knockdown techniques, miRNA transfection and CRISPR/Cas9 gene-editing techniques, appear to be powerful approaches in generating genetically modified macrophages for clinical treatment (105, 106). For example, it is reported that utilizing siRNA against mannose-modified HMGB1 in hepatic macrophages could reduce inflammation and restore liver functions in a NASH mouse model (107). Cell therapy with genetically modified macrophages is a rapidly developing field, which provides a promising target for the treatment of liver fibrosis.



Conclusions

Hepatic macrophages play central roles in the pathogenesis of chronic liver injury and are considered as potential targets for anti-fibrosis treatment. However, macrophages exert a wide range of different functions during liver fibrosis, which hinders the development of macrophage-directed therapeutic approaches to some extent. Origins of macrophage subsets, their differentiation and their polarization states might be the reasons why they function differently during fibrosis. And in-depth understanding of the mechanisms underlying how macrophages regulate inflammatory responses, wound healing and tissue repair during liver fibrosis will provide new therapeutic strategies for the treatment of fibrotic diseases.
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Liver fibrosis is a common pathological feature of end stage liver failure, a severe life-threatening disease worldwide. Nonalcoholic fatty liver disease (NAFLD), especially its more severe form with steatohepatitis (NASH), results from obesity, type 2 diabetes and metabolic syndrome and becomes a leading cause of liver fibrosis. Genetic factor, lipid overload/toxicity, oxidative stress and inflammation have all been implicated in the development and progression of NASH. Both innate immune response and adaptive immunity contribute to NASH-associated inflammation. Innate immunity may cause inflammation and subsequently fibrosis via danger-associated molecular patterns. Increasing evidence indicates that T cell-mediated adaptive immunity also provokes inflammation and fibrosis in NASH via cytotoxicity, cytokines and other proinflammatory and profibrotic mediators. Recently, the single-cell transcriptome profiling has revealed that the populations of CD4+ T cells, CD8+ T cells, γδ T cells, and TEMs are expanded in the liver with NASH. The activation of T cells requires antigen presentation from professional antigen-presenting cells (APCs), including macrophages, dendritic cells, and B-cells. However, since hepatocytes express MHCII molecules and costimulators, they may also act as an atypical APC to promote T cell activation. Additionally, the phenotypic switch of hepatocytes to proinflammatory cells in NASH contributes to the development of inflammation. In this review, we focus on T cells and in particular CD4+ T cells and discuss the role of different subsets of CD4+ T cells including Th1, Th2, Th17, Th22, and Treg in NASH-related liver inflammation and fibrosis.
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Introduction

With the high prevalence of obesity, diabetes, and metabolic syndrome worldwide, the morbidity of nonalcoholic fatty liver disease (NAFLD) is rapidly increased (1, 2). NAFLD may evolve from simple steatosis to nonalcoholic steatohepatitis (NASH), which may further progress to liver fibrosis and cirrhosis (3). NAFLD now represents the most common liver metabolic disease all over the world. It is predicted that by 2030, more than 300 million peoples in China, 100 million in the USA, and 15-20 million in the major European countries will suffer from NAFLD (4). Moreover, the number of NASH patients in the USA will reach 27 million by 2030 (4). The prevalence of NAFLD/NASH has increased from 23.8 to 32.9% in China during 1998-2018 (5), with the total number of NASH patients in China reaching 48.26 million by 2030 (4). Hepatic fibrosis is an independent predictor of disease related mortality in NASH. The fatality rate in NASH-related cirrhosis ranges from 12 to 25% (6). NASH has become the leading causes for liver transplantation in the developed countries (6). From 2004 to 2016, the registration number of liver transplantation resulted from NASH was increased by 114% in males and 80% in females (7). Unfortunately, the pathogenic mechanisms underlying NASH remains unclear and the effective new drug(s) and therapies for the disease are urgently needed.

NASH is characterized by the presence of hepatic steatosis, hepatocellular damage, inflammation, and varying degrees of fibrosis, subsequently progressing to cirrhosis and end-stage liver disease (1, 6). A large body of evidence demonstrates that lipotoxicity, oxidative stress and inflammation act in concert in promoting the pathogenesis of NASH and liver dysfunction. If the liver fails to repair in the event of persistent injury, progressive fibrosis and functional decline occur (8–12). Metabolic dysfunction such as hepatic steatosis is considered an early event in the pathogenesis of NASH. Excessive accumulation of fat (lipotoxicity) in the liver not only constitutes the first hit in the disease, but also causes hepatocyte injury and liver insulin resistance and inflammation, contributing to disease progression. Currently known lipids with liver toxicity include saturated fatty acids, diacylglycerols, ceramide, free cholesterol (FC), and sphingomyelin (SM). It is generally believed that among many pathological factors, lipotoxicity-elicited, innate and adaptive immunity-mediated inflammation plays a central role in the development and progression of NAFLD/NASH.



Innate immunity in NAFLD/NASH

NLRP3 is an important component involved in the innate immunity, which functions as a pattern recognition receptor (PRR) that senses both pathogen- and danger-associated molecular patterns (13). NLRP3 is highly expressed in the Kupffer cells, where its activation significantly aggravates NASH by secretion of pro-inflammatory cytokines, such as IL-1β and IL-18 (14). In contrast, palmitic acid-induced inflammation in the Kupffer cells is reduced and NASH development is prevented in the NLRP3-/- mice (15). Similarly, deficiency of NLRP3 protects mice from liver macrophage infiltration and activation and attenuates liver injury and fibrosis (16).

Kupffer cells (KCs), the predominant tissue-specific resident macrophages in the liver (17–19), are situated on the liver sinusoids and lymph nodes (19). The primary function of the KCs is to remove pathogens or bacteria-derived toxins and debris, generating innate immune response. Depletion of hepatic KCs by clodronate liposomes or gadolinium chloride alleviates liver steatosis and inflammation in high-fat diet (HFD)-induced fatty liver animal models, suggesting an essential role of the KCs in NAFLD/NASH (20, 21). Additionally, the C-C motif chemokine receptor 2 (CCR2+) monocytes, which are derived from bone marrow and recruited to the liver by CCR2, are crucial in contributing to hepatic fibrosis, since their inhibition has been reported to ameliorate NASH (22). The KCs can also act as a professional antigen-presenting cells (APCs) to present antigen to T cells which are essential in the adaptive immunity (23). Proinflammatory macrophages were found to be significantly increased in the periportal zone in the livers of NASH patients and correlated with the severity of liver fibrosis (22). An additional mechanism by which the activation of KCs contributes to the development of NASH is the activation of local immune system and inflammatory response through energizing PRRs. The Toll-like receptor (TLR) family is one of major classes of the PRRs that play an essential role in the initiation of innate immune response. The roles of hepatic TLR2, TLR4 and TLR9 in NASH has been repeatedly reported (24–26). Activation of the TLR4 by LPS or TLR-9 by DNA derived from intestinal bacteria promotes steatohepatitis, while suppression of the TLR4 or TLR-9 attenuates liver steatosis, inflammation, and fibrosis in a few of mouse models of NASH (25, 27). Altogether, these findings demonstrate that activation of the NLPR3 inflammasome and TLRs may contribute to the development and progression of NASH.

Besides being a critical metabolic organ to controls body glucose and lipid metabolism, the liver is also an important immunological organ in inflammatory and immune response. In the past decade, a great progress has been made regarding how the immune cells are reshaped in the livers of animals and patients with NASH (28–31). However, the exact cellular composition of normal and steatotic livers in animals and humans remains incompletely understood. Since single-cell transcriptome analysis is very useful in uncovering the compositions and the numbers of immune cells as well as their differentiation and activation states in the livers, we utilized publicly available single-cell transcriptome databases and analyzed the types and numbers of hepatic immune cells between mice and humans (Supplemental Figure 1). We found that the percentages of CD4+ T cells, CD8+ T cells, NK T cells, NK cells, γδ T cells, TEMs, and monocytes in murine livers were less than those in humans, but the number of B cells, dendritic cells (DCs), and KCs were more in mice than those in humans (Supplemental Figure 1). Recent study has indicated that compared to controls, the mice with NASH exhibited increased proportions of hepatic CD4+ T cells, CD8+ T cells, γδ T cells, TEMs, B cells, DCs, and LAM, with reduced proportions of hepatic NK T cells, NK cells, monocytes and KCs (28). These findings demonstrate that in addition to innate immunity, adaptive immunity also plays a critical role in the pathogenesis of NAFLD/NASH. Below we will discuss the consequence of the changes in hepatic immune cell infiltration, with a focus on the role of T cell-mediated acquired immunity in NAFLD/NASH.



T cell-mediated adaptive immunity in NASH


General roles of T cells in NASH

T cells represent a major type of lymphocytes in the immune system and play a crucial role in the adaptive immune response. T cell clone can recognize antigen by the presence of a T cell receptor (TCR) on its cell surface. According to the differential physiologic functions, T cells can be subdivided in conventional T cells and innate-like T cells (unconventional T cells). Conventional T cells can be further classified into CD8+ cytotoxic T (Tc) cells and CD4+ T helper (Th) subsets, and innate-like T cells are composed of natural killer T (NKT) cells, γδ T cells and mucosal-associated invariant T (MAIT) cells (32, 33).



Roles of antigen-presenting cells in NASH

It is well known that the major histocompatibility complex (MHC) is essential for specifically recognizing antigen by T cells. The MHC family includes MHCI and MHCII. The function of the MHCI molecules is to display intracellular proteins to CD8+ T cell, named as cytotoxic T cells (CTLs), while the MHCII molecules are highly expressed in antigen-presenting cells (APCs) to induce CD4+ T cell activation. APCs are divided into professional APCs and non-professional APCs. Professional APCs expressing the MHCII molecules include macrophages, dendritic cells (DCs), and B-lymphocytes. As mentioned above, the Kupffer cells (KCs), a kind of specified hepatic macrophages, are critically involved in the development and progression of NASH. The DCs act as a bridge between the innate and the adaptive immune responses (34). Hepatic DCs are mainly localized at the portal vein, with a minor presence at the central vein (35) and their numbers are markedly increased in NASH patients (36). An increase of conventional dendritic cells (cDCs) and cDC1s specifically presenting XCR1 was observed in NASH patients and models (37). CD11c+ cells have been found to exert a defensive effect on methionine and choline-deficient diet (MCD)-induced liver fibrosis (38). Moreover, there is a significant correlation between the circulating and hepatic cDC1 cell numbers and the severity of NASH (37). NASH was found to be associated with increased proliferating cDC1 progenitors. Specific depletion of cDC1s attenuates steatohepatitis in NASH mice (37), suggesting that cDC1s contribute to the pathogenesis of NASH. However, contradictory results also exist regarding the role of DCs in NASH. For example, no significant impact of DCs on the development of hepatic fibrosis was observed in bile duct ligation (BDL)- and carbon tetrachloride (CCl4)- induced NASH models (39). Thus, further studies are needed to clarify the role of different DCs in the pathogenesis of NASH.

B-lymphocytes, also known as B cells, also represent a classic type of leukocytes and the major humoral immunity component involved in adaptive immune response. B cells present essential immunological functions, such as producing antibody, presenting antigen, and secreting cytokines (40–42). The numbers of hepatic B cells in mice are much higher than those in humans (43) (Supplemental Figure 1). An accumulation of B cells is evident in the livers of NASH patients, which is accompanied by marked hepatic inflammation and fibrosis (44). Similarly, activated intrahepatic B cells were found to be markedly increased in NASH mouse models. Moreover, B cell deficiency can significantly ameliorate NASH phenotypes in mice, possibly because both B cell receptor-mediated adaptive immune signaling and myeloid differentiation primary response 88 (MyD88)-dependent innate immune response are involved in pathological actions of B cells on NASH (45). It is also noted that NASH is associated with altered gut microbiota and increased intestinal permeability. Thus, hepatic B cells may be inappropriately activated in a microbiota-dependent manner to participate in NASH inflammation (45).

Increasing evidence shows some other cell types expressing the MHCII molecules are capable of presenting antigen as atypical APCs, including the mast cells, basophils, eosinophils, neutrophils, innate lymphoid cells (ILCs), endothelial and epithelial cells (46). Our recent research showed that renal proximal tubule epithelial cells (PTECs) also represent as an atypical APC, which may promote the proliferation of CD4+ T cells in a MHCII-dependent manner (47). Emerging evidences demonstrate that the MHCII molecules are expressed in mouse and human hepatocytes (48–50). The levels of MHCII are increased in the hepatocytes of viral hepatitis and autoimmune hepatitis (48, 51). Compared to healthy control, there was higher expression of MHCII in the liver biopsies of NASH patients. Significantly increased levels of MHCII were also observed in the liver samples of patients with alcoholic hepatitis (AH), with marked upregulation of CD4 expression closely associated with MHC II producing hepatocytes in AH biopsies (52), suggesting that hepatocytes may function as important nonclassic APCs in NASH-related liver fibrosis.



TCR and costimulatory molecules

TCR recognition of antigen as peptides bound to the MHC molecules provides the primary signal for T cell activation (53). The TCRs are comprised of two different heterodimers: TCRα/TCRβ or TCRγ/TCRδ (54). In the majority (95%) of T cells the TCRs consist of TCRα and TCRβ isoforms. αβ T cells were regularly referred to as T cells. However, a small proportion (less than 5%) of T cells (γδ T cells) are composed of TCRγ and TCRδ isoforms (54). Antigen recognition is achieved through the TCR-CD3 complex. CD3 is an essential T cell co-receptor, which is required for T cell activation. Recent study has showed that there is a marked decrease in TCR clonotypes (TCR TCRα, TCRβ, and TCRαβ) in CCl4-induced fibrotic livers (55). Furthermore, TCRβ gene knockout mice showed an aggravated hepatic fibrosis phenotype compared with WT mice, which is associated with the activation of hepatic stellate cells (HSCs) due to the expansion of macrophage and γδ T cells (55). These results indicate that TCR-mediated T cell activation may play an important role in the pathogenesis and progression of liver fibrosis.

Additionally, the full activation of CD4+ T cells requires a second co-stimulatory signal (56, 57). Costimulatory molecules are present on the surface of T cells and APCs binding with each other in a paired ligand-receptor manner, which leads to the activation of these cells and thus triggers immune response (58). OX40 and its ligand, OX40L are the members of the TNF receptor superfamily and produce a potent costimulatory signal that enhances T cell activation, proliferation, and differentiation (59). Recent study indicates that OX40 plays an essential role in regulating both liver innate and adaptive immunity and promotes NASH development and progression (60). Compared with the wild-type (WT) mice, OX40 global knockout (KO) mice exhibited an ameliorated NASH phenotype. Mechanistically, OX40 global deficiency suppresses Th1 and Th17 differentiation and inhibits monocyte migration during NASH development. Plasma OX40 levels were found to be positively correlated with NASH in patients, suggesting that OX40 may represent a diagnostic parameter and therapeutic target in NASH (60). Together, these studies have indicated that T cell costimulatory molecules contribute to the development and progression of NASH. However, it is still uncertain whether hepatocytes supply the T cell with costimulatory signal to activate and drive inflammation. The expression of OX40L on hepatocytes in mice is undetectable, although they are expressed on other hepatic APCs, such as KCs and DCs (61). Thus, further studies are needed to address these unanswered questions.



The roles and mechanisms of CD4+ T cells in NASH

T helper cells, as known as CD4+ T cells, are involved in immune processes and express membrane surface marker CD4 (62). Dysfunction of CD4+ T cells is emerging as an important pathological factor engaged in the progression of NAFLD and NASH. An accumulation of peripheral and intrahepatic CD4+ T cells was revealed in human and mouse NASH models (63–65). In a study in which human T cells were transferred to NOD-scid IL2rgnull (NSG) mice to identify human-specific immune response in NASH, CD4+ T cells were found to be crucial in promoting liver steatosis-fibrosis transition (65). Moreover, in vivo depletion of human CD4+ T cells can efficiently reduce proinflammatory cytokine production and fibrosis in the humanized NASH mice, further confirming the importance of CD4+ T cells in the pathogenesis of NASH (65). Other evidence also supports a potential role of CD4+ T cells in promoting NASH by releasing proinflammatory cytokines, because MCD-HFD-induced NASH can be significantly attenuated in mice deficient for IFNγ (66). It is well known that CD4+ T cells have several functionally diverse subsets, such as Th1, Th2, Th17, Th22, and regulatory T cells (Tregs), which are characterized by expression of different cytokines respectively (67, 68). Although overall CD4+ T cells are critically involved in NASH-related inflammation and fibrosis, the role and mechanism of each CD4+ T cell subset in the onset and progression of NASH may be different and are summarized in Table 1 and discussed in the following sessions.


Table 1 | Roles of diverse CD4+ T cell subsets in NASH.





TH1 cells and liver fibrosis

T helper 1 (Th1) cells exhibit proinflammtory effects via expressing the transcription factor T-bet and producing cytokine IFN-γ, IL-2 and TNF-α through the activation of STAT4 and STAT1 (80). Compared to healthy controls, there was an elevation in Th1 cell proportions in peripheral blood of NAFLD and NASH patients although there were not differences in Th1 cell numbers in peripheral bloods and hepatic tissues between NAFLD and NASH patients (64). Nevertheless, there is an increase of genes toward Th1 phenotype in NSAH compared with NAFLD patients (81). In animals, hepatic Th1 cells were found to be increased in a MCD diet-induced mouse NASH model (82). Since IFN-γ is produced by Th1 cells, IFN-γ gene KO mice are applied to determine the role of Th1 cells in NASH. IFNγ-deficient mice exhibit less steatohepatitis and attenuated fibrosis than wild-type (WT) littermates with an MCD-high-fat diet (66). These results are indirectly supported by clinical observations that both pediatric and adult NASH patients have elevated circulating and hepatic IFN-γ-producing CD4+ T cells (69, 70). Consistently, an upregulation of hepatic Th1-related cytokine IFN-γ, IL-12 and TNF-α was observed in steatotic mice induced by concanavalin A (CoA) hepatitis plus choline-deficient diet, which was accompanied with an increase in T-bet and STAT4 expression (83). Collectively, these findings demonstrate that Th1 cells exert proinflammatory and profibrotic effects on NASH, probably by an IFN-γ dependent manner.



TH2 cells and liver fibrosis

In general, Th2 cells exert an anti-inflammatory effect to ensure a protective immune response (82). Th2 cells are characterized by the transcription factor (TF) GATA3 and dominantly produce cytokine IL-4, IL-5, and IL-13 by the activation of STAT5 and STAT6 (78, 84). Several studies have supported a role of Th2 cells in NASH. Compared to healthy normal controls, an increase in peripheral blood Th2 cells in NAFLD patients was observed (64). Moreover, the Th2/Treg ratio in peripheral bloods was significantly increased in NAFLD patients, and was markedly decreased in NAFLD patients after 12 months bariatric surgery. However, there is not difference in Th2/Treg ratio in either peripheral blood or the liver between NASH and NAFLD patients (65). Serum levels of Th2 cytokine IL-13 were found to be elevated in NASH patients, accompanied by increased hepatic expression levels of its receptor IL-13Rα2 (71). It has been reported that functional IL-13Rα2 was upregulated in activated hepatic stellate cells (HSCs) in NASH, and IL-13 cytotoxin-mediated killing of IL-13Rα2+ cells can ameliorate liver fibrosis in a rat model of NASH, indicating the involvement of the IL-13/IL-13Rα2 pathway in NASH (71). Since IL-33 can promote Th2 response and increase the production of type 2 cytokines, such as IL-4, IL-5, and IL-13, which leads to extracellular matrix accumulation, administration of recombinant IL-33 to mice exaggerated liver fibrosis in NASH mice (72). However, IL-33 at the same time decreased hepatic triglyceride storage and reduced liver injury (72), suggesting that the role of IL-33 in NASH is complicated. Therefore, the contribution of Th2 cell-mediated adaptive immunity to NASH remains inconclusive and needs to be further defined.



TH17 cells and liver fibrosis

T helper 17 (Th17) cells are commonly known as proinflammatory cells and characterized by specific expression of active TF retinoic acid receptor-related orphan receptor γt (RORγt) and STAT3 (85). Th17 cells mainly produce IL-17, IL-22 and IL-23. The IL-17 family is composed of six members namely IL-17A-F (86). An increase in the number of Th17 cells was repeatedly observed in the livers of NAFLD/NASH animal models (82, 87–90). Moreover, increased number of Th17 cells in circulation and the liver is also observed in NAFLD/NASH patients, accompanied with increased Th1 cells (64). However, the role of Th17 cells in the progression of liver fibrosis is uncertain. Several studies have showed an elevation in hepatic steatosis by administering IL-17, as well as an attenuation in liver fibrosis when blocking IL-17 (82, 88, 91, 92). However, there are other studies reporting an opposite effect in which enhanced liver steatosis was observed after functionally blocking IL-17 (89, 93). Th17 cell can induce hepatic inflammation possibly due to the accumulation of macrophages by IL-17-dependent elevation of chemokine CXCL10 (85, 89). It has been previously reported that IL-17 and IL-22 exhibit opposite effects in the development of NASH (86). For instance, IL-17 can increase, while IL-22 can prevent, palmitate-induced lipotoxicity to hepatocytes (82). Taken together, Th17 cells promote hepatic inflammation and fibrosis possibly by acting on liver cells particularly the Kupffer cells and Stellate cells to accelerate the fibrotic process (73–75).



TH22 cells and liver fibrosis

T helper 22 (Th22) cells are specified by producing IL-22 in the absence of IL-17 (94). The differentiation of Th22 cell is promoted by IL-6 and TNFα, and hindered in the presence of TGFβ. Activation of the transcription factor aryl hydrocarbon receptor (AhR) markedly promotes Th22 cells to produce IL-22 (94). IL-22 may exert an inhibitory effect on the development of NAFLD. In animals, hepatic steatosis was markedly attenuated and transaminase levels were significantly reduced by the adminiatration of recombinant IL-22, possibly via a STAT3-mediated mechanism (76, 77). In addition, short-term IL-22 treatment is capable of decreasing hepatic expression of PPARα, PPARγ, and SREBP-1c, while long-term treatment is able to decrease the expression of hepatic fatty acid synthase (FAS) and very long chain fatty acids protein 6 (ELOVL6) (77). It has been reported that IL-22 can attenuate palmitate-induced lipotoxicity in a PI3K/Akt-dependent manner to inhibit JNK, which may explain why IL-22 downregulates transaminase levels. Intriguingly, IL-22-mediated hepatoprotection was only effective in the absent of IL-17, which increases the expression of PTEN, a PI3K/Akt inhibitor (82). Collectively, these findings indicate that IL-22 can exert an antifibrotic effect, which may be beneficial in NASH. However, it has been reported that IL-22 treatment may increase the risk of hepatocellular carcinoma possibly by the activation of STAT3, which limits its clinical use as a therapeutic agent for NASH (95).



Regulatory T cells and liver fibrosis

Regulatory T (Treg) cells play critical roles in modulating immune homeostasis. Tregs are defined by the expression of the transcription factor forkhead box P3 (Foxp3). Tregs exert their immunosuppressive effects by secreting the cytokine IL-10, and interfering with T-cell survival by IL-2 depletion to inhibit APCs maturation and functionality (78). The differentiation of Treg cells is driven by TGFβ in the absent of IL-6 and further augmented by IL-2- and retinoic acid-induced STAT5 activation (96). IL-6 is an important determinant that balances the differentiation between the Treg and Th17 (96). Studies showed that the function of Treg in visceral adipose tissue is PPARγ dependent (97). PPAR-γ is a major driver in the accumulation and the phenotype of Treg cells in adipose tissue. It has been reported that Treg cells lacking PPAR-γ exhibited a phenotype of insulin resistance, and the PPARγ agonist pioglitazone failed to restore its insulin sensitivity in Treg-specific PPARγ-/- mice (97). Moreover, pioglitazone treatment can ameliorate HFD-induced hepatic steatosis and increased Treg cell numbers in the visceral adipose tissue and the liver (98).

A decrease in hepatic Treg cell numbers was observed in animal models of NAFLD (90, 99, 100), with the mechanisms accounting for decreased Treg cell numbers in NAFLD largely unknown. In steatotic livers, excessive oxidative stress leads to the apoptosis and reduction of hepatic Treg cells, which can be prevented by the antioxidant MnTBAP (99). Depletion of hepatic Foxp3+CD4+CD25+ Tregs may result in steatosis if the animals are fed with a high-fat diet, while reconstitution of Treg cells can attenuate the NASH phenotype, accompanied by the reduction of hepatic inflammation as evidenced by a downregulation in hepatic TNFα expression (99). Another study also showed that adoptive transfer of induced Tregs can alleviate the pathological (liver steatosis) and metabolic (high levels of blood glucose, cholesterol, and liver enzymes) abnormalities in leptin-deficient ob/ob mice, supporting a potential immunological approach for treatment of diabetes and steatosis by the induction of Tregs (101). Moreover, circulating and hepatic resting Treg cell numbers are lower in NAFLD patients than healthy controls, with even more robust reduction in patients with NASH (64). Thus, the liver Th17/resting Treg ratio may be useful in distinguishing patients with NASH from those with simple steatosis. Unlike resting Treg cells, although there is an increase in the circulating levels of the activated Tregs, the change in the numbers of activated Tregs in the liver remains controversial in NAFLD (102). Thus far, most available evidence demonstrates that Treg cells are antifibrotic at least in part due to its immunosuppressive effect through secretion of IL-10 (79). In fact, in a bile duct ligation animal model, depletion of Tregs exacerbates liver fibrosis, which is associated with a marked changes in IL-6 and IL-10 production (103). However, since Treg cells also secret TGFβ, which is widely regarded as an important profibrotic factor for the development and progression of liver steatosis and fibrosis (96, 104–106), Treg cells may have a dual role in NASH owing to their spatial and temporal actions in the process of the disease.



γδ T cells and liver fibrosis

In additional to CD4 T cells, there is a significant proportion of γδ T cells in liver, responsible for 15%-25% of total T cells and 3-5% of total lymphocytes (107). Importantly, γδ T cells were found to be significantly increased in NASH in both humans and mice. γδ T cell population is an exclusive subset of CD3+ T cells characterized by a T cell receptor (TCR) γ chain and δ chain, and does not require MHC-mediated antigen presentation. γδ T cells may function as a connection between the innate and adaptive immunity because they express TCRγδ that recognizes certain antigens and also secrete pro-inflammatory cytokines such as IL-17A upon stimulation (108). In HFD- or high-fat/high-carbohydrate diet (HF/HCD)-induced NASH mice, a marked elevation in both adipose tissue and liver γδ T cells were observed, associated with liver steatosis, damage, and cirrhosis (109). Furthermore, γδ T cell Tcrd-/- mice exhibited a significant attenuation in steatohepatitis compared to WT mice after HFD treatment. Transfer of HF/HCD-treated mice with WT hepatic γδ T cells, but not with IL-17A-/- hepatic γδ T cells, exacerbated NASH in Tcrd-/- mice, suggesting that hepatic γδ T cells may contribute to NASH progression (109). It has been reported that hepatic γδ T-cell infiltration is increased in a CCR2-dependent manner in three animal models of steatohepatitis, including alcoholic steatohepatitis (ASH), MCD-induced NASH, and HFD plus ethanol-induced model (110). Depletion of γδ T cells can reduce liver steatosis, leukocyte infiltration, and inflammation (110), possibly by inhibiting the innate and adaptive immune responses during NASH progression (111).




Conclusion and perspectives

Chronic inflammation plays a critical role in NASH. Increasing evidence has indicated that both innate immunity and adaptive immunity contribute to the progression of NASH (Figure 1). Lipid toxicity, oxidative stress, and inflammation may give rise to the injuries of hepatocytes, macrophages (KCs), and liver sinusoidal endothelial cells (LSECs), where PRRs including TLRs and NLPR3 inflammasome sense the signals through both pathogen- and danger-associated molecular patterns and trigger proinflammatory responses. The KCs act as a bridge between the innate and adaptive immune responses. The role of LSECs in NASH is not discussed in this review due to the length limit of the article. Although it is still unclear whether hepatocytes provide T-cell costimulatory signal, they express the MHCII molecules and may act as nonclassic APCs contributing T cell-mediated adaptive immunity and liver fibrosis in NASH. In the past decade, a large body evidence demonstrates that CD4+ T cells are critically involved in the pathogenesis and progression of NASH. Different CD4+ T cell subsets exhibit diverse effects on liver fibrosis. Th1 and Th17 cells are proinflammatory and profibrogenic, while the role of Th2 cells in hepatic fibrosis is complicated. Th22 and Treg cells may be both anti- and/or pro-fibrotic depending on disease setting and the stage of the disease.




Figure 1 | The schematic diagram of both innate immunity and adaptive immunity contributing to the progression of NASH. Lipid toxicity, oxidative stress, and inflammation may give rise to the injuries of hepatocytes, macrophages (KCs), and liver sinusoidal endothelial cells (LSECs), where PRRs including TLRs and NLPR3 inflammasome sense the signals through both pathogen- and danger-associated molecular patterns and trigger proinflammatory responses. KCs act as a bridge between the innate and the adaptive immune responses. The roles of LSECs in NASH are not discussed in the present paper. Hepatocytes as APCs may play a role in T cell-mediated adaptive immunity and express the MHCII molecules, which are elevated during NASH, providing the first signal for CD4+ T cell activation. Simultaneously, T cell costimulatory signal pathways, such as OX40-OX40L, which may mediate the cross-talk between hepatocytes and T-cells, are associated with the progression of NASH. Finally, CD4+ T cells are involved in the pathogenesis and development of NASH.



Although great progress has been made in demonstrating the mechanism of the chronic inflammation and functions of immune cells particularly the CD4+ T cell subsets in NASH, many critical questions remain unanswered. With the help of modern techniques including single-cell or single-nucleus RNA sequencing combined with interactive analysis, we should be able to gain more insights into the underlying cellular and molecular mechanisms of NASH and identify new potential therapeutic targets for treating liver fibrosis. Finally, it is noteworthy to emphasize the differences in compositions and subsets of immune cells in the livers between human and mice. Thus, mice or rats with humanized immune system are urgently needed for future study on the role of immune cells and inflammation in NASH.
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Alcoholic liver disease (ALD) is a leading chronic liver disease in which immune cells play a vital role. Myeloid cells have been extensively studied in ALD, including granulocytes, macrophages, monocytes, and dendritic cells, which are involved in the occurrence and progression of steatosis, inflammation, fibrosis, and eventual cirrhosis. These cells can be popularly targeted and regulated by factors from different sources, including cytokines secreted by other cells, extracellular vesicles, and substances in serum—for example, infiltration of monocytes or neutrophils, activation of Kupffer cells, and polarization of macrophages. These processes can affect and change the function and phenotype of myeloid cells. Here we mainly review the key mediators that affect the infiltration and function of mainly myeloid cells in ALD as well as their regulatory mechanisms on target cells, which may provide novel immunotherapeutic approaches. The single-cell multimodal omics of myeloid cells is also discussed to help transform them into basic research or therapeutic strategy of ALD clinically.




Keywords: myeloid cell, immunity, alcoholic liver disease, cell-cell communication, single-cell ‘omics



Introduction

Liver diseases are a serious global health burden, causing two million demises worldwide annually (1). There is a far-flung range of liver diseases, including diversiform chronic or acute events such as simplex steatosis, alcoholic liver disease (ALD), drug hepatitis and steatohepatitis, and so on. Chronic liver diseases diagnosed clinically mainly include non-alcoholic fatty liver disease (NAFLD) and ALD, with mild clinical symptoms (2). Nevertheless, dramatically increased alcohol intake in a short-term is associated with an acute inflammatory manifestation of alcoholic hepatitis (AH) in ALD. The persistence of chronic or acute liver lesions frequently leads to fibrosis, cirrhosis, and even hepatocellular carcinoma (HCC). Besides this, the mechanisms of these pathological processes involve the drive of in situ liver innate immune cells and the pro-inflammatory cascade activated in circulation (3). Under the influence of the nature or stage of the disease, the liver immune environment of patients is more intricate and untoward to decipher.

Myeloid cells are derived from myeloid progenitor cells which commonly exist in bone marrow (4). This lineage includes monocytes, granulocytes, erythrocytes, and platelets and serves as a master component of the innate immune system and the first block of defense against infection. According to our previous work, this review is principally focused on macrophages and neutrophils. Macrophages pertain to a multitudinous and heterogeneous population rooted in the transient but malleable monocyte precursors (5). In addition, there is the special resident Kupffer cells (KCs) in the liver, which is differentiated by the adhesion of blood monocytes to the hepatic sinusoid wall. Divertingly, neutrophilic percolation is also a sign of AH in patients with chronic alcoholism or in mice (6). The lethal effect of liver neutrophils may be achieved by the generation of reactive oxygen species (ROS) and vast inflammatory substances (7). Extensive mouse and human research have shown that neutrophils and macrophages exert a pivotal part in the foundation, development, and reversion of liver diseases, including in guiding tissue remodeling. With the progress of technology, more and more myeloid cell subtypes have been identified and located by single-cell multimodal omics (8–12). Each myeloid type acts as a unique individual participating in the immune response. Identifying and quantifying the existence of each myeloid subtype is momentous to comprehend the patterns in which different cell clusters are activated by certain pathogens and to promote the regression of immune stress.



Alcoholic liver diseases

ALD are a concerning part of global chronic liver diseases and can be a consequence of the chronic abuse of alcohol (13). Normally, the broad spectrum of ALD includes simple steatosis, AH, fibrosis, cirrhosis, and HCC (14). Ample evidence is provided showing that the progress in ALD is chiefly related with the scale and sustainment of alcohol consumption. The inchoate pathophysiological response to chronic alcohol consumption is reflected in fat amassment in hepatocytes, which appears to be reversible (15). Nevertheless, when hepatocytes are damaged, the release of damage-associated molecular patterns tends to attract the infiltration of the surrounding immune cells toward it. Myeloid cells (especially macrophages and neutrophils) follow and promote liver inflammation as well as the incidence of alcoholic liver fibrosis and cirrhosis (16). Cirrhosis ratio was enriched in throng with added alcohol consumption and is higher in people with AH. About 3–12% of patients with AH progress to cirrhosis yearly (1). Data from 2009 to 2016 in the United States show that people in the 25–34 age group experienced the highest annual increase in liver cirrhosis-related mortality, driven entirely by ALD (17). Roughly 75% of ALD patients were currently diagnosed after decompensated cirrhosis, which disqualified them from the first-rank pharmaceutical treatment for alcohol use disorders (18). Emerging reports expounded multifarious omics and biomarkers for ALD diagnosis gradually (19, 20). Niu et al. established a machine learning model based on proteomics, constructed a diagnostic model superior to the existing clinical analysis, and discovered novel circulating protein markers on the basis of confirming the previous diagnostic markers, which provided potential protein targets with diagnostic, prognostic, and therapeutic value for ALD (21). Currently, the treatment of ALD still mainly relies on abstinence and nutritional support but also affected by the lack of advanced and effective therapeutic breakthroughs (22). Divertingly, based on the inherent ability of KCs to absorb most nanomaterials efficiently and non-specifically and the importance of KCs in the process of ALD, it may be possible to target myeloid cells, especially KCs, in the treatment of ALD by nano-drugs. Similarly, the therapeutic effect of liver macrophage-targeted nanoparticles in the NASH model has also been effectively confirmed recently (23).



Myeloid cells

Myeloid cells have been diffusely discussed in liver diseases and are involved in the occurrence and development of ALD to varying degrees. The myeloid population is capable of recognizing, ingesting, and degrading cellular debris, foreign bodies, or pathogens as the first preventer to antagonize infection (24). Their studies in the liver tend to focus on macrophages, monocytes, granulocytes, and dendritic cells (DCs). Based on our forepassed research, this paper focuses on the mononuclear system, inherent KCs, and neutrophils, besides their mechanisms and frontier orientations in ALD and cirrhosis.



Neutrophils

Neutrophils (the most enriched granulocytes) are first-line responders to inflammation and infection and can attack and eliminate invasive microbes by phagocytosis, which play a vital role in immune and inflammatory reaction (25). During liver infection and damage, neutrophils patrolling the hepatic sinusoids are rapidly recruited to the site of injury through diversified means, including phagocytosis, ROS generation, degranulation, cytokine and chemokine production, and neutrophil extracellular trap promotion to clear the pathogens and maintain tissue homeostasis (26).

There is growing evidence that the quantity of hepatic neutrophils is related to the ponderance of ALD (27, 28). CXCL1 is a key factor leading to neutrophil infiltration during alcoholic liver injury. It is eminently raised in the liver of patients with AH; besides this, its corresponding receptor CXCR2 is also highly expressed in neutrophils, which, in turn, induces neutrophil infiltration (29). Lipocalin (LCN2)—also called neutrophil gelatinase-associated lipocalin—is a secretory glycoprotein primarily localized to neutrophils, which participates in innate immunity. The expression of LCN2 is increased in humans and mice with alcoholic liver disease. More importantly, LCN2-/- mice possessed lessened neutrophil permeation, liver injury, and hepatic steatosis in contrast to wild-type controls. Furthermore, antibody-mediated LCN2 blockade was also protective to confront with alcohol-induced liver injury, suggesting that LCN2 may be an underlying therapeutic target in ALD (30, 31).

Sirtuin1 (SIRT1), an NAD+-dependent histone deacetylase, is concerned with the regulation of senium. Neutrophilic SIRT1 expression is reduced in patients with acute alcohol consumption, and the deficiency of SIRT1 gene in myeloid cells accelerates liver injury and inflammation caused by ethanol and downregulates the neutrophil miR-223 level, leading to increased secretion of IL1β, TNFα, CXCL1, and ROS (32). Notably, miR-223 exerts a protective role in diversiform liver inflammatory diseases as one of the amplest miRNAs in neutrophils. Especially in ALD, miR-223 can reduce ROS production in neutrophils by directly inhibiting IL-6 expression and inhibiting the expression of phagocytosis oxidase (phox) p47phox (33). Interestingly, a recent study found that neutrophils can also interact with bile duct cells in patients with AH. Specifically, cell adhesion molecules on neutrophils bind to ITGB1 in cholangiocytes, triggering RAC1-induced JNK activation and resulting in c-JUN-mediated reduction of ITPR3 in cholangiocytes, thereby exacerbating bile in patients with alcoholic hepatitis siltation (34).

Axel Périanin et al. report that the reduced neutrophil peroxidase liberates, and bactericidal activity observed in patients with decompensated alcoholic cirrhosis is mainly correlated with impaired activation of AKT, p38-MAP-kinase and ERK1/2 signaling, NOX2 degradation, and lack of mTOR-dependent translation mechanisms on neutrophils (35). Although some studies have demonstrated the negative role of neutrophils in AH, many challenges remain in targeting neutrophils as therapeutic targets for ALD considering the complex functions and regulatory mechanisms of neutrophils.



Macrophages

Hepatic macrophages are universally composed of tissue-resident macrophages and infiltrating macrophages (36, 37). Macrophages are usually present in the liver sinusoids, and when a liver infection occurs, macrophages infiltrate the liver in large numbers. Contraposing to capture hepatic macrophages, liver CD45+ cells were selected by fluorescence-activated cell sorting, in which F4/80hiCD11bint cells were derived from resident KCs and macrophages, whereas F4/80intCD11bhi cells were identified as infiltrating monocytes (38). Infiltrating monocytes give rise to two macrophage subtypes, including Ly6Clo-derived monocytes with anti-inflammatory and protective phenotypes and Ly6Chi-derived monocytes exhibiting pro-inflammatory and tissue-damaging phenotypes. The increase of Ly6Clo/Ly6Chi cell ratio was considered to antagonize alcohol-induced liver injury in Gao-binge-fed mice (39). Macrophages are also plastic cells that can change their phenotype into pro-inflammatory cells (M1-like macrophages) or anti-inflammatory cells (M2-like macrophages) in response to a different signaling phage (40). Confrontationally, the IL10 released by M2 KCs promoted the death of M1 KCs and protected the liver injury of mice exposed to alcohol (41). Otherwise, the phagocytosis of macrophages, especially KCs, is a vital part of liver ecology in situ. A proximate study has found that the repair of phagocytosis of macrophages also contributes to resist alcoholic liver injury (42). Until now, numerous studies have increasingly shown the vital function of macrophages in hepatic steatosis, injury, inflammation, fibrosis, and cirrhosis.

Gyongyi Szabo et al. reported enhancive macrophages and an increased expression of chemokine receptors (CCR2 and CCR5) in the liver of patients with ALD, with corresponding increases in circulating chemokine CCL2 and CCL5 levels. Importantly, disposing with the dual CCR2/5 inhibitor cenicriviroc significantly reduced the increase in infiltrating macrophages and production of pro-inflammatory macrophages of the liver in alcohol-fed mice (43). In addition, studies have shown that the heat shock protein 96 (GP96) is extremely expressed in human and mouse ALD liver. Compared with WT mice, alcohol-fed GP96KO mice had significantly reduced extents of steatosis, serum endotoxins, and pro-inflammatory cytokines. In vitro, the pharmacological inhibition of GP96 or knockdown of small interfering RNA attenuated the inflammatory response of primary macrophages, suggesting that the targeted inhibition of GP96 may be a promising macrophage-based therapy for ALD (44).

Extracellular vesicles (EVs) may also mediate macrophage infiltration and activation during ALD—for example, it has been shown that ALD mice have increased total circulating EVs and that ALD-EVs can cause changes in hepatocyte function and a pro-inflammatory macrophage phenotype in naive recipient mice after injection by binding to Hsp90 (45). Furthermore, a study showed that alcohol treatment resulted in the production of mtdsRNA-rich exosomes in human and mouse hepatocytes, which were transported to adjacent KCs, resulting in TLR3 activation and IL-1β production by KCs. The subsequent activation of KCs further promoted the recruitment of γδ T cells and the level of IL-17A in the inchoate stages of ALD (46).

Our recent study found that TLR2 and TLR3 deficiency ameliorated and exacerbated alcoholic liver injury, respectively, and importantly, we found that gallocatechin gallate can directly interact with TLR2/3 in KCs to induce the production of IL-10 to regulate the progression of ALD through NF-κB signal, suggesting an innovative strategy for the treatment of ALD (47).

Moreover, according to single-cell sequencing and RNA-seq data from Adam Kim and Argemi et al., we recovered the changes of Mp1-Mp5 (LYZ+MARCO-) and non-inflammatory macrophages (MARCO+) in normal subjects, early alcohol-associated hepatitis, sAH with emergency liver transplants, and severe alcohol-associated hepatitis (8) (Figure 1A). Distinct macrophage subtypes from the liver in situ and in circulation have been described to perform different cell proportions with the evolution of ALD, indicating the research-based significance for disparate myeloid subtypes.




Figure 1 | Identification of myeloid landscape in human alcoholic liver disease (ALD) and liver cirrhosis. (A) Changes of macrophages in the progression of ALD come from the mapping of single-cell sequencing data to RNA-seq. (B) Clustering 12382 cells from two cirrhotic human livers caused by alcohol and cell lineage as inferred from expression of marker gene signatures. ILC, innate lymphoid cell; pDC, plasmacytoid dendritic cell. (C) Heat map: cell types and marker genes. (D) Expression of LYZ and C1QC mRNA. (E) Myeloid cells were isolated from (B) and re-clustered with Seurat_4.1.0. (F) Heat map: myeloid cell types and marker genes. (G) The proportion of myeloid cells among normal patients and liver cirrhosis caused by alcohol, non-alcoholic fatty liver disease, and primary biliary cirrhosis. (H) Percentages of myeloid subpopulations in five healthy versus two cirrhotic livers, with a significant difference in the proportion of TMo2, scar-associated macrophages, KC2, and cDC1 between the two groups (t-test).





Dendritic cells

DCs are capable of ingesting and processing antigens and expressing MHC molecules, which subsequently migrate to lymphoid organs to mediate the activation of naive T cells and secrete cytokines to initiate adaptive immunity and are powerful antigen-presenting cells (48). Classical DCs comprise two subtypes: type 1 cDCs (interacting with CD8+ T cells primarily via MHC-I) and type 2 cDCs (cDC2s) (presenting MHC-II-bound antigens to CD4+ T cells) (48). The function of DCs in hepatic steatosis, inflammation, and fibrosis remains controversial. In a thioacetamide- and leptin-induced liver fibrosis model, DCs activated hepatic stellate cells, NKT cells, and T cells by producing TNF-α, thus promoting the progression of liver fibrosis (36). However, although DCs promoted the mild activation of hepatic stellate cells, the depletion of DCs did not impact how liver fibrosis evolved in the carbon tetrachloride-induced liver fibrosis model (37).

The impact of alcohol intake on dendritic cell function has been of interest for nearly 20 years, but not much attention has been highlighted on the effect of DCs in the liver. In 2006, AH Lau et al. first reported that alcohol treatment impaired DC cell differentiation and function within the liver in in vitro experiments. However, in vivo, liver DCs were significantly less affected than spleen DCs after alcohol diet feeding in C57BL/6 mice (49). Earlier, Thomson et al. indicated that chronic ethanol intake impacts the in vivo migration of hepatic DCs to secondary lymphoid tissues (50). Comparatively interesting is a recent study by Alharshawi et al. They expounded that 12 weeks of alcohol consumption increased the hepatic plasmacytoid dendritic cells in female mice and that this increase was sex and organ specific. Furthermore, the mRNA expression level of CCR2 in the liver pDCs of female mice was significantly increased, and CCR2 controlled the pDC egress from the bone marrow at steady state and upon alcohol exposure, but not liver pDC recruitment (51). These studies suggest that DCs act as a momentous part in the progression of ALD and may be able to explain, to some extent, the population heterogeneity in the effect of alcohol intake on the liver.



Vista

Although the subject of this review highlights myeloid cells, the liver serves as a complex multi-functional organ and constitutes a variety of cells from endoderm and mesoderm, including parenchyma cells and non-parenchyma cells. In disparate physiological and pathological conditions, including natural development, metabolism, aging, acute and chronic inflammation, scar formation, and other courses, myeloid cells showed different functions, accompanied by changes in cell interaction. The single co-culture experiment in liver research still has application defects in spatial and temporal backgrounds. With the progress of technology, organoids research is gradually emerging, which contains a variety of cell types to better simulate organ surroundings. Wang et al. established a novel model for the study of alcoholic liver disease through expandable hepatic organoids derived from human ESC, and Guan et al. used a human multi-lineage hepatic organoid model for the study of liver fibrosis (52, 53). Nevertheless, these studies were largely based on parenchymal cells, which would assuredly lead to a mature direction of organoid for myeloid cells in the liver.

Different from whole-tissue RNA sequencing analysis, scRNA-seq, spatial transcriptomics, and emerging single-cell multimodal omics endowed the study of transcriptional activity at the single-cell or spatial level, further broadening our understanding of tissue–cell interaction in situ—for example, under physiological conditions, scRNA-seq analyzed the livers of mice at 1, 3, 7, 21, and 56 days after birth and identified myeloid cell subsets at different time points, including a unique source of Dcn+ Mac from day 7 (11). At these periods, there was a stable Wnt signal in the interaction between KCs and hepatocytes, but a unique NOV-NOTCH1 signal interaction was produced in D7. We used GSE136103 (2 × NAFLD, 2 × ALD, and 1 × PBC) to reconstruct the single-cell landscape of two alcoholic liver cirrhosis samples and annotated the liver CD45- and CD45+ cells as well as the types of myeloid cells according to the method provided by P Ramachandran et al. (9) (Figures 1B–H). Prominent differences in myeloid cells such as tissue monocytes (TMo), scar-associated macrophages, KCs, and DCs were observed between cirrhotic patients and normal controls. Interestingly, alcoholic cirrhosis showed a different proportion of myeloid subsets from other disease states, showing more cDC2 and TMo3 and less TMo1 (Figure 1G). It presumed that myeloid subtypes may come into a different play, manifesting the value of exploration on myeloid subtypes in alcoholic liver cirrhosis or other liver diseases extended. Another scRNA-seq study found that the proportion and absolute number of Mp1–Mp5 and non-inflammatory macrophages in the peripheral blood of patients with sAH increased to varying degrees, although the article did not probe into the heterogeneity between these myeloid subtypes (8). Differently from the single cell study of alcoholic liver diseases, in livers of mice and human with NASH, researchers combined single-cell CITEseq, single-nuclei sequencing, spatial transcriptomics, and spatial proteomics to identify and locate lipid-associated macrophages derived from bile ducts and to determine the key axis in the development of KCs (10). Until now, there is no study pertaining to single-cell multimodal omics in ALD and cirrhosis ever yet, especially the role of rare myeloid-derived subtypes. This may be due to the limitations of technology and computing, the complexity of data integration, the high cost of application, and so on. The application of single-cell multi-group technology in more groups of layers requires methods that can integrate three or more types of data to effectively characterize the regulatory relationship between different groups of layers.

The study of myeloid subtypes possesses instructive significance in deciphering the involute immune environment and cellular interaction in the liver (Figure 2).




Figure 2 | Mechanism and prospect of myeloid cells in alcoholic liver disease.
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The liver is a site of complex immune activity. The hepatic immune system tolerates harmless immunogenic loads in homeostasis status, shelters liver function, while maintaining vigilance against possible infectious agents or tissue damage and providing immune surveillance at the same time. Activation of the hepatic immunity is initiated by a diverse repertoire of hepatic resident immune cells as well as non-hematopoietic cells, which can sense “danger signals” and trigger robust immune response. Factors that mediate the regulation of hepatic immunity are elicited not only in liver, but also in other organs, given the dual blood supply of the liver via both portal vein blood and arterial blood. Emerging evidence indicates that inter-organ crosstalk between the liver and other organs such as spleen, gut, lung, adipose tissue, and brain is involved in the pathogenesis of liver diseases. In this review, we present the features of hepatic immune regulation, with particular attention to the correlation with factors from extrahepatic organ. We describe the mechanisms by which other organs establish an immune association with the liver and then modulate the hepatic immune response. We discuss their roles and distinct mechanisms in liver homeostasis and pathological conditions from the cellular and molecular perspective, highlighting their potential for liver disease intervention. Moreover, we review the available animal models and methods for revealing the regulatory mechanisms of these extrahepatic factors. With the increasing understanding of the mechanisms by which extrahepatic factors regulate liver immunity, we believe that this will provide promising targets for liver disease therapy.
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Introduction

The liver is the largest organ engaged in metabolic, nutrient storage and detoxification activities, but has increasingly been recognized as a unique immune organ with its own immune features. Since the dual blood supply of portal venous and systemic blood transport a large number of foreign but harmless molecules, the liver immune cells are largely in an activated state due to continuous exposure to low concentrations of antigens, and the default immune status of the liver is anti-inflammatory or immune-tolerant (1–4). Generally, the hepatic immune system tolerates harmless molecules under healthy condition. In face of immune activation challenge posed by pathogens or tissue damage, however, the liver could mount rapid and robust immune response and attempt to resolve inflammation to maintain liver homeostasis. Otherwise, failure to clear ‘dangerous’ stimuli or appropriately regulate activated immune mechanisms can lead to chronic and pathological inflammation (5–8). Maintenance of liver function requires a balance between immunity and tolerance, therefore, appropriate regulation of the complex hepatic immune activities is necessary.

Chronic liver disease is generally a multi-stage, multi-hit process; it is therefore not surprising that multiple cells within the liver contribute to the immune regulation during disease progression. Active modulation of immune responses in the liver could stem from its unique microenvironment including certain cell types like resident immune cells (9–13), hepatocytes (14), hepatic stellate cells (HSCs) (15) and liver sinusoidal endothelial cells (LSECs) (16, 17). In addition to complications relating to the liver, patients with chronic liver disease also develop concomitant extrahepatic functional disturbances of multiple organ systems (18–20), which in turn affect the progression of liver disease. Given this, the contribution of signals outside the liver to the ‘balance control’ of hepatic immune calls for meticulous exploration. In this review, we briefly describe the changes in hepatic immune status from homeostasis to disease, as well as the cellular, molecular and neural factors that mediate these changes. From the perspective of organ-organ communication, we elaborate on the effects of other organs on hepatic immune regulation and liver disease progression, and discuss the available animal models and methods for revealing the regulatory mechanisms of the extrahepatic factors.



Hepatic immunity and its regulation

The liver has its special intraparenchymal vascular conduits named hepatic sinusoid. The hepatic sinusoids involve multiple and disparate cell types: LSECs form the walls, HSCs harbor in the Space of Disse between the sinusoidal wall and the adjacent hepatocytes, and various immune cells locate within the sinusoid (21). All these cells play active roles in regulating the hepatic immune. The liver is considered a unique immunological organ for its predominant innate immune role, as it contains an unusually large number of innate immune cells, including myeloid cells like macrophages, dendritic cells (DCs), innate lymphocytes like natural killer (NK) cells, innate lymphoid cells (ILCs), and innate-like T lymphocytes like NKT cells, and γδ T cells (22). Of course, the adaptive immune cells (T and B cells) also count in the hepatic immunity (23). Here, we outline the hepatic immune state in homeostasis and their alterations upon activation, and summarize the mechanisms underlying the alterations.


Orchestrated tolerant hepatic homeostasis during healthy state

Hepatic resident immune cells together with non-hematopoietic cell populations maintain hepatic immune tolerance during healthy state. The liver resident macrophages, Kupffer cells (KCs), play a key role by producing anti-inflammatory mediators such as IL-10 and prostaglandins (24, 25), and downregulating expression of co-stimulatory molecules to limit the adaptive immune response (26). Hepatic resident DCs appear phenotypically immature and are less potent activators of T cells, and shown to produce significantly more IL-10 compared with peripheral derived myeloid DCs (27). Non-hematopoietic cells such as LSECs, HSCs and hepatocytes possess the ability to directly present antigen to T cells, but their presentation of antigens in the liver biases T cells towards tolerance for their lack of co-stimulatory molecules (e.g., driving naïve CD4+ T cells differentiation to regulatory T cells rather than to T helper cells) (28–31). Meanwhile, LSECs and hepatocytes constitutively express IL-10 and TGF-β (32, 33). Besides, the healthy liver also has basal expression of pro-inflammatory cytokines (including IL-2, IL-7, IL-12, IL-15 and IFN-γ). The complex cytokine milieu helps orchestrate the homeostasis (34).



Activated hepatic immunity upon challenge

Once the hepatic homeostasis sheltered by local and systemic tolerance is disrupted, the innate immune system is first activated, driving the full development of inflammatory hepatocellular injury. Depending on the underlying liver disease, such as viral hepatitis, autoimmune hepatitis, cholestasis, liver ischemia reperfusion or metabolic associated steatohepatitis, various triggers mediate immune-cell activation. The initiative inflammatory activation of HSCs and KCs results in the chemokine-mediated infiltration of monocytes (35), neutrophils (36), NK and NKT cells (37). KCs and the recruited monocyte-derived macrophages (MoMFs), as key cellular components of the liver, adapt their phenotype to local signaling, taking an active part in either inflammation or the subsequent resolution (38, 39). The ultimate outcome of the intrahepatic immune response depends largely on the functional diversity of macrophages. Innate lymphocytes like NK and NKT cells are another source of immune-regulatory cytokines in diseased livers, contributing to the elimination of activated myofibroblasts and infected or injured cells (40). These disease conditions are also closely linked to T cell immunity, in which the heterogeneous pool of hepatic T cells is activated upon shifting to inflammation (41, 42), Th1 and Th17 responses are induced, resulting in the secretion of immune-stimulatory cytokine as well as direct cytopathic function (43). A systematic understanding of the initiation and regulation of the activated hepatic immune regulation is critical for the development of liver disease therapy strategies based on intervention of hepatic immunity.



Hepatic immune regulation

Mechanisms of hepatic immune regulation involves cell activation, molecule interaction and neural signal transmission. At the cellular level, most types of liver ‘insults’ damage epithelial cells, leading to the release of inflammatory mediators and the initiation of inflammatory cascade. In response to these inflammatory signals, KCs are first activated (44), releasing pro-inflammatory mediators that lead to the recruitment of circulatory-derived immune cells into the inflamed liver (45). MoMFs, as the primary leukocytes being recruited, could further recruit T cells and neutrophils to promote fibrosis by generating pro-inflammatory cytokines (e.g., TNF-α, IL-6, and IL-1β), and secreting pro-inflammatory chemokines (e.g., CCL2, CCL5, and CXCL2), thus further amplifying the inflammatory response (46–48). Also, the behavior of MoMFs themselves is regulated by the complex hepatic microenvironment. Emerging understandings of hepatic macrophage heterogeneity identify a group of CD11bhiF4/80intLY6Clow restorative macrophage as a phenotypical switch subpopulation derived from the pro-inflammatory LY6Chi subset, contributing to inflammation resolution (49). Another important myeloid cells, DCs, exert their role in hepatic immune regulation by forming a bridge between the innate and the adaptive immune system (50). Although T cells are also activated during hepatic inflammation, the mechanisms of their activation and “shift” (to Th1 and Th17) are not fully elucidated, which might require further analysis of the interaction between hepatic DCs and T cells.

Molecularly, pathogen-associated molecular patterns (PAMPs) and danger/death-associated molecular patterns (DAMPs) are the most famous “danger signals”. PAMPs are conserved structures vital to pathogens, presenting in microbes and absent in eukaryotes (51, 52). DAMPs represent damaged cells of the host which are a threat to self (53). PAMPs and DAMPs initiate the immune response via pattern recognition receptors (PRRs), which are present in immune cells, as well as in LSECs and HSCs (51, 54, 55). The recognition of pathogen molecules by PRRs would lead to activation of the complement cascade, cytokines, antimicrobial peptides and antigen-presenting cells, resulting in a complex interplay of pro- and anti-inflammatory responses and immunogenic and suppressive responses in the host (53, 56). Among PRRs, Toll-like receptors (TLRs) are most extensively studied, responding to most DAMPs and PAMPs, and have a major influence in liver diseases (57). Nucleotide binding oligomerization domain-like receptors (NLRs) represent another subtype of PRRs, for example, NLPR3 is one of the NLRs expressed on inflammasome (44). Inflammasomes are intracellular multiprotein complexes that sense intracellular danger signals including DAMPs, PAMPs, and ROS, and the activation of inflammasomes triggers a pro-inflammatory response commonly associated with caspase-1 activation followed by activated secretion of IL-1β and IL-18 (58). In addition to serving as an important mechanism for macrophage activation signal transduction, inflammasome hyperactivation can also result in hepatocyte pyroptosis, a specific form of cell death, leading to increased liver inflammation and fibrosis development in mice (59). Besides, exosomes have also been identified to play important roles in hepatic immune regulation by mediating the intrahepatic cell-cell communication and transmission of information from other organs to the liver (60).

Furthermore, the liver is innervated by both the sympathetic and the parasympathetic nerve systems. These nerves are derived from the splanchnic and vagal nerves that surround the portal vein, hepatic artery, and bile duct. The nervous system and the immune system communicate in response to pathogen invasion, tissue injury, and other “insults” (61). Intrahepatic efferent nerves endings containing catecholaminergic (releasing neurotransmitters like epinephrine and norepinephrine), cholinergic (releasing neurotransmitter acetylcholine) nerves terminate at the Space of Disse (62, 63), and trigger responsiveness in effector cells. Findings in preclinical conditions have indicated the use of vagus nerve stimulation and acetylcholine (Ach) receptor agonists and centrally acting AchE inhibitors as therapies for liver inflammatory diseases. The exact mechanisms of hepatic nervous system regulating the function of hepatic immune cells and secretion of effector factors remain to be further studied.




Extrahepatic factors and hepatic immune regulation

Hepatic immunity is a complex and adaptable process, which is flexibly regulated by the changing hepatic responses in homeostasis and various disease states. In addition to complications relating to the liver, patients with liver disease often develop concomitant extrahepatic functional disturbances of multiple organ systems; and the liver itself also intensively participates in the acute phase reaction in response to inflammation that occurs in other organs. There have been clues of the liver communicating with other organs through molecular and cellular mediators and the nervous system, but how these extrahepatic factors are involved in hepatic immune regulation is incompletely understood. Below, we discuss in detail the various ways in which other organs regulate hepatic immunity (Figure 1).




Figure 1 | Mechanisms of extrahepatic factors regulating hepatic immunity. Extrahepatic factors in hepatic immune regulation. (A) Spleen and hepatic immune regulation. The spleen exerts its role in hepatic immune regulation by affecting the composition of both innate and adaptive immune cells. Spleen-derived Lcn-2 suppresses macrophage­ mediated HSC activation. (B) Gut and hepatic immune regulation. Intestinal microbiota and their byproducts (including PAMPs, DAPMs, and metabolites) could be translocated to the liver to active hepatic immune cells and promote the secretion of pro-inflammatory cytokines. Active lymphocytes could also be recruited from the gut into liver to modulate hepatic immunity. (C) Lung and hepatic immune regulation. Hepatic acute phase response is induced by the crosstalk between lung and liver communication, and pro-inflammatory cytokine like TNF-a acts as "shuttle" factor in modulating the lung-liver axis. (D) Adipose tissue and hepatic immune regulation. Adipose tissue-derived pro­inflammatory cytokines, adipokines, and exosomes modulate hepatic immunity by activating hepatic immune cells and promoting the secretion of pro-inflammatory cytokines. Adipose tissue macrophages are activated and migrate to the diseased liver. (E) Brain and hepatic immune regulation. The hepatic inflammatory signals are transmitted and integrated in the CNS, and then descend via sympathetic and efferent vagus nerve fibers, releasing catecholamine and acetylcholine through hepatic nerve endings and modulating the liver immune response. Lcn-2, lipocalin-2; HSC, hepatic stellate cell; PAMP, pathogen­ associated molecular pattern; DAMP, danger/death-associated molecular pattern; CNS, central nervous system; KC, Kupffer cell; NKT, natural killer T cell.




Spleen and hepatic immune regulation

The spleen is the largest immune organ and plays a critical role in the production of various immune cells and numerous cytokines. Compared with other tissues and organs, the spleen is more closely linked with the liver in anatomical structure and function, all spleen blood flows into liver through the portal vein, which facilitates transportation of immune mediators such as immune cells and cytokines into the liver. In chronic liver diseases, splenomegaly and hypersplenism are always manifested following the development of portal hypertension. Splenectomy has been reported to have a role of ameliorating patients’ condition or suppressing liver fibrosis in clinical condition (64–66). Moreover, a large number of studies have shown that the abnormal spleen is involved in the modulation of hepatic immunity, and the role of the so-called “liver-spleen axis” is gaining increasing attention in liver diseases (67–69).


Spleen-mediated hepatic immune cell alteration

The spleen exerts its role in hepatic immune regulation by affecting the composition of both innate and adaptive immune cells in liver (Table 1). For innate immune cells, the spleen serves as a reservoir of monocytes, contributing to the heterogeneity of hepatic macrophages which are indispensable for rapid responses to liver injury (81). In mice with diet-induced NAFLD, macrophages produced increased inflammatory cytokines like TNF-α and IL-6 (M1-type) were increased, but macrophages mainly secreting the anti-inflammatory IL-10 were unchanged (70, 82). The increased hepatic macrophages during the progression of NAFLD was indicated to migrate from BM to liver via the spleen (70). The similar M1 dominant phenotype was also observed in a CCl4-induced rat liver fibrosis model. In this model, the increased monocyte recruitment and the establishment of an M1-dominant hepatic macrophage phenotype was facilitated by up-regulated secretion of hepatic CCL2, which was prompted by splenic macrophages (71). In another TAA-induced liver fibrosis model, splenectomy attenuated murine liver fibrosis with hypersplenism and stimulated accumulation of Ly-6Clo macrophages in the liver (83). Our previous study in a chronic restraint stress prompted hepatocellular carcinoma mice model also found that splenectomy could inhibit tumor growth and prevent the increase of macrophage in tumor tissues (72). Clinically, patients suffered with liver cancer showed improved prognosis upon splenectomy, but this is only viable in the subgroup with an increased neutrophil-lymphocyte ratio (NLR) and increased infiltration of CD163+ tumor associated macrophages (TAMs) in the tumor stroma (84), indicating the crucial role of spleen-derived macrophages in tumor progression.


Table 1 | Immune cells migrating from extrahepatic organs to the liver.



As for hepatic adaptive immune cells, their composition can also be altered by the spleen. In a CCl4-induced liver fibrosis mice model, researchers found that splenectomy biased the Th1/Th2 balance in the liver towards Th1 dominance. Upon the transplantation of labelled splenocytes into the spleens of syngeneic wild-type mice, labelled CD4+ lymphocytes appeared in the liver after fibrosis induction, among which the vast majority were Th2 lymphocytes (73). That is, Th2-dominant splenic lymphocytes were recruited to the liver and promoted liver fibrosis by transforming the cytokine balance into Th2 dominance, and splenectomy suppressed the progression of fibrosis at least partly by restoring the Th1/Th2 balance. In the Schistosoma japonicum infection caused liver fibrosis model, dynamic changes of lymphocyte populations in the spleen and concurrent upregulation of chemokines and cell adhesion molecules in the liver also suggested a recruitment of active immune cells from spleen to the liver (74), among which CXCR3+ Tregs were supposed to occupy a considerable proportion of the lymphocytes that migrate from spleen to Th1-infiltrated liver tissues to regulate liver fibrosis (75).

To date, the role of spleen in affecting the composition of hepatic immune cell composition have been well acknowledged, however, these conclusions are mostly based on splenectomy. We have limited information about whether splenic immune cells are directly recruited to the liver, and whether the spleen delivers specific subtypes of immune cells to liver at different stages of liver disease progression. In addition, it is also worth investigating whether and how the diseased liver regulates the composition of splenic immune cells. A better understanding of these issues is crucial to delineate spleen-mediated hepatic immune regulation and lay a foundation for developing novel strategies for liver disease immunotherapy.



Spleen-derived factors mediated hepatic immune regulation

Lipocalin-2 (Lcn2) is an antimicrobial protein that regulates macrophage activation. Significant increase of splenic Lcn2 was detected in mice with liver fibrosis, but levels of all other measured cytokines were unchanged. The splenectomy mice showed enhanced liver fibrosis and inflammation, accompanying significantly decreased Lcn2 in portal vein. Upon treatment with recombinant Lcn2 in vitro, LPS-stimulated primary KCs produced less TNF-α and CCL2, and the activation of HSCs was suppressed by co-culture with rLcn2-treated KCs. The mechanism of splenic protection against liver fibrosis development may involve the splenic Lcn2. The splenic Lcn2 might have an important role in regulating hepatic immune tolerance during the development of liver fibrosis (85). The liver has an extraordinary capacity to regenerate upon various injuries (86). Several experimental studies have demonstrated that removal of the spleen accelerates liver regeneration and inhibits the development of liver fibrosis  (71, 87–89), indicating a certain role of the spleen in liver regeneration. TGF-β is recognized as the critical factor in the performance of spleen to inhibit liver regeneration in both the thioacetamide-induced liver fibrosis rat model (90) and the partial hepatectomy rat model (91). Upon injury, the liver goes through a process from initiation and proliferation to resolution and repair. These results suggest that the spleen might also plays a role in the resolution and repair of fibrotic liver.




Gut and hepatic immune regulation

Close anatomical and physiologic connections exist between the gut and liver. These two organs are linked through the portal circulation, and the liver receives 70% of its blood supply from the intestine through the portal vein. Therefore, the liver acts as the first line of defense against gut-derived antigens, and one of the most exposed organs to gut-derived toxic factors, such as bacteria and bacterial byproducts (92). Besides, the gut and liver also communicate through biliary tract and systemic circulation, the bidirectional crosstalk facilitates the formation of gut-liver axis.

The gut microbiota consists of various microorganisms that normally coexist in the gut and have a role of maintaining the homeostasis of the host. A shift in gut microbiota composition can lead to activation of the mucosal immune response, causing homeostasis imbalance. This imbalance results in the translocation of metabolites and components derived from the gut microbiota, and also leads to the transport of active immune cells to the liver, thus inducing pathologic effects in the liver (8, 93). Clinical observations and animal experimental studies reveal that the gut barrier damage seldom leads to liver injury independently but aggravates pre-existing liver diseases, and the circulatory homeostasis is largely intact in patients with early cirrhosis and portal hypertension (94). With the progression of liver fibrosis, regardless of the cause, pathophysiology extends to the intestinal tract with increased intestinal permeability and overgrowth of gut microbiota. The microbiota and their byproducts could then enter the liver through the portal vein, causing inflammation and damage in the liver (95–100). Extra evidence of this process is provided by transplantation of intestinal microbiota from humans with acute alcoholic hepatitis into germ-free and conventionally housed mice (101, 102). Intestinal microbiota entering the liver regulates hepatic immunity via several mechanisms.


Intestinal microbiota and their byproducts activate hepatic immune cell response

The signature and role of gut microbiota in different liver diseases has been reviewed elsewhere (103). Here we emphasize its role in hepatic immune regulation and attempt to disclose the mechanism of its influence on liver disease progression from the perspective of immunity.

In a ConA-induced hepatitis model, ConA treatment failed to activate hepatic NKT cells in germ-free mice, but supplementation with killed intestinal bacteria facilitate NKT cell activation (104). Also, another study with mice transplanted with gut microbiota from a patient with severe ALD found that the mice developed more severe liver inflammation with increased NKT cells (101). Growing evidence suggests that γδ T cells expand in response to invading bacterial pathogens and modulate tissue injuries (105, 106). As the major producers of IL-17A, the production of IL-17A by hepatic γδ T cells was found modulated by the commensal bacterial load (107). Both NKT and γδ T cells are innate lymphocytes enriched in the liver (108). That is, gut-derived microbiota activate innate lymphocytes in the liver, although the mechanism is unclear.

PAMPs, conserved structures vital to microbiota, are one of the main mechanisms of microbiota to activate hepatic immunity. Once gut-derived PAMPs enter the liver through the portal vein, they can activate cells expressing PRRs (e.g., TLRs, NLRs) and induce inflammation (109). Examples of relevant gut-derived PAMPs include LPS, lipoteichoic acid (LTA), and β-glucan (110). LPS is one of the most well-known components of gram‐negative bacteria, and activates hepatic macrophages through interaction with TLR4 (103, 111). Indeed, in NAFLD patients, LPS-induced activation of liver macrophages is associated with inflammation and fibrosis, TLR4 knockout attenuates experimental NASH (112). LTA is a gram-positive microbial component, functions through up-regulating the expression of cyclooxygenase-2 (COX-2), and COX-2-mediated prostaglandin E2 (PGE2) production suppresses antitumor immunity, thereby contributing to the immunosuppressed hepatic microenvironment (93). 1,3-β-glucan, from the overgrowth of fungi, on the one hand binds to the C-type lectin domain family 7 member A (CLEC7A) of KCs and possibly other bone marrow–derived cells and promotes liver inflammation, on the another hand increases PGE2 production in the liver (113, 114). DAMPs, another famous “danger signal”, have also been identified deriving from the intestine and triggering immune response in the liver. In the ASC−/- mice on a high-fat diet (HFD), Chen and colleagues (115) identified a DAMP molecule high-mobility group protein B1 (HMGB1) as a “cargo” transported by exosomes from the intestine to the liver, triggering hepatic steatosis. Recently, injection of intestinal exosomes from ischemia/reperfusion (I/R) mice to healthy mice was also shown able to cause macrophage infiltration, M1 polarization, and liver inflammation in mice (116).

In addition, metabolites derived from the gut microbiota also play roles in hepatic immune regulation. BAs (bile acids) represent one of the classic components that function in the gut-liver axis. BAs including chenodeoxycholic acid and deoxycholic acid (DCA), could upregulate NLRP3 in hepatic macrophages, contributing to cholestatic liver diseases (117). Another important component, D-lactate, could protect against pathogen dissemination by upregulating the phagocytic capability of KCs, thereby generating an intravascular immune firewall (118).



Intestinal microbiota and their byproducts shape hepatic immune milieu

The gut microbiota also shape the hepatic immune milieu by regulating inflammatory cytokines (119–121). In the alcohol-related liver disease (ALD) model, LPS-TLR4 signal in macrophages was delivered by the recruitment of adapter molecules, such as MyD88 and TRIF (122). MyD88-mediated NF-κB activation produced pro-inflammatory cytokines (e.g., TNF-α, IL-6, and IL-1β) and chemokine CCL2, whereas the TRIF pathway induced the production of type-I interferons (123, 124). In murine liver fibrosis, translocation of gut microbiota induced tonic type I IFN expression in the liver, and then conditioned liver myeloid cells to produce high concentrations of IFN in response to intracellular infection with bacteria. Such IFN-receptor signaling also caused myeloid cell IL-10 production that corrupted antibacterial immunity, leading to loss of infection control and to infection-associated mortality (125). The prominent liver IFN signature and myeloid cells with increased IL-10 production after bacterial infection was also found in patients with liver cirrhosis. The augmented IFN and IL-10 expression incapacitated antibacterial immunity of myeloid cells and caused failure to control bacterial infection in severe liver fibrosis and cirrhosis (126–128). HSCs could also response to LPS by releasing pro-inflammatory cytokines (e.g., TNF-α, IL-6, and IL-8) and chemokines (e.g., CCL2, CCL5) and gained expression of adhesion molecules (55, 124). In addition to the TLRs, LPS can also activate inflammasomes by binding to NLRs, which leads to increased release of IL-1β and IL-18 (129, 130). These studies depicted changes in cytokine profile induced by PAMPs, providing potential therapeutic targets for liver diseases based on the gut-liver axis.



Recruitment of mucosal immune cells into the liver

In parallel to the ‘leaky gut’ as described above, the ‘gut lymphocyte homing’ is another supposed interaction between the gut and liver immune system. Primary sclerosing cholangitis is strongly linked to inflammatory bowel disease, in which the liver disease develops in the absence of a diseased colon. In this condition, some mucosal lymphocytes generate in the gut during active inflammatory disease and persist as long-lived memory cells are supposed to home to the liver (131). Subsequent studies showed that the CCR9+ gut-homing lymphocytes were recruited by gut-specific chemokine CCL25 expressed by the hepatic endothelium (76, 132). The LSECs also expressed increased levels of mucosal addressin cell adhesion molecule-1 (MAdCAM-1), inter-cellular adhesion molecule-1 (ICAM-1) and vascular-cell adhesion molecule-1 (VCAM-1) for lymphocyte adhesion (77, 132, 133). In addition, there were other studies revealed existence of T cells expressing clonally related TCRβ chain and recognizing the same antigen in the intestine and liver (134), and hepatic B cells that produce IgA deriving from intestinal lymphoid tissue (135). These phenomenon highlight the association of lymphocyte recruitment in gut-liver axis, and call for further exploration of other communication in this axis.




Lung and hepatic immune regulation

Physiologically, the lung and liver are closely coordinated. When the liver function is perturbed, dysfunctional liver can lead to the abnormal expansion of pulmonary, triggering hypoxemia and a series of other pathophysiological changes and clinical symptoms known as hepato-pulmonary syndrome, which is common in patients with cirrhosis (78). Correspondingly, many hepatic manifests are often secondary to pulmonary disease such as pneumonia, due to the fact that mediators derived from the inflamed lungs can cause liver inflammation. Therefore, the pulmonary-mediated hepatic immune regulation will be reviewed in conditions of both lung disease and liver disease.


Hepatic acute phase response induced by the lung-liver axis

The acute-phase response (APR) is a prominent systemic reaction of the organism to local or systemic disturbances in its homeostasis, defined by significant changes in plasma concentrations of inflammation markers. These inflammation markers are acute-phase proteins (APPs). The liver is intensively involved in the APR of the organism in pneumonia and other cases (136). During pneumonia, inflammatory response caused within the airspaces is typified by cytokine production (e.g., IL-6, TNF, and IL-1), leukocyte recruitment and plasma extravasation (136, 137). Plasma extravasation could then induce the APR in the liver. The hepatocyte-derived APPs exert a direct role of curbing injury induced by TNF-α in the liver itself, but also promote survival in association with innate immunity in the lungs (136). The APR is an orchestrated response to tissue injury, infection or inflammation, and the APPs induced during this response act to limit proteolytic and/or fibrogenic activity and tissue damage, thereby contributing to the restoration of homeostasis (138, 139). APR provides novel signaling axis for the immune-mediated lung-liver communication (140, 141).



Pulmonary-derived inflammatory cytokines and hepatic immune regulation

Insult like chronic alcohol exposure results in both alcohol-related liver disease and alcohol-related susceptibility to acute lung injury. Alcohol-induced injuries to these two organs share a deal of parallel mechanisms, including: damages to both organs are involved to oxidative stress that favors tissue injury (142, 143), inflammatory injuries to both organs are enhanced by alcohol exposure (144, 145), and most importantly, dysregulated cytokine production in the development and progression of both diseases (146, 147). These phenomena indicate that there exists a “shuttle” between the two organs, promoting the pathogenesis of both organs. Study in the mechanically ventilated (MV) lung injury model provides evidence for this assumption: perfusate from injured lungs was able to cause a robust inflammatory response with significantly increased production of pro-inflammatory factors such as G-CSF, IL-6, CXCL1, CXCL2, and CCL2 in LSECs (148); liver tissues obtained from mice subjected to in vivo MV also demonstrated significant increases in hepatic gene transcription of IL-6, CXCL1, and CXCL2 (148).

TNF-α is a common mechanism of alcohol-induced pathology in both lung and liver (146, 149). In the lung, TNF-α led to elevated levels of TNF-α-responsive chemokines, CXCL2 and keratinocyte chemoattractant, all of which were correlated with increased pulmonary neutrophil recruitment (150). Moreover, in a chronic alcohol pre-exposure enhanced endotoxemia-induced acute lung injury model, the lung injury could be prevented by blocking systemic TNF-α with etanercept (147). In the liver, TNF-α activates several intracellular pathways to regulate inflammation, cell death, and proliferation, and is closely associated with liver injury (151). Therefore, although evidence about the predominate source of TNF-α is still lack, it is reasonable of us to speculate that TNF-α may act as one of the mediators that derived from the inflammatory lung to promote the occurrence of hepatic inflammation. Future studies are required to identify more mediators that contribute to the hepato-pulmonary association other than TNF-α.




Adipose tissue and hepatic immune regulation

Alcoholic (ALD) and non-alcoholic fatty liver diseases (NAFLD) are clinical symptoms of hepatocellular injury and inflammation caused by alcohol consumption, high fat diet, obesity and diabetes, among others, and are both characterized by the expandability of adipose tissue. Anatomically, adipose tissue consists of visceral adipose tissue (VAT) and subcutaneous adipose tissue (152). VAT is mainly present within the abdominal cavity, and visceral fat venous blood is drained directly into the liver through the portal vein, and abnormal metabolic pathways and inflammation in VAT are implicated in the pathogenesis of ALD and NAFLD (153). Deregulated adipose tissue has increased lipolysis in adipocyte and activated inflammatory responses in adipose immune cells such as macrophages, which in turn lead to the release of free fatty acids, adipokines, and cytokines into the portal circulation  (154–157), and these factors are associated with hepatic immune regulation.


Adipose tissue-derived pro-inflammatory cytokines in hepatic immune regulation

Upregulated expression of pro-inflammatory cytokines (e.g., IL-6 and TNF-α) and chemokines (e.g., CCL2) in adipose tissue are observed in both alcoholic patients (158) and rodent models (159), particularly, the VAT is found to secret large quantities of IL-6 (160–162). The development of NAFLD and insulin resistance is also supposed to be resulted from imbalanced cytokines (increased pro-inflammatory and decreased anti-inflammatory cytokines) (163, 164). These pro-inflammatory cytokines can be delivered into the portal circulation, and directly associate with liver inflammation and fibrosis in hepatic steatosis.



Adipocyte-derived adipokines in hepatic immune regulation

Adipokines are a class of adipose-derived signaling molecules that contribute to the development of ALD and NAFLD. Adiponectin, one of the well-known adipokines, has insulin-sensitization and anti-inflammatory effects in insulin target tissues including liver, and acts as an important regulator for the development of hepatic diseases. Correlation between the onset of hepatic disease and reduced circulating adiponectin levels, decreased expression of adiponectin receptors, and impaired adiponectin-mediated signaling is shown in several animal models of hepatic syndromes (165). Via its cognate receptors, adiponectin receptors 1 and 2, adiponectin potently suppresses hepatic inflammation. KCs constitutively express AdipoR2 (166, 167), suggesting a role of KCs in adiponectin-mediated hepatic anti-inflammation properties. Adiponectin is also found has a role of blocking TNF-α-stimulated CCL2 expression, and thus resulting in reduced macrophage infiltration in the liver (168, 169). However, there is also data showing decreased adiponectin in the plasma of alcohol-fed rodents. This might due to increased TNF-α expression in adipose tissue caused by alcohol administration in rodents (170), and TNF-α could directly inhibit the release of adiponectin from the adipose tissue (171). Leptin, another important adipokine, is able to induce hepatic inflammation and fibrogenic responses by activating HSCs and KCs (172, 173). Increased production of leptin and decreased production of adiponectin were observed in alcoholic patients and mouse models (110). Therefore, different adipokines might have distinct roles in hepatic immune regulation, and their mechanisms might be complicated due to disease conditions.



Adipose tissue-derived EVs in hepatic immune regulation

Extracellular vesicles (EVs) are another important way by which adipose tissue transmits information to other organs, in addition to canonical hormones, growth factors and cytokines. EVs, including microvesicles (MVs) and exosomes or exosome-like vesicles (ELVs), are secreted by donor cells and transferred to the recipient cells, releasing encapsulated nucleic acids, lipids, and proteins to transfer information (134). Roles of adipose-derived exosomes in regulating liver metabolism have been widely documented both clinically and in animal models (174, 175), but their roles in modulating hepatic immune responses are less clear. Deng and colleagues (176) first found that adipose-derived exosomes of obese mice activated monocyte differentiation into adipose tissue macrophages (ATMs), leading to increased production of pro-inflammatory cytokines IL-6 and TNF-α. This process enhanced the migration of ATMs to liver and promoted the development of insulin resistance. ATMs accumulated in the liver also released miRNA-rich exosomes (e.g., miR-155) to regulate hepatic insulin sensitivity and inflammatory response (79). Exosomes from the adipose tissue derived mesenchymal stem cells were later demonstrated capable of promoting NK cells to exert antitumor roles on rat HCC, thereby inhibiting tumor growth (80). Together, these data indicate the possibility of adipose-derived EVs functioning as an intriguing mode for adipose tissues to regulate liver disease progression by modulating hepatic immunity.




Brain and hepatic immune regulation

The brain and liver bidirectionally communicate via humoral and neural networks (177, 178). The neural axis between brain and liver interacts closely with the central nervous system (CNS) via the autonomic nervous system (ANS). The hepatic sympathetic and parasympathetic nervous systems are collectively known as the ANS, which is part of the peripheral nervous system and plays a key role in the regulation of numerous physiological events (including inflammation) in the liver (179, 180). The hepatic ANS transmits information from the liver to the CNS, and also receive signals from the CNS to regulate liver function, that is, the liver acts as both a sensor and effector affected by neurological signals.

The brain function can be severely affected in severe liver diseases with considerable inflammatory involvement, and these alterations in brain are associated with brain cholinergic dysfunction (181), which is involved with immune regulation. Cholinergic modulation of liver inflammation by the vagus nerve was first reported by Tracey and colleagues (182) more than 20 years ago. In the liver of rodents, they showed that electrical stimulation of the cervical vagus nerve could attenuate LPS-induced TNF production. In rats with hemorrhagic shock, Guarini and colleagues (183) demonstrated that the brain mAChR-mediated activation of efferent vagus nerve signaling to liver also caused significant suppression of hepatic TNF release. Later studies demonstrated a role of KCs in the cholinergic mediated modulation of hepatic immunity in several chronic liver diseases (182, 184, 185), indicating the involvement of immune cells in hepatic neuro-immune regulation. Such involvement was also demonstrated in hepatic NKT cells, which received signals from the catecholamine neurotransmitters, leading to phenotypic transformation (61, 186). Thus, neural signal-expressing cells involved with hepatic immune regulation deserve further study.

Pathogens are also triggers of the intrahepatic neuro-immune responses. On the one hand, immune cells in the liver could detect the presence of pathogen components and release cytokines (e.g., IL-1β and TNF-α) which function as chemical messengers. On the other hand, pathogens can also directly activate the hepatic neurons. These signals are transmitted and integrated in the CNS, and then descend via sympathetic and efferent vagus nerve fibers, releasing catecholamine and acetylcholine through hepatic nerve endings and modulating the liver immune response (181, 187). Particularly, in this brain-liver axis, hypothalamus is recognized to be the critical part for sensing and integrating signals from the periphery tissue and effecting appropriate changes to maintain metabolic and immunologic homeostasis (180, 188). Hypothalamic inflammation is shown an important event in brain-involved hepatic immune regulation and insulin resistance (189–191). As a summary, the nervous system and the immune system communicate in response to pathogen invasion, tissue injury, and other homeostatic threats. A systematic understanding of the mechanism by which dysregulated liver triggers hypothalamic inflammation is critical for realizing the nervous system mediated hepatic immune regulation.



Other organs and hepatic immune regulation

There are also cross-talk between the liver and other organs, such as the BM, the pancreas, and the kidney, but the role of these organs in hepatic immune regulation remains to be further studied.

The BM is an immune-regulatory organ that has a role not only in hematopoiesis but also in immune responses (192). In addition to liver-resident immune cells, most inflammatory cells are derived from the BM (193, 194). MoMFs, key effector cells in the hepatic immune activities, are derived from infiltrated bone marrow-derived CCR2+CX3CR1loLy6Chi monocytes, whose recruitment is dependent on the CCL2-CCR2 axis (195, 196), which has been well-recognized in plenty of liver diseases including liver fibrosis and hepatic carcinoma. The BM is also regarded as source of other leukocytes, however, a detailed depiction of how the BM is involved in hepatic immune regulation in other ways (e.g., cytokines, hormones, and exosomes) is still lacking.

Pancreas is a potential candidate extrahepatic organ to be involved in hepatic immune regulation. Fetuin-A secreted by the inflammatory liver could stimulate chemokines like CCL2 and IL-8, and pro-inflammatory cytokines such as IL-6 and IL-1β expression in the pancreas, and lead to damaged pancreas. In reverse, damaged pancreas may secrete pro-inflammatory cytokines (e.g., TNF-α) to directly attack the liver (197). Besides, there exists a gut-liver-kidney axis during the development and progression of chronic kidney disease associated with chronic fatty liver diseases. Kidney dysfunction led to metabolic acidosis, accumulation of toxins that have serious impacts on various liver functions, for example, changing glucose homeostasis, endothelial dysfunction, enhanced inflammation, and pro-inflammatory cytokines (198). Furthermore, the skin might also play a role in hepatic immune regulation. While clinical studies indicated that psoriasis may be more severe in patients with NAFLD/NASH (199, 200), livers from psoriatic mice were also found enriched for macrophages, polymorphonuclear neutrophils, and T cells (201).

In addition to the organs detailed in our review, correlation of other organs in hepatic immune regulation are also indicated, but the specific connection and exact mechanisms remain to be explored and validated. Nevertheless, the “shuttle” role of cytokines in these processes has been repeatedly mentioned, warranting our high attention to the overall changes of cytokines in the organism during disease development.




Animal models and methods for studying the regulation of extrahepatic factors


Animal models

To date, studies on the role of spleen in the regulation have provided the most evidence, but these evidence mainly come from splenectomy as an intervention. Novel animal models, including spleen-specific photo-conversion with KikGR transgenic mice (in which KikGreen cells are turned into KikRed by site-specific irradiation) (202, 203) and spleen transplantation (204) between congenic mice strain carrying differential markers, have been proven effective in studying the cell communication between spleen and other organs, employment of these models in studies about spleen-liver crosstalk may help reveal more details. As for other organs,  some available models, such as bone marrow chimeras and CD11b-diphtheria toxin receptor mice, have been sophisticatedly used in studying recruitment of liver infiltrating macrophages from the peripheral (205, 206). Recently, Zhou et al. (207, 208) developed a multi-lineage tracing system for in vivo study of hematopoietic cell migration and development (basing on the Cre-loxP and Dre-rox dual recombinase), this could potentially be used to track the movement and differentiation of cells between organs.



Methods for detection and tracking of inter-organ mediators

Generally, evidence that cytokines or exosomes from other organs influence hepatic immune response is not straightforward, because of the lack of ways to track these factors in vivo. The effects of these factors are always assessed by their corresponding changes in the target organs and liver, and the effect of these factors isolated from the target organs on liver cells during in vitro treatment. Real-time detecting, tracking and quantification of these factors will help assess their effects in vivo. Nanoparticle tracking analysis (NTA) is a technology developed based on the principle of light scattering and Brownian motion of particles in suspension and has been used for quantitative detection of exosomes (209). NTA also has different filters for analyzing fluorescent samples, so that exosomes with different markers on their surface (e.g., CD63, HSP70, and TSG-101) could be distinguished, and the results are more reliable than flow cytometry (210). For cytokine detection, various methods based on the antigen-antibody interaction (e.g., ELISA, ELISpot, bead-based flow assays) have been developed, but there are still many challenges. The impact and function of cytokines is directly linked to their extracellular expression levels, which often drastically vary with time and spatial location. Recent publications have suggested an interesting way forward for cytokine detection by combining molecular target-specific sensors that bind the respective analyte, and detection of successful binding through electric signals (211, 212). These biochips not only allow for fully automated detection of dozens to hundreds of cytokines in parallel, but also allow live and continuous detection of cytokines without the need to obtain any type of sample. However, methods for tracing and identifying the source of specific cytokine are not available yet.




Conclusions and future perspectives

Liver disease is generally a multi-stage, multi-hit process, which may not only be the link between two organs, but also the link between several organs, especially in metabolic-related liver diseases such as ALD, NAFLD, and MAFLD. Hepatic immune alteration from homeostasis to activation is a complex process involving both intrahepatic and extrahepatic factors. The emerging understanding of cross-talk between the liver and other organs complements and completes our knowledge of the role of hepatic immune regulation in liver disease development. Better understanding of the origin specialization and cascade effects of shuttle mediators such as exosomes and cytokines like TNF-α, the trigger factors and recruitment mechanisms of immune cells from other organs to the liver, and the temporal and spatial changes of these events will provide the key to intervening in liver disease progression and other organ complications by modulating hepatic and systemic immunity. These findings will benefit the development of therapeutic strategies for liver diseases that target the cellular and molecular levels to minimize adverse reactions and maximize therapeutic effects. After all, there is an urgent need for more up-to-date models and methods relating to tracking and specific intervention to explore the role of extrahepatic factors in hepatic immune regulation.
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Liver fibrosis is one main histological characteristic of nonalcoholic steatohepatitis (NASH), a disease paralleling a worldwide surge in metabolic syndromes with no approved therapies. The role of the gut microbiota in NASH pathogenesis has not been thoroughly illustrated, especially how the gut microbiota derives metabolites to influence the distal liver in NASH. Here, we performed 16S rDNA amplicon sequencing analysis of feces from a mouse NASH model induced by a Western diet and CCl4 injury and found genera under Streptococcaceae, Alcaligenaceae, Oscillibacter, and Pseudochrobactrum, which are related metabolites of TMAO. Injection of the gut microbial metabolite TMAO reduced the progression of liver fibrosis in the mouse NASH model. Further analysis revealed that the anti-fibrotic TMAO normalized gut microbiota diversity and preserved liver sinusoidal endothelial cell integrity by inhibiting endothelial beta 1-subunit of Na (+), K (+)-ATPase (ATP1B1) expression. Collectively, our findings suggest TMAO-mediated crosstalk between microbiota metabolites and hepatic vasculature, and perturbation of this crosstalk disrupts sinusoidal vasculature to promote liver fibrosis in NASH.
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Introduction

Nonalcoholic fatty liver disease (NAFLD) is the hepatic manifestation of cardiometabolic syndrome, which often also includes obesity, diabetes, and dyslipidemia (1, 2). A sizable minority of NAFLD patients develop NASH, which is characterized by inflammatory changes that can lead to progressive liver damage, cirrhosis, and hepatocellular carcinoma (3, 4). Recent studies have shown that in addition to genetic predisposition and diet, the gut microbiota affects hepatic carbohydrate and lipid metabolism and influences the balance between proinflammatory and anti-inflammatory effectors in the liver, thereby impacting NAFLD and its progression to NASH (5, 6).

Several studies have implicated the involvement of the gut microbiome in NASH or NAFLD in mice and humans. Microbiota from hyperglycemic or healthy mice was transferred to germ-free mice and then fed the HFD, and only mice transplanted with microbiota from hyperglycemic mice developed fasting hyperglycemia, insulinemia, and hepatic macrovesicular steatosis (7). Using 16S rDNA analysis of NAFLD-associated parameters, the abundance of bacterial species in mice fed a low-fat and high-fat diet showed an association between Lactobacillus gasseri and Lactobacillus taiwanensis and the area of lipidic droplets in the liver (8). In another study, high-fat diet-fed germ-free mice inoculated with the microbiota of NASH patients, rather than healthy donors, showed an exacerbated NASH phenotype, as manifested by increased liver steatosis and inflammation (9). A crucial function of gut microbiota is that progression toward steatohepatitis is linked to alterations in the metabolic outputs of the intestinal microbiota, including short-chain fatty acids, bile acids, phenylacetate and TMAO (10–12).

TMAO is a metabolite produced by the host in cooperation with the gut microbiota. Dietary choline and L-carnitine can serve as precursors and be degraded by gut commensal bacteria to produce trimethylamine, which is absorbed and further metabolized into TMAO by hepatic flavin-containing monooxygenase3 (13). It has been shown that plasma levels of TMAO are positively associated with the risk of adverse cardiovascular disease and renal disease in humans (14–18). In mice, TMAO feeding promotes glucose intolerance (19), thrombosis (18), cardiovascular disease (15), chronic kidney disease (20), and neurodegenerative disease (21), whereas the reduction in TMAO prevents their development. Others have pointed out that TMAO functions as a chemical chaperone (22) and could actually be beneficial. Indeed, treatment of cells with TMAO, albeit at doses that are far greater than those observed in vivo, can improve protein folding (23) and reduce endoplasmic reticulum (ER) stress (24). Thus, TMAO could be detrimental, beneficial, or neutral (25).

In the present study, we describe a novel and potent role of TMAO in reducing the severity of inflammation and hepatocellular damage in livers in both acute injury and NASH models. TMAO improves fibrosis during liver injury by maintaining the integrity of the endothelium and suppressing the ATP1B1 in the liver. We found that knockdown of ATP1B1 accelerated endothelial cell proliferation and angiogenesis and that ATP1B1 inhibition with digoxin reduced liver fibrosis in NASH.

Collectively, these data reveal that TMAO promotes endothelial cell proliferation and angiogenesis by inhibiting ATP1B1 expression, maintaining the integrity of blood vessels. These results identify ATP1B1 as a key molecule in NASH and provide a molecular basis and a fresh perspective for the observed effects of TMAO in antagonizing liver injury.



Materials and methods


Mice

C57BL/6J mice were purchased from the Model Animal Research Center of Nanjing University. All mice were housed in pathogen-free animal facilities at a constant humidity of 65 ± 15% and a temperature of 24 ± 1°C under a 12 h light/dark cycle. The animal study was approved by the Institutional Animal Care and Use Committee of West China Second University Hospital.



Cells

Human umbilical vein endothelial cells (HUVECs) were isolated from human umbilical cords. HUVECs were cultured in an Endo GRO-VEGF Complete Culture Media Kit (SCME002, Millipore) at 37°C in a humidified atmosphere of 5% CO2. HEK293T cells were obtained from the American Type Culture Collection (ATCC). HEK293T cells were cultured in DMEM (11965092, Gibco) with 10% fetal bovine serum (FBS) (1600044, Gibco) at 37°C in a humidified atmosphere of 5% CO2.



Liver fibrosis and NASH models

To induce liver fibrosis, eight-week-old male mice were fed a normal diet and were intraperitoneally injected with 1μL/g (1.6 g/kg) CCl4 every two days 9 times. The mice were randomly assigned to two groups: a CCl4 group and a TMAO (Sigma cat: 317594) supplemented-group. TMAO was supplemented at a dose of 75 mg/kg/day according to a previous study (26). All mice were sacrificed, and liver samples were collected two days after the last injection of CCl4. In addition, mice were given an intraperitoneal injection of digoxin (0.5 mg/kg) or vehicle four times a week.

Induction of the mouse NASH model. Mice were fed a HFD diet containing 21.1% fat, 41% sucrose, and 1.25% cholesterol supplemented with a fructose (23.1 g/L) and glucose (18.9 g/L) solution and were intraperitoneally injected with 0.5μL/g (0.8 g/kg) CCl4 every week for three months. The mice were randomly assigned to two groups: a NASH group and a TMAO-supplemented group injected with TMAO (75mg/kg). Therefore, both groups were fed the HFD either with or without TMAO. All mice were sacrificed, and liver samples were collected two days after the last injection of CCl4.



Isolation of ECs

Liver tissues were washed twice with cold PBS, minced, and incubated in a digestive mixture (1 mg/ml collagenase I and 1 mg/ml dispase II in PBS) on an orbital shaker at 37°C for 20 min. Digested tissues were filtered through a cell strainer multiple times, and cells were collected at 300 × g for 5 min. After red blood cells were removed with RBC lysis buffer and washed once, hepatocytes and NPCs were separated by an additional centrifugation step at 50 g for 5 min at 4°C.

For EC (CD31+) isolation, Dynabeads sheep anti-Rat IgG (01113068, Thermo Fisher Scientific) were washed three times with 1 ml cold MAC wash buffer and incubated with CD31 (553370, BD Biosciences) antibody at 4°C for 4 hours. The beads were then washed three times with MAC wash buffer. NPCs were resuspended in 300 μl of MAC wash buffer. Two hundred microliters of Dynabeads-CD31 antibody conjugate was added to the NPC suspension and then incubated at 4°C for 30 min on a rotator. CD31+ cells were washed with cold wash buffer and then used for subsequent experiments.



Histological analysis

The liver tissues were fixed in 4% paraformaldehyde. For histological analysis, paraformaldehyde-fixed liver tissues were embedded in paraffin, cut into 5 μm sections, and then stained with hematoxylin and eosin (H&E), Sirius Red and Masson.



Immunofluorescence analysis

The liver tissues were embedded in OCT and stored at -80°C. OCT-embedded liver tissues were cut into 6μm sections. The sections were fixed in 4% paraformaldehyde for 15 min and then washed with PBS. Next, the sections were incubated in permeabilization solution (0.3% Triton X-100 in PBS) for 15 min and then washed with PBS. Then, the sections were incubated with anti-collagen I (ab34710, Abcam), anti-Ki67 (ab15580, Abcam) or α-SMA (ab7817, Abcam) antibodies. After washing, the sections were incubated with Alexa Fluor 488-conjugated donkey anti-rabbit IgG (711-545-152, Jackson ImmunoResearch Labs), Alexa Fluor 555-conjugated donkey anti-rabbit IgG (ab150074, Abcam) or Alexa Fluor 594-conjugated donkey anti-mouse IgG (715-585-150, Jackson ImmunoResearch Labs). The sections were washed with PBS, counterstained with 4,6-diamidino-2-phenylindole (DAPI) (10236276001, Roche) and mounted with a cover glass. The images were captured with a confocal laser microscope setup (LSM980, Zeiss) and processed using ZEN (Zeiss).



Serum biochemistry

Blood was collected, and serum was obtained by centrifuging at 3000 rpm and 4°C for 15 min. Serum alanine aminotransferase (ALT) and aspartate aminotransferase (AST) triglyceride (TG) were detected by an Olympus AU2700 analyzer (Olympus) to reflect liver function.



TMAO measurements

Blood was collected, and serum was obtained by centrifuging at 3000 rpm and 4°C for 15 min. Serum TMAO was measured according to the instructions of the commercial assay. TMAO Elisa Kit (gelatins, JCSW2331).



Western blot analysis

Mouse livers or cells were lysed in RIPA lysis buffer (20-188, Millipore). The membranes were blocked with Tris-buffered saline Tween 20 containing 5% skim milk for 1 h at room temperature and then incubated with the indicated GAPDH (G3206-1OD, Servicebio), anti-collagen I, Abcam), α-SMA (ab7817, Abcam) and anti-ATP1B1 (K004215P, Solarbio) antibodies (1:1000–1:2000) overnight at 4°C. After being washed with TBST, the membranes were incubated with an HRP-linked anti-mouse IgG secondary antibody (G1214, Servicebio) or HRP-linked anti-rabbit IgG secondary antibody (G1213, Servicebio) for 1 h at room temperature.



RNA extraction and quantitative RT–PCR

Total RNA was extracted via TRIzol reagent (15596026, Thermo Fisher Scientific). Total RNA (0.5-1μg) was subjected to reverse transcription with PrimeScript RT Master Mix (Takara, RR0447A). To determine the relative mRNA level, Q-PCR was performed using universal SYBR Master Mix (Q711-02, Vazyme), and gene expression was normalized to that of GAPDH. The primers used for Q-PCR are listed in Table S1.



Flow cytometry

For the flow cytometric analysis of nonparenchymal cells, liver tissue was digested into a single cell, treated with RBC lysis buffer, 50 g centrifugal division NPC, and stained with antibodies FITC-CD31 (553373, BD Biosciences), PerCP-Cy™5.5-CD45 (550994, BD Biosciences), PE-F4/80 (565410, BD Biosciences), PE-Cyanine7-CD11b (25-0112-82, Thermo Fisher Scientific), and PE-Ly6G (551461, BD Biosciences). After cell fixation, flow cytometry was performed on a FACS Calibur (BD Biosciences), and the results were analyzed with Flow Jo V10.



16S rDNA amplicon sequencing and bacterial community analysis

Fresh colon contents (stool samples) were collected from all mice. The hypervariable region of the 16S rRNA gene (V3 + V4 [primers F341-R806]) was amplified using the KAPA HiFi Hotstart ReadyMix PCR kit (KAPA Biosystems, Boston, MA, USA). Amplicons were extracted from 2% agarose gels and purified using the AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, USA). The purified product was used to prepare the Illumina DNA library. Libraries were sequenced on the Illumina HiSeq PE250 platform (Illumina, San Diego, CA, USA).



RNA-seq of mouse endothelial cells

For RNA-seq, endothelial cells (CD31+) from mouse livers were isolated as described above, and total RNA from CD31+ cells was extracted with a RNeasy Mini Kit (74104, QIAGEN). Then, a library was constructed, and RNA-seq was performed on an Illumina Nova PE150 (Illumina, America). RNA-seq data were used for follow-up analysis after quality control and reference sequence alignment.



Cell viability

We used the CCK-8 kit to evaluate HUVEC viability. HUVECs treated with a pulsed electric field were counted, and approximately 1 × 104 cells were added to the 96-well plate. Each group was replicated with three duplicate wells. Ten microliters of CCK-8 reagent (CA1210, Solarbio) were added to the 96-well plate at 6 h of cell culture, taking care not to produce bubbles. After 2 h of incubation in an incubator at 37°C, the absorbance of the sample at 450 nm was measured using Enzyme.



Tube formation assay

Matrigel (BD Biosciences) was thawed overnight at 4°C before use and then added to 96-well plates at 60μL/well and solidified at 37°C for 30 mins. HUVECs (1×104 cells/well) were resuspended in conditioned medium from sg-NC cells or sg-ATP1B1 cells and seeded in Matrigel-coated plates. Tube formation was observed under an inverted light microscope after 4 h of incubation at 37°C. The number of meshes and tubes to assess the tube formation ability of the HUVECs.



Viral infection and transfection

LentiCRISPRv2 vectors were used to generate ATP1B1 knockout cells. HEK293 T cells were transfected by means of Lipofectamine 6000 with pSPAX2, pMD2. Gand LentiCRISPRv2 containing a guide RNA (gRNA) that targeted human ATP1B1 and NC. Lentiviruses were collected 48 h later and were applied to infect HUVECs. Subsequently, selection with puromycin (1μg/ml) was carried out.



Transmission electron microscope

Livers were perfusion-fixed via the abdominal aorta with 2.5% glutaraldehyde and then stored overnight in fixative at 4°C. Liver tissues were cut into pieces (1 × 1 × 5 mm). After washing in PBS, the samples were postfixed in 1% osmium tetroxide. After dehydration, the sample was embedded in resin, and ultrathin sections were stained with uranyl acetate and lead citrate for ultrastructural examination by a transmission electron microscope.



Scanning electron microscope

The liver tissue sections were precisely cut to a size of 1 mm3 and fixed overnight in 2.5% glutaraldehyde. Then, 1% osmium tetroxide was used for staining. These tissue sections were further processed by stepwise dehydration with an ethanol gradient and vacuum dried overnight. The stubs were applied with sputtered metal coatings of gold, and the observations were captured using a field emission scanning electron microscope.



Statistical analysis

All data are expressed as the mean ± SEM. Statistical significance was determined by the unpaired two-tailed t test using GraphPad Prism 8.0 software (San Diego, CA, USA).

Differences were considered statistically significant at p < 0.05.




Results


16S rDNA amplicon sequencing analysis of feces from a mouse NASH model

To better simulate the pathogenesis of NASH, we established a murine NASH model with rapid progression of extensive fibrosis by using a Western diet (WD), which is high-fat, high-fructose and high-cholesterol, combined with a low weekly dose of intraperitoneal carbon tetrachloride (CCl4), which serves as an accelerator (Figure 1A). Next, we performed 16S rDNA amplicon sequencing analysis of feces from mice with NASH. To display the microbiome space between samples, PCA indicated a symmetrical distribution of the fecal microbial community among all samples (Figure 1B). Compared with the control, fecal microbial diversity was decreased in NASH, as examined by alpha diversity (Figure 1C). LEfSe (LDA Effect Size) analysis was used to examine the effect of KEGG pathways on the differential effect of each component, and we found that changes in metabolic and immune pathways were most significant in the NASH group (Figure 1E). Genus-level analysis showed an increase in the relative abundances of Streptococcaceae, Alcaligenaceae, Oscillibacter, and Pseudochrobactrum, which are related metabolite TMAO (27–29), in NASH (Figures 1D, F). Consistent with the elevated abundance of the TMAO-producing microbiota, we found that serum TMAO levels were much higher in the NASH group than in the control group, as detected by a TMAO ELISA Kit (Figure 1G). These findings suggest that the gut-derived microbial metabolite TMAO may play an important role in regulating NASH.




Figure 1 | 16S rDNA amplicon sequencing analysis of feces from a mouse NASH model (A) NASH was induced in the wild-type mice with a HFD diet and (0.8 g/kg) CCl4 every week for three months. Evaluation by H&E, Sirius red staining and IF for collagen (I)(B) PCA of the fecal microbial community between MOCK and NASH patients (n=5). (C) The alpha diversity of the gut microbiota (n=5). (D) Genus-level analysis of the relative abundances. (E) LEfSe (LDA effect size) analysis of KEGG pathways in MOCK and NASH. (F) Relative abundances of genera under Streptococcaceae, Alcaligenaceae, Oscillibacter, and Pseudochrobactrum in MOCK and NASH (n = 5). (G) Serum TMAO levels in the MOCK and NASH groups were quantified with a mouse TMAO ELISA Kit. *p<0.05, **p<0.01.





TMAO restores the diversity of the gut microbiota in NASH

Gut microbiota dysbiosis is considered to contribute to the pathogenesis of NASH. We collected fecal samples from patients with NASH and performed 16S rDNA sequencing to examine the effect of TMAO on the gut microbial profile. PCA indicated a symmetrical distribution of the fecal microbial community between the NASH-TMAO and NASH-saline groups (Figure 2A). We then examined the effect of TMAO on the alpha diversity of the gut microbiota. The results showed a restoration of alpha diversity with TMAO intervention in NASH (Figure 2B). Next, we performed linear discriminant analysis coupled with effect size measurements to discriminate the gut bacteria altered by TMAO treatment (Figure 2C). Meanwhile, we compared the differences between the two groups at the phylum, family, order and class levels (Figures 2D–H). Compared to the NASH-saline group, an increased abundance of Pseudochrobactrum and a decreased abundance of Bifidobacteria, Helicobacter and Enterobacteriaceae were observed in the NASH-TMAO group (Figure 2I–K). Taken together, these findings suggest that TMAO can regulate the structure of the gut microbiota and restore the depleted diversity in NASH.




Figure 2 | TMAO restores the diversity of the gut microbiota in NASH (A) PCA of the fecal microbial community among NASH and NASH-TMAO (n=5). (B) The alpha diversity of the gut microbiota (n=5). (C) Linear discriminant analysis coupled with effect size measurement analysis. (D–H) The differences between the two groups at the phylum, family, order and class levels. (I–K) Relative abundances of the genera Pseudochrobactrum, Bifidobacteria, Helicobacter and Enterobacteriaceae. *p<0.05.





TMAO alleviates liver fibrosis in murine liver fibrosis and NASH models

To further elucidate the effect of TMAO on liver fibrosis, we employed a chronic CCl4 injury model and NASH model in the study. Hepatic histological analyses of H&E, Sirius red and Masson staining demonstrated that intraperitoneal injection of TMAO alleviated liver fibrosis in the acute injury liver fibrosis model (Figures 3A, B). Consistently, the expression of collagen I and αSMA and the content of hydroxyproline in the TMAO-treated group were also significantly decreased compared to those in the saline-treated group, as shown by immunostaining and Western blotting (Figures 3A–G). Moreover, the mRNA levels of αSMA, CXCL1 and IL-1β were downregulated in the livers of TMAO-treated mice (Figure 3H). In addition to the acute CCL4 liver fibrosis model, we also found that liver fibrosis was significantly attenuated after TMAO treatment in the NASH model, as determined by H&E, Sirius red, Masson staining and Western blot of αSMA (Figures 3I–L). Collectively, these findings showed that TMAO supplementation ameliorated liver fibrosis in murine liver fibrosis and NASH models.




Figure 3 | TMAO alleviates liver fibrosis in murine liver fibrosis and NASH models (A–F) Wild-type mice were injected with CCl4 every two days 9 times and normal saline or TMAO (75mg/kg) injection on the remaining days. (n=8/group) Liver fibrosis was analyzed by H&E, Sirius red, Masson staining and IF for collagen I and αSMA (A–D), WB for αSMA (E–F), the content of hydroxyproline (G), hepatic αSMA, CXCL1 and IL1β were quantified by the RT–PCR assay (H). (I–L) Mice were treated with WD/CCl4 for up to 16 weeks and normal saline or TMAO (75mg/kg) injection on the remaining days. H&E, Masson and Sirius Red staining of representative mice treated with normal saline or TMAO (I–J), WB for αSMA (K–L). *p<0.05, **p<0.01, ***p<0.001.





TMAO protects the integrity of vascular endothelial cells

Early observational work reported an association between atherosclerosis and elevated levels of TMAO (15), playing a role as modulators of vascular function. Injection of TMAO significantly increased the number of endothelial cells and decreased the number of M1 macrophages (Figures 4A–C). Moreover, the mRNA levels of IL-6 and IL-1β in isolated liver endothelial cells of TMAO-treated mice were significantly lower than those of saline-treated mice (Figure 4D). The increase in the basement membrane is one of the important factors in the occurrence of liver fibrosis (30). TEM analysis revealed that the basement membrane was reduced in vascular of TMAO-treated mice (Figure 4E). There is growing evidence that fenestrations may work as a permselective ultrafiltration installation, which is important for the hepatic uptake of substrates, particularly the metabolism of lipoproteins. Aberrant fenestrated structure has been considered a vital factor in liver lipid metabolism disorders (31, 32). SEM analysis revealed that fenestrations in liver sinusoidal endothelial cells (LSECs) were increased in TMAO-treated mice (Figure 4F). Our findings demonstrate that injection of TMAO protects murine vascular function.




Figure 4 | TMAO protects the integrity of vascular endothelial cells (A–C) Representative flow cytometry data of endothelial, macrophages and neutrophil cells in liver nonparenchymal cells (NPCs). (D) mRNA levels of IL-6 and IL-1β in endothelial cells of the liver. (E) Basement membrane (red arrows) changes were detected by TEM. (F) Fenestrations changes were detected by SEM. *p<0.05, **p<0.01.





TMAO inhibits ATP1B1 expression in vascular endothelial cells

Na+/K+-ATPase (NKA) has been proposed as a signal transducer involved in various pathobiological processes, including hepatocellular carcinoma (HCC) (33). We identified an enrichment of the ATP1B1 an astrocyte-specific isoform of the Na+/K+-ATPase transmembrane ionic pump, by RNA sequencing analysis of endothelial cells from a mouse liver fibrosis model (Figure 5A).




Figure 5 | TMAO inhibits the expression of ATP1B1 in vascular endothelial cells (A-B) Heatmap depicting the differential gene expression levels in endothelial cells (A). FPKM levels of ATP1B1 (B, C) ATP1B1 expression levels decreased after TMAO treatment. (D) Knockdown of ATP1B1 with CRISPR–Cas9 in HUVECs. (E) mRNA levels of CXCL10, CXCL1 and CTGF in HUVECs treated with sg-ATP1B1. (F) The effects of ATP1B1 on cell proliferation in HUVECs by CCK8. (G) The effects of ATP1B1 on vascular formation ability in HUVECs by tube formation assay.  *p<0.05, **p<0.01, ***p<0.001.



Interestingly, ATP1B1 expression levels were also decreased after TMAO treatment (Figure 5B, C), suggesting that ATP1B1 may be involved in the regulation of TMAO on endothelial cell function to attenuate liver fibrosis. To determine whether TMAO regulates endothelial cell function by targeting ATP1B1, we employed CRISPR–Cas9 to knock out the ATP1B1 gene and examined its function in endothelial cells. Efficacy for the knockout of ATP1B1 with CRISPR–Cas9 in HUVECs was evaluated with qPCR analysis, revealing a significant decrease (Figure 5D). Consistent with the effect of TMAO on endothelial gene regulation, the gene expression levels of profibrotic factors, including CXCL10, CXCL1 and CTGF, were significantly reduced in cells with ATP1B1 knockout in HUVECs (Figure 5E). Moreover, knockout of ATP1B1 promoted cell proliferation and tube formation of HUVECs (Figures 5F, G). These data suggest that the vascular protective effect of TMAO may be mediated by targeting endothelial cell ATP1B1.



Blockage of ATP1B1 attenuates liver fibrosis

To investigate the role of ATP1B1 in liver fibrosis, we first examined the changes in ATP1B1 protein levels in patients with cirrhosis and mice with liver fibrosis. Western blotting showed that hepatic ATP1B1 protein levels were upregulated in both cirrhotic patients and NASH mice (Figures 6A, B). Moreover, the aberrant upregulation of ATP1B1 protein in fibrotic livers could be reversed by injection of TMAO (Figure 6C). These findings suggest that the aberrant upregulation of ATP1B1 may induce liver fibrosis. We then examined the effect of ATP1B1 blockade by the ATP1B1 inhibitor glycoside digoxin, a selective inhibitor of ATP1B1, on liver fibrosis. Histopathological analysis with Sirius red revealed a significant decrease in the acute CCl4 model after the intraperitoneal injection of 0.5 mg/kg digoxin relative to the control vehicle (Figure 6D). Western blot analysis of collagen 1 and αSMA showed that liver fibrosis was significantly attenuated after digoxin treatment. Liver function was also ameliorated after digoxin treatment, as shown by the downregulation of serum ALT and TG levels (Figures 6F, G). Collectively, these findings demonstrate that blockade of ATP1B1 halts disease progression in liver fibrosis mice and preserves liver function.




Figure 6 | Blockage of ATP1B1 attenuates liver fibrosis (A–C) Immunoblots of ATP1B1 relative to GAPDH protein from NASH confirmed human and mouse samples (A, B). Immunoblot analysis of ATP1B1 protein in NASH-TMAO mice (C, D–E) Digoxin reduces liver fibrosis by histological analysis of Sirius Red-stained sections. (F) Digoxin prevents hepatocellular damage as measured by the serum levels of ALT and TG. (G) Western blot of Collagen 1 and αSMA. *p<0.05, **p<0.01, ***p<0.001.






Discussion

Gut microbial and microbial metabolite alterations contribute to the onset and progression of nonalcoholic fatty liver disease (34–36). TMAO is a circulating metabolite produced as a direct result of microbial degradation of dietary methylamines in the intestinal tract, which is associated with NASH, but correlation does not equate with causation. Our results shed new light and elucidate the mechanism underlying the roles of TMAO in NASH. We found that TMAO supplementation decreased liver fibrosis and improved liver function in an acute injury model and NASH model. It also restored the diversity of gut flora in a mouse NASH model. Zhao et al. had a similar report that TMAO was beneficial to the improvement of the structure of gut microbiota in a rat model induced by high-fat high-cholesterol (HFHC) diet feeding (37). It is worth mentioning that the mouse NASH model induced by Western diet and CCl4 is more advantageous in mimicking the histological, immunological, and transcriptomic features of human NASH than the HFHC model used in the previous study (37, 38), By using the mouse NASH model, we found the effect of TMAO on protecting the integrity of hepatic sinusoidal endothelium and identified the ATP1B1 instead of the canonical targets and pathways, revealing a new insight into microbiota-metabolite-vascular microenvironment crosstalk.

One of the most important findings of this study is the identification of an important role of TMAO in vascular endothelial cells (ECs). ECs are distributed in virtually all organs and modulate diverse pathophysiological functions (39). After tissue injury, ECs supply instructive paracrine/angiocrine factors to induce regeneration of adjacent parenchymal cells (40, 41). Moreover, the proliferation and vasculogenesis of ECs guarantee tissue injury repair. As shown in Figures 4A, B, injection of TMAO significantly increased the number of endothelial cells in TMAO-treated mice. Similar to our results, TMAO enhanced blood–brain barrier (BBB) integrity and protected it from inflammatory insult (26). In a previous study, it was reported that TMAO promotes liver steatosis in a mouse model of NAFLD (42). The difference in the effect of TMAO between this previous study and our study may be due to the following reasons. Firstly, the different dose of TMAO were used. The dose of TMAO used in the previous study was 400 mg/kg daily, which is 5 to 6 times higher than the dose of TMAO (75 mg/kg daily) used in the present study. Secondly, the different animal models were used in two studies. Unlike the NAFLD model induced by administration of high fat and cholesterol, our mouse NASH model by using a WD diet+CCl4 exhibits rapid progression of advanced fibrosis and HCC and perfectly mimics the characteristics of human NASH diseases. TEM and SEM analysis revealed that the basement membrane was reduced and fenestrations were increased in LSECs of TMAO-treated mice. Our findings demonstrate that injection of TMAO protects liver vascular function. Liver endothelial cells are mainly composed of LSECs, and normal LSECs can maintain hepatic stellate cell (HSC) in a resting state, however, LSECs lose the ability to control the resting state of HSC in chronic liver injury (30). Therefore, how to protect the integrity of LSEC is very important to improve liver fibrosis.

However, we do not know the exact mechanism of action of TMAO in endothelial cells. We identified an enrichment of the ATP1B1, an astrocyte-specific isoform of the Na+/K+-ATPase (NKA) transmembrane ionic pump, by RNA sequencing analysis of endothelial cells from a mouse liver fibrosis model (Figure 5A). The ion transporter NKA is a transmembrane protein that transports Na+ and K+ across cell membranes (43), which is essential for the cellular electrochemical gradient (44), ion homeostasis (45) and cell adhesion (46). Functional NKA consists of a subunits and b subunits. To date, 4 NKA a-subunits (a1, a2, a3, and a4) and 4 b-subunits (b1, b2, b3, and b4) have been identified. Abnormal NKA can lead to a variety of diseases, including hypokalemic periodic paralysis and CNS symptoms (47), cardiovascular disorders (48), atherosclerosis (49), Alzheimer’s disease (50), and hepatocellular carcinoma (HCC) (33). ATP1B1 is downregulated in human epithelial cancer cells (51–53). Shibuya et al. (54)and Li et al. (55) noted that ATP1A3 overexpression in HCC is related to the antitumor activity of bufalin. ATP1B3 and ATP1B1 were also significantly upregulated in HCC (33). However, the role ATP1B1 plays in the pathophysiology of NASH remains largely unknown. We first validated ATP1B1 at the protein level in NASH confirmed human and mouse samples by immunoblotting analysis, which increased in NASH and reduced in NASH-TMAO mice. It also occurred in endothelial cells of liver fibrosis. Next, I demonstrated the function of ATP1B1 both in vivo and in vitro. In HUVECs, ATP1B1 was knocked down with CRISPR–Cas9. To further elucidate the anti-inflammatory effects of ATP1B1 inhibition, we analyzed the critical inflammatory chemokines and cytokines CXCL10 and CXCL1 and the fibrosis factor CTGF. Our analysis revealed that these inflammatory and fibrotic factors were decreased in HUVECs with knockdown of ATP1B1. Proliferation and tube formation of HUVECs were used to assess the effect on vascular function. Compared with sg-NC, the knockdown of ATP1B1—sg-ATP1B1 showed better cell proliferation and vascular formation ability in HUVECs. These data confirm that the vascular protective effects were mediated by targeting ATP1B1 in endothelial cells. Meanwhile, in vivo animal experiments demonstrate that pharmacological inhibition with digoxin, a selective inhibitor of ATP1B1, halts disease progression in liver fibrosis mice and preserves liver function.

There are limitations to the current study. The contribution of an improved gut microbial profile to the attenuation of WD diet+CCl4-induced steatohepatitis by TMAO treatment was not fully illuminated. There are limitations to the current study. The contribution of an improved gut microbial profile to the attenuation of WD diet+CCl4-induced steatohepatitis by TMAO treatment was not fully illuminated. It has been reported that TMAO inhibits the synthesis of bile acids which disrupt the growth of intestinal flora (16). However, more investigations concerning the effect of TMAO on gut microbiota and metabolic consequences are needed. For example, the gut microbiota converts TMAO to TMA, and this TMA is reoxidized to TMAO, in line with the process of metabolic retroversion (56), and metabolic retroconversion of TMAO may be protective.

In summary, we have provided evidence that the gut microbial metabolite TMAO restores the diversity of gut flora, reduces liver fibrosis, and protects murine vascular function. We identified that the upregulation of ATP1B1 in ECs regulates an inflammatory response and vascular function that contributes to liver fibrosis in NASH mice. We provide evidence that inhibiting ATP1B1 might be effective for treating nonalcoholic steatohepatitis. Therefore, the present results reveal new insight into microbiota-metabolite-vascular microenvironment crosstalk.
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Background

During liver injury, liver sinusoidal endothelial cells (LSECs) dysfunction and capillarization promote liver fibrosis. We have previously reported that the LSEC vascular cell adhesion molecule 1 (VCAM1) plays a key role in liver inflammation in nonalcoholic steatohepatitis (NASH) and we now aim to uncover its role in LSEC capillarization and liver fibrosis.



Methods

Wild-type C57BL/6J mice were fed either chow or high fat, fructose and cholesterol diet to induce NASH and treated with either anti-VCAM1 neutralizing antibody or control isotype antibody. Inducible endothelial cell-specific Vcam1 deleted mice (Vcam1Δend) and control mice (Vcam1fl/fl) were fed choline-deficient high-fat diet (CD-HFD) to induce NASH or injected with carbon tetrachloride to induce liver fibrosis. LSECs isolated from Vcam1fl/fl or Vcam1Δend and hepatic stellate cells (HSCs) isolated from wild-type mice were cocultured in a 3-D system or a μ-Slide 2 well co-culture system.



Results

Immunostaining for Lyve1 (marker of differentiated LSECs) was reduced in Vcam1fl/fl mice and restored in Vcam1Δend mice in both NASH and liver fibrosis models. Co-immunostaining showed increased α-smooth muscle actin in the livers of Vcam1fl/fl mice in areas lacking Lyve1. Furthermore, scanning electron microscopy showed reduced LSEC fenestrae in the Vcam1fl/fl mice but not Vcam1Δend mice in both injury models, suggesting that VCAM1 promotes LSEC capillarization during liver injury. HSCs profibrogenic markers were reduced when cocultured with LSECs from CD-HFD fed Vcam1Δend mice compared to Vcam1fl/fl mice. Furthermore, recombinant VCAM1 activated the Yes-associated protein 1 pathway and induced a fibrogenic phenotype in HSCs in vitro, supporting the profibrogenic role of LSEC VCAM1.



Conclusion

VCAM1 is not just a scaffold for leukocyte adhesion during liver injury, but also a modulator of LSEC capillarization and liver fibrosis.





Keywords: fibrosis, inflammation, liver sinusoidal endothelial cells (LSECs), hepatic stellate cells (HSCs), nonalcoholic steatohepatitis - NASH, vascular cell adhesion molecule 1 (VCAM1)



Introduction

Chronic liver diseases (CLDs) of different etiologies constitute a major public health burden worldwide; there are 1.5 billion cases, accounting for approximately 1.3 million deaths each year (1, 2). Liver fibrosis is a common pathological process in CLDs that reflects advanced disease stage and represents the most important prognostic factor for morbidity and mortality (2). One of the key features of liver fibrosis is the accumulation of extracellular matrix components secreted mainly by activated hepatic stellate cells (HSCs), which are liver-specific pericytes residing in the space between the hepatocytes and the sinusoidal wall (the space of Disse). The activation of HSCs is a complex process regulated by various intercellular and paracrine signaling pathways in the liver microenvironment (3).

Liver sinusoidal endothelial cells (LSECs) are highly specialized endothelial cells lining the liver sinusoids. LSECs have a distinct morphology from vascular endothelial cells in other body organs and are characterized by the presence of pores arranged in sieve plates called fenestrae and the absence of basement membrane (4). Furthermore, growing evidence suggests that LSECs play essential roles in many pathological disorders in the liver, including metabolic dysregulation, inflammation and fibrosis (4). Given the spatial proximity between LSECs and HSCs in the liver microenvironment, LSECs under physiological conditions maintain the HSC quiescence (4). In contrast, during liver injury, LSECs lose their fenestrae and acquire a basement membrane, a phenomenon called LSEC capillarization or dedifferentiation, which is associated with HSCs activation, leading to the development of liver fibrosis (5). However, the exact molecular mediators linking LSEC capillarization to HSC activation are still unclear.

Recently, we reported that the expression of LSEC adhesion molecule vascular cell adhesion molecule 1 (VCAM1) is upregulated in murine and human NASH. We also showed that VCAM1 inhibition (both pharmacological and endothelial cell-specific genetic deletion) attenuated proinflammatory monocyte hepatic infiltration, and thereby alleviated liver fibrosis in diet-induced murine NASH models (6).

Endothelial VCAM1 binds to its cognate receptors such as integrin α9β1, α4β7 and α4β1 expressed on circulating leukocytes, leading to the firm adhesion of leukocytes to the endothelial cells, which is a critical step in the inflammatory response. Furthermore, VCAM1 functions as a signaling hub upstream of mitogen-activated protein kinase (MAPK) pathways or oxidative/nitrosative stress (7). However, it is still unclear whether VCAM1 is a hallmark of LSEC capillarization and whether VCAM1 can directly modulate HSC activation in liver fibrosis.

To answer these questions, we employed two mouse models known to induce significant liver fibrosis together with pharmacological blockade, or endothelial cell-specific knockout of VCAM1. We also treated human HSCs with recombinant VCAM1; in addition, we employed 2-D and 3-D co-culture systems of LSECs and HSCs to mimic the liver microenvironment and show that endothelial VCAM1 promotes LSEC capillarization and liver fibrosis during liver injury.



Methods


Materials

Palmitate (PA) (P0500) was obtained from Sigma-Aldrich (St. Louis, MO). LPC (Sigma, St. Louis, MO) was dissolved as previously described (8). Primary antisera employed for the studies include anti-alpha smooth muscle actin (αSMA) (ab124964) and anti-fibronectin (ab2413) antibodies from Abcam (Cambridge, MA), anti-GAPDH (MAB374) from Millipore Sigma, anti-β-actin (sc-47778) from Santa Cruz Biotechnologies (Santa Cruz, CA) and anti-Lyve1 (AF2125) from R&D systems (Minneapolis, MN), anti-F4/80 (70076) and anti-phospho Yap (Ser127) (4911) from Cell Signaling Technology (Danvers, MA), anti-Yap1 (sc-101199) from Santa Cruz Biotechnologies (Santa Cruz, CA), anti-type I collagen antibody (1310-01) from Southern Biotech. Recombinant human VCAM1 (rhVCAM1) (862-VC) was obtained from R&D systems.



Cells

Primary human liver sinusoidal endothelial cells (hLSECs) were purchased from ScienCell Research Laboratories (#5000, San Diego, CA). Primary mouse LSECs were isolated using a method based on liver collagenase perfusion and immunomagnetic selection as previously described (6, 9). Briefly, liver was digested with collagenase infused via portal vein and obtained cell suspensions were centrifuged at 50 g for 2 minutes to remove hepatocytes. The supernatant, which includes non-parenchymal cells was subjected to LSEC isolation using CD146 MicroBeads (Miltenyi Biotec, Bergisch Gladbach, Germany) following the manufacture’s instruction. hLSECs and primary mouse LSECs were cultured in Endothelial Cell Growth Medium (#211-500, Sigma) consisting of 5% fetal bovine serum (FBS), 1% endothelial cells growth supplement, and 1% primocin (InVivoGen, San Diego, CA) solution. Mouse primary hepatic stellate cells (mHSCs) were isolated as described previously (10). Briefly, the isolation of HSCs from mouse liver is composed of three subsequent steps: (a) In situ pronase/collagenase perfusion of mouse liver; (b) subsequent in vitro digestion; and (c) density gradient-based separation of HSCs from other hepatic cell populations. mHSCs were cultured in complete media DMEM (Life Technologies #11965092), 10% FBS and 1% primocin (InVivoGen, San Diego, CA) solution. Primary human hepatic stellate cells (hHSCs, ScienCell Research Laboratories #5300) were cultured in complete stellate growth medium (ScienCell Research Laboratories #5301) containing 1% primocin. Both hLSECs and hHSCs were maintained according to the manufacturer’s instructions and only the cells with a passage number of 3 or 4 were used for the experiments. All the cell cultures were maintained at 37°C in a humidified atmosphere of 5% CO2.



3-D co-culture of primary LSECs and HSCs

Endothelial cell growth basal medium was combined with Matrigel Matrix (Corning, NY, USA, Cat# 356231) in a 3:2 ratio to produce a 40% Matrigel solution. Each well of a 96-well culture plate was coated with 80 µl of the 40% Matrigel solution. The Matrigel layers were then incubated at 37°C for 45 minutes to enhance polymerization. 1x105 mouse LSECs isolated from CD-HFD-fed Vcam1fl/fl or Vcam1Δend mice and 1x105 mouse HSCs were suspended in endothelial cell growth medium and seeded on the freshly solidified Matrigel layer. Co-culture of hLSECs and hHSCs was performed in the same setting after the pretreatment of hLSECs with or without PA for 16 hours. After 3 days, cells were recovered from Matrigel using Corning Cell Recovery Solution (Corning, Cat#35425), and total RNA extraction, cDNA synthesis, and qPCR analysis were performed.



2-D co-culture of primary hLSECs and hHSCs

hLSECs and hHSCs were co-cultured using μ-Slide 2 well Co-culture (ibidi, Lochhamer, Germany). Briefly, 1x104 hLSECs were seeded in the peripheral wells and 1x104 hHSCs were seeded in the central well, then the cells were cultured overnight. hLSECs were treated with LPC 20 μM, after 4 hours LPC containing medium was removed and replaced with LSEC complete medium to fill up the central and the peripheral wells and the inter-cellular communication between hLSECS and hHSCs via soluble factors was examined. After 6 hours of co-culture, hHSCs were processed for αSMA immuno-staining following the protocols described in the immunocytochemistry section.



Immunocytochemistry and confocal microscopy

hHSCs were treated or co-cultured with hLSECs as desired and fixed with 4% PFA for 20 min at room temperature, and permeabilized using 0.01% TritonX-100 for 5 min, then blocked with 5% BSA for one hour. Cells were incubated with primary antibodies, anti-αSMA (1:250), or anti-Yap1 (1:500) overnight at 4°C. Cells were labeled using Alexa Fluor 596-conjugated donkey anti-rabbit IgG (1:2,000), Alexa Fluor 488-conjugated donkey anti-rabbit IgG (1:2,000), or Alexa Fluor 596-conjugated chicken anti-mouse IgG (1:2,000), and observed under confocal microscopy (LSM 980, Zeiss, Jena, Germany). 4’, 6-diamidino-2-phenylindole (DAPI) was used for the nuclear counterstain. ZEN 2.3 lite software (ZEISS) was used for acquiring images.



Primary human hepatic stellate cell activation assay

To culture primary hHSCs on a matrix that simulates the liver stiffness in vivo, CytoSoft 6-well plates with a rigidity of 0.2 kPa were obtained from Advanced Biomatrix (Cat# 5165, Carlsbad, CA), these plates have a 0.5 mm thick silicone gel in each well. Before seeding the cells, the wells were coated with 0.1 mg/ml PureCol Type I collagen solution (Cat# 5005, Advanced Biomatrix INC, Carlsbad, CA) to allow cell attachment. Primary HSCs were plated in a CytoSoft 6-well plate at a concentration of 3 x 105 cells/well. After serum starvation overnight, the HSCs were treated with 0.5 μM of rhVCAM1 for 48 hours. Cells were then harvested for RT-PCR analysis.



Immunoblot analysis

Cells were lysed using RIPA buffer (50 mM Tris-HCl, pH 7.4; 1% Nonidet P-40; 0.25% sodium deoxycholate; 150 mM NaCl; 1 mM EDTA with protease inhibitors) followed by centrifugation at 15,000g for 15 min at 4°C. Protein concentrations of the lysates were measured by the Bradford assay method (Sigma-Aldrich). Equal amount of protein was loaded onto Sodium dodecyl sulfate (SDS)-Polyacrylamide gel electrophoresis (PAGE) gels, transferred to nitrocellulose membrane (Bio-Rad, Hercules, CA) and incubated overnight with the primary antibody of interest. All primary antibodies were used at a dilution of 1:1,000 unless otherwise recommended by the manufacturer. Horseradish peroxidase-conjugated secondary antibodies against rabbit (Alpha Diagnostic International, San Antonio, TX) or mouse (Southern Biotech, Birmingham, AL) were used at a dilution of 1:5,000 and incubated for 1 hour at room temperature. Proteins were detected using enhanced chemiluminescence reagents (GE Healthcare, Chicago, IL). GAPDH protein levels were used as loading controls.



Animals

Study protocols were conducted as approved by the Institutional Animal Care and Use Committee (IACUC) of Mayo Clinic. The methods employed in the current study were conducted in accordance with IACUC guidelines for the use of anesthetics in experimental mice. Mice were housed and bred in a temperature-controlled 12:12-hour light-dark cycle facility with free access to diet. All interventions occurred during the light cycle. C57BL/6J mice were purchased from Jackson Laboratory (Bar Harbor, ME).



Generation of endothelial cell specific Vcam1 knockout mice

Vcam1fl/fl mice on the C57BL/6J background (Jackson Laboratory, Cat. 007665) were crossed with a line expressing tamoxifen-inducible Cre recombinase (CreERT2) under the regulation of the vascular endothelial cadherin (VE-Cadherin) promoter (Cdh5(PAC)-CreERT2) (11, 12), and the offspring Vcam1fl/fl Cdh5(PAC)-CreERT2 mice were obtained. At 6 weeks of age, Vcam1fl/fl Cdh5(PAC)-CreERT2 mice were injected intraperitoneally with 4 mg of tamoxifen for 5 consecutive days and used as endothelial cell-specific Vcam1 knockout mice (referred to as Vcam1Δend). Littermates that do not have the Cdh5(PAC)-CreERT2 transgene (referred to as Vcam1fl/fl) received the same tamoxifen dose and served as control mice.



Diet-induced murine NASH models

C57BL/6J wild-type (WT) mice were fed either a chow diet (5053 PicoLab Rodent Diet 20, LabDiet, St Louis, MO) or a diet rich in fat, fructose, and cholesterol (FFC) starting at the age of 8-weeks for 24 weeks. FFC diet consists of 40% energy as fat (12% saturated fatty acid, 0.2% cholesterol) (AIN-76A Western Diet, TestDiet, St Louis, MO), with fructose (23.1 g/L) and glucose (18.9 g/L) in the drinking water. The FFC diet phenocopies the metabolic and histological features of the human NASH (13), and has been extensively validated (14, 15). At 20 weeks on the diet, the mice were randomized to receive either anti-VCAM1 neutralizing antibody (M/K-2.7), (Genetex, GTX14360) or IgG isotype antibody (BE0088, InVivoMAb). Mice were injected with 10 mg/kg body weight of either the antibodies or IgG isotype intraperitoneally, twice per week for the last 4 weeks of the feeding studies. In an independent study, Vcam1fl/fl and Vcam1Δend mice were fed the choline-deficient high-fat diet (CD-HFD) (Research Diet, Cat. A06071302), which consists of 60% fat, 0.1% methionine, and no added choline, starting at 8 weeks of age for 6 weeks. Mice fed the CD-HFD experienced minimal body weight loss compared to the traditional choline-deficient diet and had hepatic steatosis, ALT elevation, hepatocytes ballooning, hepatic inflammation, and fibrosis, recapitulating the histological features of human NASH as we and others have shown in previous studies (6, 16).



Liver fibrosis model

Liver fibrosis was induced by intraperitoneal injection of carbon tetrachloride (CCl4), 1 µL/g of body weight, (Sigma-Aldrich #319961) into Vcam1Δend and Vcam1fl/fl mice, twice a week for 4 weeks. Mice were sacrificed 48 hours after the last injection.



Histology, immunohistochemistry, and digital image analysis

Formalin-fixed paraffin-embedded mouse liver tissue sections were deparaffinized, hydrated, and stained with antibody against Lyve-1 (1:100), F4/80 (1:500), or αSMA (1:1,000). The bound antibody was detected using a Vectastain ABC kit for goat (PK-6105, Vector Laboratories, Burlingame, CA) or DakoEnVision+Dual Link System-HRP kit (#K4063) and DAB substrate (Vector Laboratories) according to the manufacturer’s instructions; the tissue sections were counterstained with hematoxylin. Lyve-1/F4/80/αSMA positive areas were quantified by digital image analysis of 10 random fields per slide per animal using ImageJ software. For the co-staining study, primary antibodies against Lyve-1 (1:250) and αSMA (1:500) were detected using Alexa Fluor 488-conjugated chicken anti-goat IgG (A21467) and Alexa Fluor 596-conjugated donkey anti-rabbit IgG (Thermo Fisher Scientific), respectively, and then the co-stained liver tissues were examined by confocal microscopy (LSM 980, Zeiss, Jena, Germany). 4’, 6-diamidino-2-phenylindole (DAPI) was used for the nuclear counterstain. ZEN 2.3 lite software (ZEISS) was used for acquiring images.



SEM study and analysis of LSEC fenestration

Mice were injected via the portal vein with saline and then Trump’s fixative consisting of 4% formaldehyde and 1% glutaraldehyde in phosphate buffered saline PBS (pH 7.2) to fix the liver in situ. Fixed livers were removed and cut into 2 mm2 size and immersed in Trump’s fixative at 4°C overnight. The specimens were dehydrated in a graded series of ethanol, and dried. Subsequently, the sections were coated with a thin layer of platinum/palladium and visualized under an S-4700 electron microscope (Hitachi Inc, Pleasanton, USA). The numbers of fenestrae in LSECs in randomly selected 5 fields per mouse were quantified using imageJ software as previously described (17).



Quantitative real-time PCR

Total RNA was isolated with the RNeasy Mini Kit (Qiagen, Valencia, CA) and was reverse transcribed with moloney murine leukemia virus reverse transcriptase and oligo-dT random primers (both from Invitrogen, CA, USA). Quantification of gene expression was performed by real-time PCR using SYBR green fluorescence on a QuanStudio 6 Flex (Applied biosystems, Thermo Fisher Scientific, USA). Target gene expression was calculated using the ΔΔCt method and was normalized to 18S or Gapdh mRNA expression levels, which were stable across experimental groups. Target genes primers sequences used in this study were shown in Table 1 in Supplementary Materials.

To determine the relevance of VCAM1 in the deleterious LSEC phenotype caused by chronic liver injury in vivo, we first examined whether pharmacological blockade of VCAM1 could prevent sinusoidal capillarization, a hallmark of injurious and pro-fibrogenic phenotype observed in LSECs. To this end, we employed a mouse model of NASH (Figure 1A) induced by a high fat, fructose, and cholesterol (FFC) diet that recapitulates the clinical and histological features of the human disease (1, 2). In this model, the mRNA level of the capillarized endothelial cell marker Cd34 was increased in the FFC-fed control antibody (IgG)-treated mice and reduced with VCAM1 neutralizing antibody (VCAM1Ab) treatment (Figure 1B). In line with this data, immunostaining showed that the differentiated LSEC marker Lyve1 was reduced by FFC feeding and restored with VCAM1Ab treatment (Figure 1C). VCAM1 is expressed by immune cells and cholangiocytes in addition to LSEC (3, 4). Hence, we next employed our inducible Cre-mediated endothelial cell-specific Vcam1 knockout mice to investigate the role of VCAM1 expressed on LSECs in sinusoidal capillarization during NASH. Control mice (Vcam1fl/fl) and knockout mice (Vcam1Δend) were fed choline-deficient high-fat diet (CD-HFD) to induce NASH (Figure 1D) (5, 6). As shown in Figure 1E, scanning electron microscopy (SEM) of liver sections demonstrated the LSEC fenestrae from both groups of mice and quantified by porosity showing restoration of fenestrae in CD-HFD-fed Vcam1Δend mice compared to Vcam1fl/fl mice.




Figure 1 | Endothelial VCAM1 promotes LSEC capillarization during liver injury. Eight-week-old WT C57BL/6J mice were fed either chow or FFC diet for 24 weeks to induce NASH and treated with either anti-VCAM1Ab or control IgG isotype Ab (IgG) twice a week for the last 4 weeks. (A) Schematic representation of the experimental mouse study. (B) Hepatic mRNA expression of Cd34 was assessed by real-time PCR. Fold change was determined after normalization to 18s rRNA and expressed relative to chow-IgG mice. n=5-7. (C) Representative images of Lyve1 immunostaining of liver sections (left). Scale bar: 100 μm. Lyve1 positive areas were quantified in 10 random 10x microscopic fields and averaged for each animal (right). n=4-7. Vcam1fl/fl and Vcam1Δend mice were fed the CD-HFD diet starting at the age of 8 weeks for 6 weeks to induce NASH. (D) Schematic representation of the experimental mouse study. (E) Representative SEM images of the mouse livers. Scale bar: 5 μm (left) as shown on the bottom of the picture. The frequency of fenestrae was presented as porosity and quantified using image J (right). Eight-week-old Vcam1Δend mice and Vcam1fl/fl mice were treated with CCl4 intraperitoneally (1μL/g body weight), two time a week for 4 weeks to induce liver fibrosis. (F) Schematic representation of the experimental mouse study. Vcam1fl/fl and Vcam1Δend mice were injected intraperitoneally with CCl4 twice a week for 4 weeks to induce liver fibrosis. (G) Representative SEM images of the mouse livers. Scale bar: 5 μm (left) as shown on the bottom of the picture. The frequency of fenestrae was presented as porosity and quantified using image J (right). Representative images of Lyve1 immunostaining of liver sections from CD-HFD induced NASH mice (H) or CCl4 induced liver fibrosis mice (I). Scale bar: 50 μm. *, **, ***, **** indicate statistical significance with p < 0.05, p < 0.01, p < 0.001 and p < 0.0001, respectively.



We next examined whether deletion of LSEC Vcam1 also attenuates LSEC capillarization in the CCl4-induced chronic liver injury model (Figure 1F). Interestingly, SEM of liver sections from Vcam1Δend mice showed restoration of the LSEC fenestrae (Figure 1G). Capillarized LSECs are often identified in chronic liver disease and advanced liver fibrosis (7). Indeed, immunostaining of Lyve1 was reduced significantly in Vcam1fl/fl mice from both CD-HFD induced NASH model and CCl4-induced liver fibrosis model (Figure 1H, I and Supplementary Figure 1A, B) and restored in Vcam1Δend mice. Interestingly, double immunofluorescent staining showed significant reduction of Lyve1 in CD-HFD fed Vcam1fl/fl mice when compared to chow-fed Vcam1fl/fl mice, especially in areas with high αSMA expression. Likewise, restoration of Lyve1 and reduction of αSMA expression and liver fibrosis was observed in CD-HFD fed Vcam1Δend (Supplementary Figure 1C). These data suggest the involvement of LSEC capillarization in HSC activation. Taken together, these findings imply that during liver injury, endothelial VCAM1 promotes hepatic sinusoidal endothelial cell capillarization and may contribute to the loss of HSC quiescence.



LSECs under toxic lipid treatment promote HSCs activation via a VCAM1 dependent mechanism

Lipotoxicity secondary to excess circulating saturated free fatty acids (SFA)-induced cellular stress is a major driver of NASH pathogenesis. LSEC VCAM1 expression is enhanced in mice and human with NASH and upregulated upon treatment with SFA palmitate in vitro (5, 8). To investigate whether LSECs VCAM1 can directly activate HSCs and mimic the spatial proximity of LSECs and HSCs in the liver microenvironment, we employed a matrigel-based 3-D co-culture system consisting of these two cell types (Figure 2A). We co-cultured primary LSECs isolated from CD-HFD-fed Vcam1fl/fl and Vcam1Δend mice with primary HSCs isolated from chow-fed wild-type mice. mRNA expression of the pro-fibrogenic markers Col1a1, Pdgfrb and Timp1 in HSCs co-cultured with NASH liver-derived Vcam1Δend LSECs was reduced when compared to HSCs co-cultured with NASH liver-derived Vcam1fl/fl LSECs (Figure 2B). We next employed primary human cells and examined whether PA-primed LSECs promote the induction of stellate cell activation using the same 3-D co-culture system. We have previously demonstrated that the primary human LSECs used for these experiments had well preserved LSEC-specific features such as higher expression of Lyve-1 and Stabilin-2 compared to human umbilical vein endothelial cells (HUVECs) (9). We also confirmed that the primary human HSCs showed increased protein expressions of the extracellular matrix component fibronectin and the HSC activation marker α-SMA, suggesting that these cells are genuine quiescent HSCs rather than activated fibroblasts (Supplementary Figure 2A) as previously described by us in details (10, 11). When co-cultured with PA-primed hLSECs, hHSCs showed significant increase in COL1A1, PDGFRA and PDGFRB gene expressions compared to those co-cultured with the control non-treated hLSECs (Figure 2C).




Figure 2 | Lipotoxic LSECs activate HSCs during NASH in a VCAM1 dependent manner. Primary LSECs were isolated from Vcam1Δend or Vcam1fl/fl mice with NASH and primary HSCs were isolated from healthy wild type mice and co-culured using 3-D co-culture sytem. (A) Schema of the 3-D coculture system used for mouse primary cells co-culture. (B) mRNA levels of HSCs activation markers, Col1a1, Pdgfrb and Timp1 were assessed by real-time PCR. Fold change was determined after normalization to 18s rRNA. n=3. (C) Human primary LSECs and HSCs were co-cultured using the same 3-D co-culture system. hLSECs treated with vehicle or palmitate (PA) 500 μM overnight then co-cultutred with hHSCs for 3 days in LSEC growth medium without PA treatment, HSCs activation was examined by mRNA expression of COL1a1, PDGFRA and PDGFRB. n=3. (D) hLSECs and hHSCs were co-cultured using a 2-D co-culture μ-slide to examine the effect of hLSECs-derived soluble factors on hHSCs activation. hLSECs in the peripheral wells were pre-treated with LPC 20μM for 4 hours, then LPC containing media was replaced and filled up to allow for intercellular communication via soluble factors. After 6-hours of co-culture, hHSCs activation was examined by αSMA staining. Scale bar: 20μm left pannel, 10μm right pannel. αSMA fluorescent density from 5 random fields was quantified using ImageJ software. *, **, ***, **** indicate statistical significance with p < 0.05, p < 0.01, p < 0.001 and p < 0.0001, respectively. Statistically non-significant results were labeled as ns.



To investigate whether cell contact is required for the LSEC-induced HSC activation, we employed a 2-D co-culture of hLSECs and hHSCs using μ-slide system to examine the potential role of soluble VCAM1 released from LSECs under toxic lipid treatment in HSC activations. VCAM1 is known to be cleaved by a disintegrin and metalloproteinase 17 (ADAM17) at the extracellular site proximal to the cell membrane and the released free form is biologically active (18). In this co-culture system, both cell types were seeded in separate minor wells, but can only communicate by medium. We employed a well validated lipotoxic agent lysophosphatidylcholine (LPC) (12, 13) When co-cultured with LPC-treated hLSECs, hHSCs displayed enhanced activation as shown by enhanced αSMA staining (Figure 2D) compared to hHSCs co-cultured with non-treated hLSECs. Taken together these data suggest that during lipotoxicity, LSEC-derived VCAM1 in a free form enhances hepatic stellate cell activation thereby potentiates the development of liver fibrosis.



Hippo pathway effector Yap1 is involved in VCAM1 mediated HSCs activation

To avoid the spontaneous activation of HSCs by culturing on the plastic plate surface, we utilized the soft silicon culture surface with rigidity of 0.2 kPa, which simulates a healthy liver stiffness. To demonstrate that lipotoxic LSECs can promote HSC activation in a VCAM1-dependent manner, we treated hHSCs with recombinant human VCAM1 (rhVCAM1) and identified significant upregulation of the mRNA expression of HSC activation markers TIMP1 and PDGFRB when compared to control cells (Figure 3A). These data indicate that VCAM1 has the potential to activate quiescent HSCs. Next, we aimed to identify the potential regulatory mechanism underlying LSEC VCAM1-induced HSC activation. Hippo pathway and its downstream effector Yes-associated protein 1 (YAP1) is a known regulator of HSC activation, especially during the early stage of liver injury (14). Interestingly, recombinant human VCAM1-treated hHSCs showed significant induction of YAP1 as well as its target genes including connective tissue growth factor (CTGF) and ankyrin repeat domain protein 1 (ANKRD1) (Figure 3B). Furthermore, when treated with rhVCAM1 protein for 48 hours, hHSCs showed decreased phosphorylation of Yap1 as well as slight increase of total Yap1 (Figure 3C). Likewise, rhVCAM1-treated hHSCs displayed increased nuclear YAP1 when compared with vehicle-treated cells (Figure 3D). We next examined the correlation of the activation of YAP1 protein and αSMA expression in HSCs and showed that rhVCAM1 treated HSCs also displayed enhanced activation as shown with αSMA staining (Figure 3D) compared to vehicle-treated cells. Collectively, these data suggest that VCAM1 induced HSC activation is likely mediated by a YAP1 dependent mechanism.




Figure 3 | VCAM1-induced HSC activation is YAP1-dependent. Primary human HSCs were cultured using a cyto-soft plate with 0.2 kPa stiffness. hHSCs were treated with vechicle, 0.25 μM or 0.5 μM rhVCAM1 for 48 hours. (A) hHSCs activation was determined by mRNA levels of TIMP1 and PDGFRB. n=3. (B) Activation of hippo pathway protein YAP1 as well as its targets CTGF and ANKRD1 were examined by mRNA expression. n=3. (C) hHSCs were treated with rhVCAM1 for 48 hours. COL1A1 and phosphorylated and total YAP1 protein expressions were determined by western blotting. GAPDH was used as a loading control. The optical density of the bands (normalized to GAPDH for collagen 1 and to total YAP1 for phosphorylated YAP1) were quantified using ImageJ software and indicated below each band. (D) hHSCs were treated with vechicle or rhVCAM1 0.5 μM for 5 days, YAP1 subcellular locolization was examined by confocal microscopy and immunofluorescence using an anti-YAP1 antibody (red), HSCs activation was accessed by aSMA immunofluorescence (green). YAP1 positive nuclei were quantified from 5 random fields using imageJ software. Scale bar: 10μm. **, ***, **** indicate statistical significance with p < 0.01, p < 0.001 and p < 0.0001, respectively.





Endothelial cell-specific loss of VCAM1 ameliorates liver fibrosis in mice with CCl4-induced liver injury

To examine the profibrogenic role of LSEC VCAM1 in vivo, we employed the CCl4 experimental liver fibrosis mouse model (Figure 4A). CCl4 treatment was well tolerated in mice from the different experimental groups and did not affect weight gain (Figure 4B). CCl4-treated Vcam1fl/fl mice showed increased Col1a1 mRNA expression in liver when compared to olive oil-treated group mice. In contrast, CCl4-treated Vcam1Δend mice had a significant reduction in Col1a1 mRNA levels (Figure 4C). Likewise, when compared to CCl4-treated Vcam1fl/fl mice, Vcam1Δend had reduced liver fibrosis when assessed by Sirius red staining, and αSMA immunostaining (Figure 4D, E). Collectively, these data support the profibrogenic role of LSEC VCAM1 in liver injury.




Figure 4 | Endothelial cell-specific loss of VCAM1 is protective during liver fibrosis. Eight-week-old Vcam1Δend mice and Vcam1fl/fl mice were treated with either olive oil or CCl4 intraperitoneally (1μL/g body weight), twice a week for 4 weeks to induce liver fibrosis. (A) Schematic representation of the experimental mouse study. (B) Animal growth curve presented by weight gain during olive oil/CCl4 induction. Liver fibrosis was assessed by (C) mRNA expression of Collagen1a1, (D) Sirius red staining and (E) immunostaining of αSMA. Scale bar: 50μm, n=3-6. *, **, ***, indicate statistical significance with p < 0.05, p < 0.01 and p < 0.001, respectively. Statistically non-significant results were labeled as ns.





Endothelial cell-specific loss of VCAM1 ameliorates liver inflammation in mice with CCl4-induced liver injury

Given the known role of VCAM1 in immune cell adhesion and liver inflammation in NASH (5), we sought to assess liver inflammation in CCl4-treated Vcam1Δend mice, and showed reduced inflammatory infiltrate as assessed by H&E staining (Figure 5B) in these mice as compared to the Vcam1fl/fl mice. Furthermore, IHC staining for the macrophage specific marker F4/80, showed reduced immunostaining in CCl4-treated Vcam1Δend mice compared to CCl4-treated Vcam1fl/fl mice (Figure 5C), although the changes of Cd68 or Ccr2 mRNA expressions were not statistically significant between the groups (Figure 5A). These findings suggest that CCl4-treated Vcam1Δend mice showed attenuated liver inflammation compared to CCl4-treated Vcam1fl/fl mice, which is consistent with its known role in immune cell adhesion and hepatic infiltration during liver injury. However, the difference in CCl4-induced liver inflammation between Vcam1fl/fl and Vcam1Δend mice was relatively modest, when compared with the striking reduction in liver fibrosis in the CCl4-treated Vcam1Δend mice, suggesting that LSEC-expressed VCAM1 promotes liver fibrosis also through direct interaction with hepatic stellate cells..




Figure 5 | Endothelial cell-specific loss of VCAM1 is protective against inflammation during liver fibrosis. Eight-week-old Vcam1Δend mice and Vcam1fl/fl mice were treated with either olive oil or CCl4 intraperitoneally (1μL/g body weight), twice a week for 4 weeks. Liver inflammation was assessed by (A) Cd68 and Ccr2 mRNA expression, (B) H&E staining and (C) F4/80 immunostaining. Scale bar: 50μm, n=3-6. ** indicate statistical significance with p < 0.01. Statistically non-significant results were labeled as ns.






Discussion

The principal findings of the present study provide mechanistic insights regarding the role of the adhesion molecule VCAM1 expressed on LSECs in the development of liver fibrosis (Figure 6). Our results indicate that i) LSEC VCAM1 promotes endothelial capillarization in two murine models of chronic liver injury, ii) toxic lipid-induced exuberant expression of VCAM1 promotes HSC activation via YAP1 signaling pathway, iii) endothelial cell-specific deletion of VCAM1 ameliorates CCl4-induced mouse liver fibrosis. Our findings are discussed in greater details below.




Figure 6 | Liver sinusoidal endothelial cell expressed VCAM1 promotes hepatic stellate cells activation via Hippo pathway target protein Yap1 activation. Schematic representation of the major findings of the study showing a direct interaction between LSEC VCAM1 and hepatic stellate cells, resulting in hepatic stellate cell activation likely by a YAP1 dependent pathway.



Since its discovery as an endothelial cell surface glycoprotein, VCAM1 has been recognized for its essential roles in leukocyte adhesion via its cognate binding with counterpart adhesion molecules on the leukocyte surface such as integrin α4β1 and α4β7 (15, 16). Given its role as a foothold for leukocyte recruitment, VCAM1 has been implicated in the pathogenesis of numerous inflammatory diseases including rheumatoid arthritis, asthma and atherosclerosis (17, 19, 20). Likewise, we recently reported that in NASH pathogenesis, toxic lipid-induced aberrant expression of LSEC VCAM1 mediates hepatic recruitment of pro-inflammatory monocytes, thereby promoting inflammation and fibrosis in the liver (5). On the other hand, HSCs are known to be activated by various stimuli including direct interaction or paracrine signaling from LSECs (21, 22). Moreover, recent single cell studies delineated inferred ligand-receptor interactions between LSECs and HSCs during liver fibrosis both in mouse and humans (18, 23). However, the role of LSEC derived factors in the evolution of liver fibrosis during liver injury is an area ripe for further investigation. Hence, the present study shows a critical role of LSEC VCAM1 in HSC activation and is consistent with previous human studies that indicate that serum levels of soluble VCAM1 can predict liver fibrosis severity in NAFLD patients (24).

LSECs are distinguished from other endothelial cells in the body by the lack of basement membrane and the presence of fenestrae regularly arranged in so-called sieve plates. Differentiated LSECs (LSECs under physiological conditions) can maintain HSC quiescence in a paracrine manner (7, 25). During chronic liver injury of various etiologies, LSECs lose their quiescent phenotype (fenestrae), a phenomenon called ‘capillarization’, which ensues prior to liver fibrosis (26). Indeed, capillarized or dedifferentiated LSECs can promote HSC activation and liver fibrosis (25). However, the exact mechanism of LSEC capillarization in chronic liver disease is largely obscure. Several mechanisms have been implicated in LSEC capillarization thus far, such as vascular endothelial growth factor (VEGF) pathway, Notch signaling pathway and hedgehog signaling pathway (25, 27, 28). Other studies attributed the development and loss of fenestrae in LSECs to actin-mediated cytoskeletal reorganization (29, 30). Notably, growing evidence suggests that adhesion molecules in the immunoglobulin superfamily including VCAM1 can modulate actin cytoskeleton rearrangement of endothelial cells (31–34). To our knowledge, our report is the first study that demonstrates the role of an adhesion molecule in LSEC capillarization during liver injury. Whether and how aberrantly expressed VCAM1 can cause remodeling of the actin cytoskeleton is a subject of future investigation.

Hippo signaling pathway is an evolutionally conserved pathway, which plays an important role in regulating cell proliferation, organ size, tissue development and regeneration (35). Accumulating evidence suggests the involvement of the Hippo pathway in fibrosis in various organs including lung, heart, pancreas and liver (36–39). YAP1 is a transcriptional coactivator that is negatively regulated in the Hippo signaling pathway. Knockdown of YAP1 expression or pharmacological inhibition of YAP1 prevented HSC activation in vitro and pharmacological inhibition of YAP1 ameliorated CCl4 or bile duct ligation-induced hepatic fibrogenesis in mice (14). To date, a variety of intracellular signaling pathways including acid ceramidase, fibroblast growth factor 18 and Hedgehog signaling pathways have been shown to act as a modulator of YAP1 activity, thereby altering HSC activation and liver fibrosis (40–42). Interestingly, the adhesion molecule integrin beta-1 (ITGβ1) has also been found to play an essential role as an upstream effector of YAP1 regulating HSC activation (43). Given that ITGβ1 heterodimerizes with α integrins such as ITGα4 and α7 on the cell surface and VCAM1 is one of the principal ligands for these integrins, ITGβ1/YAP1 axis might possibly serve as a key mechanism for VCAM1-induced YAP1 activation and HSCs activation (43). In addition, soluble VCAM1 is released when cleaved by a disintegrin and metalloproteinase 17 (ADAM17) at the extracellular site proximal to the cell membrane (44, 45), then can bind and activate integrin expressed on the target cells (46). Further studies are ongoing in our laboratory to delineate how VCAM1 modulates the Hippo signaling pathway during HSCs activation.

We employed 3 known mouse models of liver injury; each has its advantages and disadvantages. The FFC feeding model phenocopies the histological features and metabolic profiles of human NASH (1); however, it requires 6 months of feeding for histological features to be established. In our preliminary study, we have confirmed that the inducible Cre-mediated endothelial cell-specific gene deletion system we employed can deliver an adequate gene knockout efficacy both in a physiological condition and even after the 6-weeks of CD-HFD feeding. However, gene knockout efficacy after the 24 weeks of FFC feeding was suboptimal, likely secondary to reduced Cre recombinase activity over time after tamoxifen administration. Therefore, we employed CD-HFD diet to induce NASH when using the tamoxifen-inducible endothelial cell-specific gene knockout system. The findings obtained in the mouse NASH model are clinically important since NASH is currently the most common chronic liver disease and a major cause of end-stage liver disease worldwide (47). Furthermore, we demonstrated that inhibition of LSEC VCAM1 can ameliorate not only NASH-related liver fibrosis but also liver fibrosis in a more generalized context by employing CCl4-induced liver fibrosis model. CCl4 is a known model of liver fibrosis caused by hepatocyte necrosis and subsequent liver inflammation arising from the centrilobular area and is broadly used as liver injury model.

Taken together, the findings in the current study suggest that VCAM1 in LSECs is not just a scaffold for leukocyte adhesion, but also a direct modulator of liver fibrosis, further strengthening the potential efficacy of targeting VCAM1 in chronic liver disease patients in clinical settings.
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Nonalcoholic fatty liver disease (NAFLD) is the liver manifestation of metabolic syndrome and is the most common chronic liver disease in the world. The pathogenesis of NAFLD has not been fully clarified; it involves metabolic disturbances, inflammation, oxidative stress, and various forms of cell death. The “intestinal-liver axis” theory, developed in recent years, holds that there is a certain relationship between liver disease and the intestinal tract, and changes in intestinal flora are closely involved in the development of NAFLD. Many studies have found that the intestinal flora regulates the pathogenesis of NAFLD by affecting energy metabolism, inducing endotoxemia, producing endogenous ethanol, and regulating bile acid and choline metabolism. In this review, we highlighted the updated discoveries in intestinal flora dysregulation and their link to the pathogenesis mechanism of NAFLD and summarized potential treatments of NAFLD related to the gut microbiome.
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Introduction

The gut-liver axis is the bidirectional relationship between intestinal microorganisms and the liver, which is affected by diet, heredity, the environment, and other factors (1). The intestine and liver originate from the foregut at the embryonic stage. Venous blood carries nutrients absorbed from food, factors from intestinal microbiota, and immunoreactive products into liver tissue through the portal vein. At the same time, bile acids (BAs) synthesized by hepatocytes combine with glycine or taurine to form bile salts in the liver, which are then stored in the gallbladder and eventually enter the small intestine (2). More than 70% of the blood in the liver comes from the intestinal tract and enters the liver through the portal vein.

The intestinal tract contains a large number of bacteria, which help the human body absorb energy and nutrients. Some toxins and flora products absorbed through the intestinal tract depend on the liver’s metabolism. Among billions of microorganisms in the intestinal flora, there are more than 100 species of bacteria. The contents of Firmicutes and Bacteroidetes in normal intestinal flora are the highest, accounting for 90% of the total number of bacteria (3) (Figure 1). The intestinal mucosal and vascular barrier is the functional and anatomical structure that allows nutrients to access the circulation and reach the liver without dispersing microbes and toxins from the gut. Bacterial outgrowth and composition changes or damage to the intestinal barrier increase microbial exposure and the proinflammatory environment of the liver (4, 5).




Figure 1 | Classification of common intestinal flora and some representative flora. Intestinal bacteria are divided into phyla phylum, class, order, family, genus and species according to their grades. The content of Firmicutes in normal intestinal flora was the highest, and Bacteroidetes ranked second.



The imbalance in intestinal flora usually has the following two characteristics : (1) a decrease or complete loss of some symbiotic flora that leads to a decrease in flora diversity, which is related to many immune responses and metabolic disorders (6); and (2) the overgrowth of pathogenic bacteria. In healthy intestinal ecosystems, the proportion of pathogenic bacteria in intestinal flora is relatively low. However, in many diseases, the growth of pathogenic bacteria exceeds that of other bacteria. For example, the abundance of Escherichia coli (a subclass of Proteobacteria) increases in many immune inflammatory and metabolic diseases, including NAFLD (7, 8). The proliferation of Amoeba is generally considered a potential diagnostic marker of flora imbalance and disease (9).

NAFLD is the most common chronic liver disease in the world and includes a series of liver lesions, from simple steatosis to nonalcoholic steatohepatitis (NASH), cirrhosis, and hepatocellular carcinoma (10). The pathological mechanism of NAFLD is primarily linked to obesity, insulin resistance, and lipid dysregulation. NAFLD is closely raleted to metabolic syndrome and the pathogenesis of which is studied mainly based on metabonomics (11, 12). In recent years, there is increasing evidence showing that the NAFLD related to the imbalance in intestinal flora (13). The latest study, recently published in science translational medicine, provides predictions of long-term NAFLD development based on clinical indicators of NAFLD patients, intestinal flora macrogenomics and metabonomics data (14). In addition, there is also other evidence which indicated that intestinal microbiota affects NAFLD by regulating metabonomics. For instance, the results of clinical metabonomics show that the imbalance of intestinal flora is related to the imbalance of amino acid metabolism in the pathogenesis of NAFLD (15). Amino acid therapy could effectively regulate intestinal microflora and fatty acid oxidation in mice and improve NASH (16).

Although a number of clinical and animal experiments have observed that intestinal flora imbalance is involved in the pathogenesis of NAFLD (17). However, It is still not clear whether the imbalance in intestinal flora is the direct cause of NAFLD or just reflects some disease-related changes in the host immune and metabolic system. In this review, we highlighted the updated discoveries in intestinal flora dysregulation and their link to the pathogenesis mechanism of NAFLD and summarized potential treatments of NAFLD related to the gut microbiome.



Study on the intestinal microflora in patients with NAFLD/NASH

The results of high-throughput sequencing of clinical samples showed that the abundances of Escherichia coli, Dysgonomonas, and Bilophila increased in patients with NAFLD. These conditional intestinal pathogens promote the production of endotoxin and endogenous ethanol, which increases systemic inflammatory grade and insulin resistance. Moreover, the abundance of beneficial bacteria, such as Alistipes, Bifidobacterium, and Akkermansia muciniphila decreased, which impaired the production of short-chain fatty acids (SCFAs) to maintain the integrity of the intestinal mucosal barrier and facilitated the proliferation of harmful bacteria and the inflammatory response to promote NAFLD (7, 18–20). Studies have shown that intestinal flora imbalance often exists in patients with chronic liver disease and that the degree of imbalance is positively associated with the severity of liver disease (21, 22). In the following section, we discuss the role of the intestinal flora in the regulation of the immune signaling pathways in the progression of NAFLD (Figure 2).




Figure 2 | The destruction of the intestinal epithelial barrier caused by intestinal flora imbalance is an important condition for the development of NAFLD and nonalcoholic steatohepatitis (NASH). Intestinal inflammation and the production of metabolic toxins cause intestinal barrier dysfunction, exposing the liver to flora metabolites and promoting the development of NAFLD. BAs, bile acids; CDCA, chenodeoxycholic acid; CA, cholic acid; DCA, deoxycholic acid; LCA, lithocholic acid; TMAO, trimethylamine oxide; TGR5, Takeda G protein-coupled receptor 5; FGF, fibroblast growth factor; SHP, small heterodimer partner; SREBP-lc, sterol regulatory element-binding protein-lc; SIRT1, sirtuin 1; PGC-1a, proliferator activated receptor g coactivator 1 a; PPARa, peroxisome proliferator activated receptor alpha; GLP, glucagon like peptide; GPR, G protein-coupled receptor; TNF, tumor necrosis factor; IL-6, interleukin; NLRP3, NOD-like receptor protein 3; LPS, lipopolysaccharide; LBP, lipopolysaccharidebinding protein; SIBO, Small intestinal bacterial overgrowth; IPA, Indole-3-propionic acid; IAA, 3-Indoleacetic acid; Myd88, myeloid differentiation factor 88; MAPK, mitogen-activated protein kinase; NF-kB, nuclear factor kappa-B; NO, nitric oxide; ROS, reactive oxygen species; Trp, tryptophan; NAD, nicotinamide adenine dinucleotide; BCAA, branched-chain amino acid; mTORC, mammalian target of rapamycin complex; Akt, protein kinase B; INSIG2a, insulin induced gene 2a; Foxo1, forkhead box O1; Mul1, mitochondrial E3 ubiquitin protein ligase 1; RAB1A, member ras oncogene family; Prdx1, peroxiredoxin 1; Ub, ubiquitin; p-, Phosphorylation.





Key mechanisms involved in the regulation of intestinal microbiota during NAFLD progression


Intestinal endotoxin


Proinflammatory effect

Endotoxin is a complex of lipopolysaccharide (LPS) and trace proteins on the outer membrane of Helicobacter genus and Gram-negative bacteria (23). LPS is an active component of endotoxin that migrates into intestinal capillaries through Toll-like receptor (TLR)-dependent channels. Compared with patients with abnormal metabolism without NAFLD, the serum level of LPS was increased in patients with NAFLD (24). A large number of studies have shown that intestinal endotoxin plays an important role in the occurrence and development of NAFLD and that the level is correlated with the severity of NAFLD (24). LPS accelerates systemic and local inflammatory responses to promote NAFLD progression into NASH (8, 25, 26). Endotoxin binds to lipopolysaccharide-binding protein (LBP) in blood, which transfers LPS to Kupffer cells and binds to the cell surface TLR4-CD14 complex to activate downstream mitogen-activated protein kinase (MAPK) and nuclear factor kappa-B (NF-κB) inflammatory signaling pathways (25, 27). The activation of these pathways leads to the activation of proinflammatory factors such as tumor necrosis factor (TNF), (interleukin) IL-6, and IL-1β, as well as bioactive substances such as nitric oxide (NO) and oxygen free radicals, forming a network of inflammatory mediators (28).

Among all LPS ligands, LPS-TLR4 is the primary interactive pair in the progression of NAFLD. In addition, studies in animal models have shown that TLR 2, 5, and 9 are also involved in the development of NAFLD (29). When TLR ligands are stimulated, host cells produce various responses, mainly through four kinds of effector molecules, including myeloid differentiation factor (Myd) 88, Toll-Interleukin receptor domain-containing (TIRA), TIR-domain-containing adapter-inducing interferon (TRIF), and Trif-related adaptor molecule (TRAM), which lead to the activation of NF-κB, interferon (IFN) regulator 3 (1RF-3) and activator protein (AP)-1 (30, 31). The liver is an immune target organ; under normal circumstances, inflammation is not triggered. When excessive intestinal flora and toxins reach the liver and exceed the clearance capacity of the liver, they stimulate inflammatory reactions and aggravate liver injury and even liver fibrosis.



Increased intestinal mucosal permeability

In general, endotoxin is considered a useful bacterial biomarker for increased intestinal permeability because it can be transferred from the intestine to the systemic circulation through an incomplete intestinal mucosal barrier (32). It also activates the complement and coagulation systems and promotes macrophage infiltration to further damage intestinal mucosal barrier function directly or indirectly (33). Some studies have suggested that endotoxin damages the local intestinal mucosa and triggers an inflammatory cascade by inhibiting the migration of new intestinal epithelial cells and weakening the repair effect of cell repair factors, eventually resulting in local intestinal mucosal ischemic necrosis and intestinal barrier damage (34).



Small intestinal bacterial overgrowth

Small intestinal bacterial overgrowth (SIBO) has been shown to be related to the pathogenesis of NAFLD (35). SIBO mainly refers to the increase in the number of Gram-negative bacteria, the destruction of the tight junction between intestinal epithelial cells, the increase in intestinal mucosal permeability, low-grade endotoxemia and the production of cytokines in Kupffer cells (36, 37).

Studies have found that intestinal endotoxemia plays a particularly prominent role in the environmental factors affecting the occurrence of NAFLD in mice, and the overgrowth of intestinal bacteria aggravates the production of endotoxin (38, 39). In addition, a meta-analysis comprising 10 studies showed that SIBO was significantly correlated with NAFLD, with a combined odds ratio of 3.82 (95% confidence interval, 1.93-7.59%) (40). The rate of SIBO was found to be 37.5% in patients with NAFLD. Compared with the levels in patients without SIBO, the level of endotoxin and the expression of hepatic TLR4 signaling genes were significantly increased in SIBO patients (27).



Endogenous ethanol

Compared to simple obesity, there is an increased abundance of alcohol-producing bacteria in NASH microbiomes, including Proteobacteria, Enterobacteriaceae, and Escherichia, resulting in elevated blood-ethanol concentrations in NASH patients (8) (see Table 1). Alcohol-producing bacteria produce endogenous alcohol by fermentation in the intestine, which is absorbed into the liver through the gastrointestinal tract and oxidized to acetaldehyde under the action of alcohol dehydrogenase (ADH; 80%) and cytochrome P4502E1 (20%) in the liver (50). It is then oxidized to acetic acid by aldehyde dehydrogenase (ALDH) and finally enters the tricarboxylic acid cycle to produce carbon dioxide and water. Endogenous alcohol not only directly damages the liver but also damages the liver through its oxidation product acetaldehyde by increasing the production of peroxide and oxidative stress to induce and aggravate the occurrence and development of NASH.


Table 1 | Metabolite and related flora.



Animal experiments have also confirmed that intestinal flora fermenting ethanol from sugars rather than simple fatty liver leads to liver damage and NASH (51). Acetaldehyde, an intermediate metabolite of ethanol, causes direct oxidative damage to the tissue and liver. Acetaldehyde increases the production of oxygen free radicals and lipid peroxidation and causes hepatocyte injury by activating the activities of related enzymes in the body (52). Dunagan M’s study found that acetaldehyde destroys tight junctions between intestinal epithelial cells and increases the permeability of monolayer colon adenocarcinoma cells (Caco-2 cell monolayer) to endotoxin (53). In addition, acetaldehyde induces mitochondrial dysfunction and makes hepatocytes more vulnerable to oxidative damage (54).




Amino acids


Branched-chain amino acids

The intestinal flora affects the host metabolic phenotype through a variety of mechanisms, including fermentation to produce high-energy substrates, especially branched-chain amino acids (BCAAs). When BCAAs were added to the diet, the level of acetic acid-producing Ruminococcus increased, and the level of acetic acid in the portal vein increased, thus reducing fat accumulation in the liver (41). The possible mechanism is that the BCAA-mammalian target of rapamycin complex (mTORC) 2 depends on the mitochondrial E3 ubiquitin protein ligase 1 (Mul1) to induce ubiquitination and degradation of protein kinase B 2 (Akt2), which inhibits liver adipogenesis by interrupting Akt2- insulin induced gene 2 a (INSIG2a) signal transduction. In addition, BCAAs regulate Akt2/forkhead box O1 (Foxo1) signal transduction and increase liver glucose production (55). Moreover, BCAAs are also associated with decreased levels of Coprococcus, which are closely related to inflammation and might be beneficial to NAFLD (41).

A large number of studies have confirmed that the increase in circulating levels of BCAAs is related to metabolic syndrome and its complications, such as NAFLD, insulin resistance, and type 2 diabetes mellitus (T2DM) (56–58). The complete catabolism of BCAAs in tissues requires many enzymatic steps, most of which occur in mitochondria. BCAA catabolism is regulated by branched-chain amino acid transaminase (BCAT) and branched-chain α-ketoacid dehydrogenase complex (BCKDH) (59). The increase in BCAAs in the lipotoxic environment might lead to mitochondrial dysfunction in the liver, which leads to the impairment of mitochondrial tricarboxylic acid cycle energy during the development of NAFLD (59). Lipotoxicity is a prerequisite for mitochondrial dysfunction caused by BCAAs and might be one of the reasons for the deterioration of insulin resistance in patients with NAFLD.

In addition, the adverse metabolic effects of BCAAs might be mediated by leucine and valine (60). During obesity, excess nutrition increases plasma leucine and valine levels and activates mTORC1 and S6K1. The continuous activation of mTORC1 leads to serine phosphorylation of IRS1 and IRS2, interferes with signal transduction, and targets IRS1 for protein decomposition through the proteasome pathway (61, 62).

Insulin resistance caused by the above mechanisms increases the demand for insulin, and protein degradation might increase the occurrence rate of BCAAs (63). BCAAs promote the stability and nuclear localization of peroxiredoxin 1(Pdx1) in a member ras oncogene family (Rab1A)- and mTORC1-dependent manner and inhibit the transdifferentiation of β cells into α cells, thus playing an important role in regulating insulin resistance (64). Therefore, interfering with the microflora related to BCAA metabolism might be a potential therapeutic target for NAFLD.



Tryptophan

Tryptophan (Trp) is an essential amino acid for humans and animals and is found in foods derived from protein, such as meat, milk, nuts, and seeds (65). The tryptophan enzyme is present in the intestinal flora, such as Bacteroides polymorpha, Clostridium, Enterococcus faecalis, and Escherichia coli (42), which catalyze the decomposition of dietary Trp and convert Trp into indole and derivatives (66). Indole has a protective effect on the occurrence and development of NAFLD, as it inhibits the proinflammatory activation of macrophages in a PFKFB3-dependent manner, thus reducing the severity of HFD-induced hepatic steatosis and liver inflammation (67).

Indole-3-propionic acid (IPA) is also a tryptophan metabolite produced by intestinal bacteria. Studies have shown that IPA could improve the imbalance in the microflora, increase tight junction proteins in the intestine, and reduce the production of endotoxin. It inhibits NF-κB signal transduction and reduces the levels of proinflammatory cytokines (such as TNFα, IL-1β and IL-6) in response to endotoxin in macrophages to inhibit liver inflammation and liver injury (68). In addition, another tryptophan derivative, indole-3-acetic acid, has been reported to reduce liver adipogenesis (Srebf1, Scd1, PPAR γ, Acaca and Gpam), oxidative stress (ROS and MDA) and inflammation (MCP-1 and TNF-α) to alleviate NAFLD in mice (69, 70).




Short-chain fatty acids


Main components of SCFAs and producting flora

During intestinal digestion, undigested dietary fiber, proteins and peptides are fermented by intestinal flora to form SCFAs. SCFAs are a group of water-soluble free fatty acids with fewer than 6 carbon atoms and are mainly represented by acetic acid, propionic acid, butyric acid, pentanoic acid and so on, of which acetic acid, propionic acid and butyric acid account for more than 95% of SCFAs in the intestine (71). The proximal colon is the site with the highest concentration of SCFAs in healthy bodies (72).

Specifically, acetic acid is the SCFA with the highest concentration in the body and is the center of carbohydrate and fat metabolic pathways. The main acetic acid-producing bacteria are anaerobes, Bacteroides, Lactobacillus, Streptococcus and Bifidobacterium (43). The substrate of fermentation is indigestible sugar, including indigestible polysaccharide (NSP) and resistant starch (RS). Propionic acid is mainly produced by Bacteroidetes and is the central metabolite of odd-chain fatty acid metabolism, usually produced by the fixed pathway of carbon dioxide (44). Butyric acid is formed by the condensation of acetyl coenzyme A by several specific anaerobes. The main butyric acid-producing bacteria are Clostridium, Spirillum, Bacillus and Ruminococcus (45, 46). In addition to intestinal fermentation, cellular metabolism, especially fatty aci d oxidation, could also produce SCFAs.In addition, a small amount of isobutyric acid and isovaleric acid will be produced during the catabolism of BCAAs such as valine, leucine and iso-amino acid.



The transshipment mode of SCFAs

Acetic acid is a very important raw material for the synthesis of serum total cholesterol (TC) and participates in the hepatic circulation, thus regulating lipid metabolism disorders (73). Propionic acid inhibits the synthesis of TC. Butyric acid has a regulatory effect on inflammation and is used as cell energy and nutrient (74, 75). These effects have led to the association of SCFAs with various lipid metabolic diseases. After being absorbed by the intestine, SCFAs are further used by colon muscle cells or enter the blood circulation and reach other organs. Generally, there are several ways for SCFAs to enter a cell. The first way is passive diffusion. The second pathway is carrier-mediated transport dominated. The third is to activate G protein-coupled cell surface receptor (GPR). SCFAs are not only an important energy source in the body but also represent new signaling molecules that participate in regulating human metabolism by the intestinal flora.



SCFAs affect the progression of NAFLD

Several studies have shown that SCFAs affect the progression of NAFLD (76–78). Supplementation with SCFAs can transform the processes in adipose tissue and liver tissue from adipogenesis to fatty acid oxidation (79, 80) and has a protective effect on fatty inflammation induced by a high-fat diet in mice (81). There are obvious changes in fecal microflora during the occurrence and development of obesity-related NAFLD. The feces of patients with obesity or NAFLD are rich in Proteobacteria, Enterobacteriaceae and Escherichia (15, 81, 82), but the abundances of some bacteria, such as Rikenellaceae, Ruminococcaceae, Faecalibacterium and Eubacterium, are reduced (7, 8, 15). The number of Lactobacillus and Bifidobacterium in the intestinal flora of NAFLD patients decreased; the contents of propionic acid, butyric acid and other metabolites decreased; and the ratio of acetic acid to propionic acid increased (83). After mice with NASH were fed acetate, the steatosis and inflammatory infiltration of the liver were relieved and the TC and triglyceride (TG) contents in the serum and the free fatty acid content decreased (84). Propionic acid has been shown to be related to some biochemical reactions in the body, for instance, inhibiting the rate-limiting enzyme of fat synthesis and enhancing the function of insulin release (77, 85). Butyric acid is related to the expression of proteins in the intestinal tract, which could alleviate the symptoms of liver injury and alleviate inflammation in NASH mice (78).

The effect of SCFAs on NAFLD is mainly achieved through the following two aspects: (1) reducing the inflammatory response and (2) reducing insulin resistance and improving liver steatosis. The most important role of SCFAs in NAFLD is anti-inflammation. The combination of SCFAs and GPR43 causes neutrophil chemotaxis to inflammatory sites and affects the proliferation and function of Treg cells (86). The combination of SCFAs and GPR109A induces the differentiation of Treg cells and IL-10-secreting T cells, thus inhibiting the occurrence of colitis. It has been reported that the combination of SCFAs with GPR43 and GPR109A NOD-like receptor protein 3 (NLRP3) inflammatory bodies (87). The lack of NLRP inflammatory bodies aggravates the disease process of NASH through TLR4 and TLR9 recognition receptors (29). On the other hand, butyric acid and propionic acid may limit the translocation of LPS, reduce the production of proinflammatory cytokines in neutrophils and macrophages after LPS activation, reduce intestinal inflammation and maintain the integrity of the intestinal barrier, thus improving NAFLD (88, 89).

In addition, acetic acid inhibits the secretion of chylous particles and promotes lipid oxidation by upregulating the Adenosine 5’-monophosphate (AMP)-activated protein kinase (AMPK)-peroxisome proliferator-activated receptor γ coactivator 1 α (PGC-1α)-peroxisome proliferator activated receptor alpha (PPARα) pathway (90). SCFAs also increase the expression of GPR41 and GPR43 and promote the secretion of glucagon-like peptide-1 (GLP-1) by L cells. Circulating GLP-1 reaches pancreatic β cells and binds to GLP-1R, thus promoting the release of insulin, reducing insulin resistance and improving hepatic steatosis (91). In patients with steatosis of the liver, there was a decrease in the number of bacteria producing SCFAs and a similar decrease in fecal SCFAs (92); therefore, its effect is weakened accordingly.



SCFAs Plays a key role in the main co-morbidity of NAFLD

Furthermore, gut microbiota havs been introduced as a plausible regulator of IL-17A production and functions (93). It has been reported that butyric acid, as a derivative of intestinal flora, could down-regulate the pathological expression of IL-17A (94). The interaction between SCFAs and GPR43 could also regulate the expression of IL-17A (95). It has been reported that, IL-17, released by the visceral adipose tissue, induces eotaxin secretion through the smooth muscle cells present in the atheromatosus vessels to affect the occurrence and development of atherosclerosis (96). Therefore, it is believed that SFCAs could not only regulate NAFLD, but also play an important role in in the main co-morbidity of NAFLD and metabolic syndrome.




Bile acids

Epidemiological studies have shown that there is a common bile acid pool imbalance in patients with NAFLD, accompanied by changes in specific flora (97). Moreover, it has been confirmed that NAFLD is associated with significant changes in the composition of BAs in the enterohepatic circulation, as well as with the histological characteristics of NASH (1). The higher the proportion of conjugated BAs, the faster is the rate of liver fibrosis (98).


BAs affect the composition and abundance of intestinal microflora

There is a complex interaction between BAs and intestinal flora. On the one hand, BAs inhibit the growth of harmful bacteria, affect the number and composition of intestinal flora through their own physiological roles and the mediated signaling pathways, maintain intestinal flora homeostasis, prevent bacterial translocation, and enhance the defense role of the mucosal barrier. BAs regulate the composition of intestinal flora, mainly with an increase in Firmicutes and a decrease in Bacteroides (47).

Deoxycholic acid (DCA) was found to increase the F/B ratio of intestinal flora and change the composition of intestinal flora in Apcmin/+ mice treated with DCA. The level of opportunistic pathogens such as Escherichia coli and Shigella increased significantly, while the abundance of probiotics such as Lactobacillus decreased (8). This result shows that BAs can not only change the composition of the intestinal flora but also directly inhibit intestinal flora. As amphiphilic molecules, BAs have lipophilic and hydrophilic properties, which will destroy the phospholipid bilayer, cause cell membrane rupture, and eventually lead to cell death (99).

Through free diffusion, bile acid enters Gram-negative bacteria and causes a stress response, inducing cell RNA to form a secondary structure or causing molecular chaperones such as heat stress shock proteins to denature and lose the ability to function normally, resulting in the failure of normal folding of newly synthesized proteins in bacteria and therefore in bacterial death (100). The antibacterial activity of hydrophobic DCA was 10 times higher than that of cholic acid (CA). Hydrophobic bile acid has a higher affinity for the phospholipid bilayer of the bacterial cell membrane, so it does more damage to the integrity of the cell membrane. BAs oxidize DNA and activate DNA-related repair enzymes (101). BAs chelate with important ions, such as calcium and ferrous ions, inside and outside bacteria, which affects bacterial gene expression and inhibits bacterial movement, reproduction and chemotaxis (101, 102).



Effect of intestinal flora on BAs

The intestinal flora affects the synthesis and metabolism of BAs (103, 104). The intestinal flora facilitates the transformation of primary BAs into secondary BAs through a series of enzymatic reactions, which play an important role in BA metabolism. This process includes two steps: (1) uncoupling – some bacteria in the intestinal tract have BA hydrolase (BSH) activity, such as Lactobacillus, Bifidobacterium, Clostridium and Bacteroides, and under the action of BSH, bound BAs are excreted into the intestinal tract and then catalyzed by BSH to form secondary BAs; and (2) 7 α-dehydroxylation occurs only after uncoupling due to low hydroxyl affinity. The primary BAs, chenodeoxycholic acid (CDCA) and (Cholic acid) CA produce deoxycholic acid (DCA) and lithocholic acid (LCA) after 7 α-dehydroxylation. DCA and LCA are also the most physiologically significant secondary BAs. The main receptors of BAs in regulating host metabolism are Farnesoid X receptor (FXR) and takeda G protein-coupled receptor 5 (TGR5). BAs, as an important signaling molecule, binds to receptors to regulate the inflammatory response and maintain immune homeostasis (105).

Obeticholic, as an agonist of FXR, effectively inhibits the synthesis of bile acid from cholesterol by activating FXR and promoting the expression of fibroblast growth factor (FGF)-15/19 and small heterodimer partner (SHP) (106, 107). In addition, studies have shown that obeticholic could downregulate sterol regulatory element-binding protein-lc (SREBP-lc) and upregulate sirtun 1 (SIRT1) by activating FXR, thus reducing liver fat formation (108). Many clinical trials have shown that as a potent selective FXR agonist, obeticholic improves NASH (109, 110). The mid-term analysis of a phase III clinical study of obeticholic showed that 25 mg/d obeticholic could significantly improve liver fibrosis (111).

In addition, interfering with fatty acid production in other ways can also treat NAFLD. Aramchol is a new compound that binds fatty acids and cholic acid metabolism, which reduces triglycerides and lipid fatty acids by reducing the synthesis of fatty acids. In addition to reducing liver fat, it can also improve insulin resistance. A double-blind placebo-controlled trial involving 60 patients with NAFLD confirmed by liver biopsy (including 6 patients with NASH) showed that 300 mg/d Aramchol reduced liver fat content (112). In addition, as an enteropagin, semaglutide can also improve glucose metabolism and fatty acid oxidation in the liver. The results of a phase II clinical study of semaglutide were reported by the American Association for the Study of Liver Diseases in 2018. Of the 957 patients with NASH, 499 had elevated alanine aminotransferase (ALT). After using semaglutide 0.2~0.4 mg for 54 weeks, 46% of the patients’ ALT levels returned to normal.




Trimethylamine oxide

Choline comes from exogenous and endogenous sources. Diet provides approximately 70% of the choline, while the rest is synthesized in vivo. Choline deficiency hinders the synthesis and secretion of very low density lipoprotein (VLDL) and results in the accumulation of TG in the liver and the pathogenesis of NAFLD; therefore, a choline-deficient diet was applied to develop an NAFLD model in rodents. The intestinal flora converts choline into methylamines, such as trimethylamine (TMA), dimethylamine (DMA) and monomethylamine (MMA), in which TMA further produces trimethylamine oxide (TMAO). A number of studies also showed that the intestinal flora converts dietary components containing choline or TMA structures, such as phosphatidylcholine, betaine, and L-carnitine, to TMA, which enters the liver through the portal vein and rapidly transforms into TMAO under the action of flavin-containing dimethylaniline monoxygenase 3 (FMO3) in the liver (113, 114).

The level of TMAO in the NAFLD group was significantly higher than that in the control group. The level of TMAO was positively correlated with the severity of NAFLD (115). Mechanistically, TMAO upregulates BA synthesis and inhibits BA signal transduction during FXR activation, thus inducing lipogenesis in the liver (116). The gene clusters (CntA, CntB) are responsible for the production of TMA are commonly found in obligately anaerobic Clostridia (phylum Firmicutes) and facultatively anaerobic Enterobacteriaceae (phylum Proteobacteria) (48, 49), and the abundance of the latter group in the feces of individuals fed a high-fat diet is significantly increased (117, 118).

This increase might be related to the low-grade mucosal inflammation induced by a high-fat diet and the mitochondrial bioenergy causing dietary damage in the colonic epithelium (119). The increase in Proteus in patients with NAFLD was also reported to be related to the increased production of TMA and TMAO (120). Conversely, a study showed that the intestinal microbial metabolite TMAO restores the diversity of intestinal flora, inhibits intestinal cholesterol absorption, reduces liver cholesterol overload, and thus reduces cholesterol-induced endoplasmic reticulum (ER) stress and cell death in the liver (121). Currently, research on TMAO is still very limited, and in-depth studies are needed to understand the precise role of intestinal flora imbalance and its related TMAO in NAFLD.




Targeting intestinal flora to treat and prevent NAFLD


Diet

There are no approved drugs available for NAFLD treatment at present, and lifestyle intervention, including dietary restrictions, a Mediterranean diet and a low-carbohydrate diet (LCD), is considered to be the main treatment for NAFLD. Reasonable diet planning and lifestyle changes could improve the composition of intestinal flora and reduce the risk of NAFLD.

The study found that a combination of a Mediterranean diet and LCD significantly reduced the liver fat content and cardiovascular metabolic risk parameters (122). The Mediterranean diet reduces the abundance of Escherichia coli and increases the abundances of Bifidobacterium and Purkinje, thereby modifying the intestinal flora to yield a healthier state (123). The Mediterranean diet includes whole grains and monounsaturated fatty acids. Fiber and polyphenols in whole grains reduce energy intake; increase Bifidobacterium, Lactobacillus and Clostridium in the intestinal tract; and increase butyric acid in the intestinal tract, thus reducing insulin resistance and exerting an anti-inflammatory effect to improve NAFLD (124).

LCD refers to a diet that limits carbohydrates (energy supply ratio < 45%), increases fat and protein, and reduces the intake of refined grains and added sugar (125, 126). Adil and other studies have shown that LCD intervention in obese people increases the abundance of Streptococcus and Lactococcus, resulting in increased folic acid biosynthesis and upregulation of the fatty acid degradation pathway (127). Therefore, the interaction between an LCD and intestinal flora might help to explain the diet-associated anti-inflammation and lipid-lowering effects in the liver.



Endurance exercise

The beneficial effects of exercise on improving intestinal flora have been widely proven in rehabilitation medicine and sports science. The evidence shows that proper exercise significantly changes the structure of the intestinal flora to improve health status (128). Study has shown that rotational exercise increases the number of Bifidobacterium and Lactobacillus in rodents (129). Bifidobacterium is one of the most important physiological bacteria in human and animal intestines. It has become a potential treatment for NAFLD because of its anti-inflammatory, antioxidant, regulation of gastrointestinal peristalsis and other effects (130).

In addition, experiments were conducted on obese and thin subjects, and it was found that exercise training could cause changes in the intestinal flora and increase the number of butyrate-producing bacteria, but this change depends on the change in body mass index (131, 132). It has been demonstrated that butyric acid increases insulin sensitivity, regulates inflammatory cytokines and lipid metabolism, and reduces liver injury, fibrosis progression, and intestinal barrier dysfunction, thus improving NAFLD (133). The above results suggest that exercise changes the abundance of intestinal flora, and this effect is partly independent of the effect of diet. However, few studies have directly linked the beneficial effects of exercise intervention on NAFLD through ameliorating intestinal microorganism composition.



Microecological therapy

In the treatment of some diseases, microecological therapy has become a potential therapy to maintain the health of the host (134, 135). As the main microecological regulators, probiotics play an important role in maintaining the health of the host by regulating the structure of the intestinal flora. Probiotics include different kinds of bacteria that regulate intestinal flora, enhance intestinal barrier function, alleviate immune and metabolic damage (136), reduce the systemic inflammatory response, and upregulate fatty acid oxidation (137). Probiotics can also reduce cholesterol levels, liver steatosis and its associated inflammation (138). In addition, probiotics improve liver cholesterol and lipid metabolism by improving SCFAs and BAs metabolism (136, 139) and liver fibrosis (140). A meta-analysis confirmed that probiotics improve the level of ALT、aspartate aminotransferase (AST) and gamma glutamyl transferase (GGT) in patients with NAFLD (141). In a randomized controlled trial of 42 patients with NAFLD, fasting blood glucose, insulin resistance, TNF-a and IL-6 were significantly decreased after 8 weeks of probiotic intervention (142).

However, although probiotics have been proposed for the treatment and prevention of obesity-related NAFLD patients, their therapeutic uses are not supported by high-quality clinical studies (143). In addition, some studies hold opposite views on the role of probiotics in NAFLD. For instance, there is study has shown that probiotics reduce liver lipid accumulation by reducing intestinal permeability and inhibiting chronic inflammation without significantly changing the composition of the intestinal flora (144). Other results showed that taking probiotics for one year changed the fecal microbiome of the patients, but did not reduce the liver fat content and markers of liver fibrosis (145). Moreover, the molecular mechanism linking the beneficial effect of probiotics in NAFLD has not been precisely identified. Up till now, the clinical research on probiotics in the treatment of NAFLD is still limited. To further explore the specific efficacy of probiotic therapy on NAFLD and its possible mechanism, more clinical and basic studies are needed.



Antibiotic treatment

The use of antibiotics has a significant effect on intestinal flora (146). Animal studies have shown that antibiotics rapidly and significantly change the composition of intestinal flora. Antibiotics (ampicillin, neomycin, metronidazole, and vancomycin) reduce the liver inflammatory response by regulating the level of free and bound secondary BAs (147). In addition, some studies have shown that antibiotics reduce hepatic steatosis by inhibiting intestinal FXR, thereby downregulating the expression of sterol regulatory element-binding transcription factor 1 (SREBP1C) and cell death-inducing DFFA like effector A (CIDEA) in the liver (148). A study also revealed that antibiotics reduce liver inflammation and the NASH phenotype by inhibiting the activation of hepatic migratory macrophages (149).

However, antibiotics have the most destructive and lasting effect on the diversity, structure and function of the intestinal flora (150). Therefore, the use of antibiotics might have some negative effects. On the one hand, the use of antibiotics will lead to an imbalance in the diversity of the intestinal flora, with a lack of beneficial Bifidobacterium and Clostridium stenosum (151) and an increase in the pathogenic bacteria Enterobacteriaceae, Enterococci and Staphylococci (152). On the other hand, the use of antibiotics will affect the content of SCFAs, which are metabolites of the intestinal flora. SCFAs are closely related to the occurrence and development of a variety of diseases, such as inflammatory bowel disease, type 1 diabetes and NAFLD (153).

In addition, overuse of antibiotics in clinical practice is responsible for the increase in the incidence of gastrointestinal diseases (154). Antibiotic resistance is increasing worldwide and poses a fundamental and long-term threat to human health. Even short-term courses of antibiotics are related to the development of drug-resistant bacteria in the human intestinal tract. In addition, some studies have shown that penicillin G (Pen G) and erythromycin (Ery), especially the latter, aggravate lipid deposition and the inflammatory response in the liver (155, 156). Current studies have revealed that the use of antibiotics is a double-edged sword in the treatment of NAFLD.



Fecal microbiota transplantation

Fecal microbiota transplantation (FMT) is a new treatment strategy for diseases related to intestinal microecological imbalance. The principle is to reintroduce or establish a stable environment that affects the endogenous bacteria and the host by using intestinal flora from healthy donors by enema, oral capsule or endoscopy (157). After FMT treatment, the bacterial state provided by the donor could be maintained in the intestinal cavity of the patient for 2 weeks to 1 month (158). FMT has the following advantages (1): the species of transplant flora are rich (2); the number of transplant flora is large; and (3) the original functional bacteria are retained to the maximum degree. Therefore, FMT significantly improves the disorder of intestinal bacteria and is currently recognized as the most effective method for restoring the balance of intestinal microecology (159).

FMT in mice with metabolic syndrome could increase the abundance of beneficial flora and reduce the abundance of harmful flora, and the therapeutic effect of FMT on NAFLD has been positively demonstrated in many animal and clinical studies (160–162). It was found that the transplantation of fecal bacteria from mice fed a normal diet could significantly reduce the triglyceride content in the livers of mice fed a high-fat and high-sugar diet and alleviate the progressive deterioration of the liver histology. In addition, fecal bacteria transplantation could partially correct the imbalance in intestinal flora in high-fat and high-glucose mice, increase the butyrate concentration in feces (161), and significantly alleviate the degree of endotoxemia, liver steatosis and inflammatory necrosis in NAFLD models (161).

However, there are risks of pathogen infection and colonization resistance in FMT (163, 164). At present, there is still a lack of clinical research on the effect of fecal bacteria transplantation on human metabolic syndrome and NAFLD. In addition, although fecal donors and samples transplanted with fecal bacteria have been tested for a variety of potentially pathogenic bacteria, viruses, parasites and other microorganisms, the complete microbial composition of the sample to be transplanted cannot be determined. Therefore, many scholars have raised concerns about the safety of fecal bacteria transplantation in humans. According to the statistics of 7562 published articles by Sinan Wang et al. in 2016, there are 78 kinds of side effects and adverse reactions related to FMT, such as fever, vomiting, gastrointestinal spasm and tachycardia, with an incidence of 28.5% (165). FMT has different implementation protocols in different institutions, and there is no standardized guidance for FMT worldwide.




Discussion

In the past 15 years, a large number of studies have found that there are a vast number of microflora in the intestinal tract of the body, including bacteria, viruses and fungi. Microflora can form symbioses with the host, and the maintenance of their homeostasis guarantees human health. The intestinal microflora has become an important regulator of host energy metabolism and substrate metabolism (166–168). A “biological imbalance” in the intestinal flora is generally considered to be a disruption in the diversity and composition of microbiota, which is related to the occurrence of intestinal and parenteral inflammation, immunity and other related diseases, including NAFLD (29). In an in-depth study, it was found that NAFLD patients have an intestinal flora imbalance; for example, the abundances of Proteobacteria and Enterobacter are increased, while the abundances of Ruminococcus and Firmicutes are decreased. With the progression of NAFLD to advanced liver fibrosis, the number of Gram-negative bacteria is increased, especially Proteobacteria (124).

The abundance of bacteria in human intestinal flora is related to the occurrence of NAFLD, and the changes in intestinal flora related to it mainly depend on the stage of development of the disease (120). The most typical general characteristics of NAFLD development include a decrease in intestinal flora diversity, an increase in the number of Gram-negative bacteria (mainly Proteobacteria) and a decrease in the number of Gram-positive bacteria (mainly Spirochaetes) (8, 169, 170). The leading flora with respect to the composition of the intestinal flora is also changed from beneficial flora to harmful flora, which leads to intestinal inflammation and the production of metabolic toxins, thus causing intestinal barrier dysfunction, exposing the liver to flora metabolites and promoting the development of NAFLD (120).

In the intestinal flora of NAFLD patients, the abundances of Firmicutes and Proteobacteria are increased; these phyla metabolize choline to produce TMA, which reduces the bioavailability of choline, thereby reducing the synthesis and release of very-low-density lipoprotein, while TMA increases insulin resistance and promotes fatty acid uptake by the liver after oxidation (171, 172). The increased abundance and excessive proliferation of intestinal conditional pathogenic bacteria such as Escherichia, Dysgonomonas and Bilophila promote the production of endotoxin and endogenous ethanol, thus aggravating the inflammatory reaction and promoting insulin resistance. At the same time, the abundances of beneficial bacteria decreased, which normally inhibits the production of SCFAs, impaired its ability to improve NAFLD, including maintain the integrity of the intestinal mucosal barrier, reduce the content of harmful microflora and inhibit inflammation (7, 19, 20).

A brief review of the mechanism summarized above shows that the destruction of the intestinal epithelial barrier caused by intestinal flora imbalance is an important condition for the development of NAFLD and NASH. The dysfunctional microflora destroys the integrity of intestinal mucosal barrier function through endotoxins, which translocate into the liver, resulting in fat accumulation, activation of inflammatory cytokines and the accumulation of endotoxins. The imbalance in the intestinal flora might also include regulating the inflammatory response through flora metabolites, regulating TLR signaling, and changing the balance between regulatory and proinflammatory T-cell subsets, thus affecting the host immune system (173). Intestinal flora disorder also affects the metabolic system, including changes in BAs composition, the production of SCFAs from dietary fiber, and the conversion of choline to TMA, thus leads to the disorder of glucose and lipid metabolism, including insulin sensitivity and hepatic steatosis. Therefore, regulation of the intestinal flora to affect the metabolism and immune signal transduction of susceptible hosts might be a potential target for the treatment of metabolic syndrome and NAFLD.

For patients with NAFLD, treatments for intestinal flora, such as probiotics and microecological therapy, have made good progress in some studies. Emerging treatments, such as FMT, are also being actively explored. However, to date, the results have been limited, and there are some side effects. Therefore, more clinical studies are needed to evaluate their efficacy.

In this review, it is suggested that the intestinal flora plays an important role in the onset and progression of NAFLD through its effects and its metabolites and is a key target in the treatment of NAFLD. The pathways regulated by intestinal flora are intricately related. Changes in the composition and proportion of the intestinal flora will cause an imbalance in positive and negative feedback mechanisms, which will affect the occurrence and development of NAFLD. With the development of research methods and an in-depth understanding of the intestinal flora, the precise role and mechanism of different microflora in the progression of NAFLD can be further explored to provide therapeutic targets.
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The gut microbiome is an essential component of the intestinal mucosal barrier, critical in regulating intestinal permeability. Microbiome dysbiosis and intestinal permeability changes are commonly encountered conditions in patients with cirrhosis and are closely related to its development and further complications. However, alterations in the gut microbiome and intestinal permeability in chronic hepatitis B virus (HBV) patients with cirrhotic portal hypertension after undergoing a splenectomy plus pericardial devascularization (SPD) have not been investigated. This study recruited 22 patients who were measured against themselves on the study parameters before and after an SPD, along with 20 healthy controls. Methodologically, fecal samples were collected for gut microbiome analysis by 16S ribosomal DNA sequencing, and peripheral blood samples were obtained to examine the liver function and intestinal permeability. This study showed that the community structure of the gut microbiomes in patients before the SPD exhibited obvious differences from those in the healthy control group. They also exhibited a decreased bacterial community richness, increased intestinal permeability, and enhanced inflammation compared with the healthy controls. These issues were further aggravated two weeks after the SPD. There was also evidence of significantly higher abundances of Streptococcaceae, Enterobacteriaceae, and Enterococcaceae than those in the healthy control group. However, 12 months after the surgery, 12 of the 16 patient-associated genera recovered, of which 10 reached normal levels. Additionally, the microbiome diversity increased; the bacterial composition was back to a level similar to the healthy controls. Liver function, intestinal permeability, and inflammation levels all improved compared with preoperative levels. Furthermore, correlation analyses indicated that the five recovered bacterial taxa and the Shannon diversity index were correlated with several improved clinical indicators. Altogether, the improvements in the liver function and intestinal permeability in HBV-related cirrhotic patients may be related to the restoration of the gut microbiome after an SPD.




Keywords: liver cirrhosis, portal hypertension, splenectomy, gut microbiome, intestinal permeability 



Introduction

As the pathologic end-stage of advanced liver disease from hepatitis B virus (HBV) infection (1), cirrhosis may unavoidably progress to portal hypertension, which subsequently leads to various portal hypertension-caused complications, such as hypersplenism, gastroesophageal varices, variceal hemorrhage, and ascites (2). Hypersplenism is the most common complication, with an incidence rate of approximately 64% (3). Its presence indicates a more advanced stage of liver disease and an increased risk of complications. A splenectomy plus pericardial devascularization (SPD) is a classic and efficacious surgical therapy to alleviate pancytopenia caused by hypersplenism, improve liver function, and reduce portal pressure and the risk of variceal hemorrhage (4, 5). However, many postoperative complications, such as infection and thrombosis, are the most common threats to post-SPD patients (6). Therefore, analyzing the relevant risk factors for postoperative complications and strengthening perioperative management are crucial to improving a prognosis.

The gut microbiome refers to a wide variety of microorganisms, predominantly bacteria, that reside in the host’s gastrointestinal tract. The gut microbiome can maintain normal intestinal barrier function by protecting the intestines from colonizing and invading pathogens and producing beneficial metabolites (7). The liver is the first extraintestinal organ to receive venous blood from the gut via the portal vein. It communicates bidirectionally with the gut and its microbiome through the gut-liver axis (8). Liver dysfunction in patients with cirrhosis can negatively affect the gut by reducing bile acid secretion, impairing intestinal motility, incurring portal hypertension, or decreasing the synthesis of antibacterial molecules (9, 10), all of which may cause a changed intestinal microenvironment, further leading to dysbiosis of the gut microbiome and alteration in intestinal permeability (11). The gut microbiome dysbiosis begins before cirrhosis development and during the progression of chronic liver disease. The severity of the disorder has been found to correlate with the degree of liver function damage present at the time (12). The alteration of the gut microbiome in patients with cirrhosis is usually characterized by an overgrowth of potentially pathogenic bacteria concomitant with a decrease in the levels of beneficial bacteria (13, 14). Gut microbiome dysbiosis and intestinal barrier injury significantly contribute to the progression of cirrhosis and have also been implicated in the pathogenesis of cirrhosis-related complications (15). Previous studies have confirmed the relationship between the perioperative or postoperative gut microbiome characteristics and prognoses (16, 17). Certain specific bacterial taxa have been identified as independent risk factors for the adverse clinical outcomes of patients (18, 19). All this evidence suggests that maintaining the dynamic balance of a normal gut microbiome may represent a promising approach to alleviating postoperative complications and improving the prognosis after an SPD. However, the gut microbiome can vary with different etiologies of liver cirrhosis. The alterations in the gut microbiome and intestinal permeability in HBV-related cirrhotic patients after undergoing an SPD are yet to be reported.

In the study, we evaluate the gut microbiome and intestinal permeability status between healthy controls and HBV-related cirrhotic patients with portal hypertension and hypersplenism. In particular, the differences in intestinal microbial communities before and after the SPD were characterized. Correlations between specific bacterial taxa as well as liver function and intestinal permeability in the patients were also analyzed. The present study could help to gain a better understand of the risks and beneficial effects of SPD for cirrhotic patients from the perspective of their intestinal microenvironments.



Materials and methods


Inclusion and exclusion criteria

The patients in the study had HBV-related cirrhosis with portal hypertension and hypersplenism and had undergone an SPD procedure at the Second Affiliated Hospital of Xi’an Jiaotong University. The inclusion criteria were designated as follows: [1] The patients had been diagnosed according to the guideline of prevention and treatment for chronic hepatitis B in China (2015 update) by comprehensive consideration of liver biopsy results, imaging examinations, clinical features, physical signs, laboratory tests, medical histories, progress notes, and associated complications (20). [2] All the patients suffered varying degrees of splenomegaly, and the majority of them had moderate or severe esophagogastric varices as revealed by upper gastrointestinal radiography or endoscopy examinations. [3] The clinical indications for an SPD included endoscopic treatment-resistant esophagogastric varices with or without variceal hemorrhage, history of esophageal variceal bleeding or potential bleeding or infection due to hypersplenism and thrombocytopenia (platelet count <50×109/L), and upper abdominal discomfort owing to an enlarged spleen (5, 6). [4] The patients were not treated at the hospital until their stool and serum samples had been obtained.

The exclusion criteria for this study were detailed as follows: [1] Patients who presented with hepatic carcinoma, hepatic encephalopathy, or preoperative Child-Pugh class C were excluded. [2] Patients who concomitantly suffered from other disease entities (such as diabetes, hypertension, obesity, metabolic syndrome, inflammatory bowel disease, nonalcoholic fatty liver disease, coeliac disease and cancer) were excluded. [3] Patients who had received antibiotics and/or probiotics within the three months of the onset of the study were also excluded.

The inclusion and exclusion criteria of the healthy control group were set as follows: [1] The healthy individuals underwent routine health checkups in the Second Affiliated Hospital of Xi’an Jiaotong University and did not fulfill the exclusion criteria listed above. [2] The results of liver imaging, liver biochemistry, physical examinations, urine, blood, and stool tests were within the normal range. [3] Participants in this group were selected by matching them with the study patients based on their age, sex, and body mass index score.

All patients were informed about the benefits and risks of SPD, and prior informed consent was obtained from all participants. The study conformed to the ethical guidelines of the 1975 Declaration of Helsinki and was approved by the Institutional Ethics Committee of the Second Affiliated Hospital of Xi’an Jiaotong University (Approval No. 2017-416).



Fecal sample collection, DNA extraction, and PCR amplification

Fresh fecal samples from patients with cirrhosis (before the SPD as well as two weeks and 12 months after the SPD) and healthy individuals were collected in a sterile container and delivered immediately from the hospital to the laboratory using an insulated polystyrene foam box filled with ice. Upon collection, each stool sample was immediately divided into aliquots, flash-frozen in liquid nitrogen, and stored at -80°C before analysis. Total bacterial DNA was then extracted from a frozen aliquot (200 mg) of each fecal sample using a QIAamp DNA Stool Mini Kit (51504, Qiagen, Germany) in accordance with the manufacturer’s instructions. The quality and quantity of the DNA were measured considering ratios of 260/280 nm and 260/230 nm using a NanoDrop spectrophotometer (NanoDrop 2000, Thermo Scientific, Wilmington, DE, USA). The V3+V4 hypervariable region of the bacterial 16S ribosomal RNA (rRNA) gene was amplified with the common primer pair 338 F (5′-ACTCCTACGGGAGGCAGCAG-3′) and 806 R (5′-GGACTACHVGGGTWTCTAAT-3′) combined with adapter and barcode sequences. The thermal cycling conditions were as follows: initial denaturation at 95°C for 5 min (1 cycle), followed by 95°C for 30 s, 50°C for 30 s, and 72°C for 40 s (25 cycles), and a final extension at 72°C for 7 min.



DNA library construction and sequencing

Purified amplicons were quantified by a Quant-iT™ dsDNA High-Sensitivity Assay Kit (Q33120, Invitrogen, USA) and pooled in equimolar amounts. Then, DNA libraries were constructed in accordance with the manufacturer’s (Illumina) instructions and sequenced on an Illumina HiSeq 2500 platform (Illumina, San Diego, CA, USA) with the paired-end 250 mode (2×250 bps) following the standard protocols provided by Biomarker Technologies Co. Ltd. (Beijing, China).



Microbiome analysis

After excluding the adaptor and primer sequences, the raw sequences were assembled for each sample according to the unique barcode using the Quantitative Insights Into Microbial Ecology platform (QIIME, V.1.8.0). The raw paired-end reads from the original DNA fragments were merged by FLASH (V.1.2.7), and assigned to each sample according to the unique barcodes. All the effective reads from each sample were assigned to the same operational taxonomic units (OTUs) based on a cut-off of 97% similarity according to the UCLUST algorithm. For alpha diversity analysis, the OTUs were rarified to different metrics to analyze species diversity in a sample. This included generating curves for OTU rank, rarefaction, and the Shannon index. The standard Shannon and Simpson diversity indices and richness indices (including the Chao1 and abundance-based coverage estimator [ACE] indices) were calculated by Mothur (V.1.30). For beta-diversity analysis, principal component analysis (PCA), principal coordinate analysis (PCoA) and nonmetric multidimensional scaling (NMDS) were performed using the QIIME to evaluate differences in species complexity among the samples. All analyses were carried out with a bioinformatic pipeline tool, BMK Cloud (http://www.biocloud.net/).



Enzyme-linked immunosorbent assay

Peripheral venous blood from each individual was collected into pro-coagulation tubes before and after the SPD. The tubes were left undisturbed at room temperature for 30 min and then centrifuged at 2,000 rpm for 10 min at 4°C. The supernatants (serum) were divided into aliquots and stored at -80°C until subsequent analysis. One aliquot was used for each assay to avoid multiple freeze/thaw cycles. The serum concentrations of tumor necrosis factor α (TNF-α), diamine oxidase (DAO), lipopolysaccharide (LPS), and D-lactate (D-LA) were measured by enzyme-linked immunosorbent assay (ELISA) kits (MLbio, Shanghai, China) in accordance with the manufacturer’s protocols. All samples were tested in triplicate. The optical density at 450 nm was measured using a microplate reader (PowerWave XS2, BioTek, Winooski, VT, USA).



Statistical analysis

All statistical analyses were performed with the SPSS 21.0 statistical package (SPSS, Chicago, IL, USA). Values are presented as the mean ± standard deviation for normally distributed data or median and interquartile range for continuous variables following non-normal distribution or number (%) for categorical variables. One-way ANOVA test was used for comparison of continuous data among multiple groups, while the LSD-t test was used for further comparison between two groups. The Kruskal-Wallis test was performed to process the data that retained a non-normal distribution even after log transformation. The inter-group difference was compared with Fisher’s exact test for categorical variables. Multiple hypothesis tests were adjusted using the Benjamini and Hochberg false discovery rate (FDR); significant differences were considered when the results were below an FDR threshold of 0.05. Spearman’s rank correlation coefficient (P-value<0.05) was used to evaluate the associations between bacterial abundance and clinical characteristics as appropriate. All tests for significance were two-sided, and P<0.05 was defined as statistically significant. All figures were plotted by Origin Pro8.0 software (OriginLab, Northampton, MA, USA) and R software (V. 3.4.4).




Results


Study population

From March 1, 2017, to December 31, 2018, a total of 34 HBV-related cirrhotic patients who met the inclusion-exclusion criteria were enrolled in the study and were prepared for comparisons to themselves on the study parameters taken before the SPD (Pre) vs. two weeks after the SPD (Post1) vs. 12 months after the SPD (Post2) (Figure 1). Eight patients were excluded 12 months after the SPDs for the following reasons: One patient with cirrhosis had developed hepatocellular carcinoma, two patients had taken antibiotics within the three months prior to stool sample collection, and five patients were lost to follow-up. In summary, serum and fecal samples were obtained from 22 patients before and after the SPD (the stool samples of four patients were not collected at two weeks after the surgery) and from 20 healthy controls (HC). The clinical characteristics of the patients with cirrhosis and the healthy controls are shown in Table 1. As expected, the liver function of the cirrhotic patients with portal hypertension and hypersplenism was severely impaired, and blood cell counts were remarkably reduced compared with those of the healthy control group. However, the Child-Pugh classes of five patients at Post1 and eight patients at Post2 were downgraded from class B to A, with the decreases in the Child-Pugh scores from 6.2 ± 1.3 (Pre) to 5.8 ± 0.7 (Post1) (P>0.05) and 5.1 ± 0.4 (Post2) (P<0.001), respectively. Furthermore, blood cell counts increased after SPD and reached normal levels in the Post2 group. Therefore, liver function and pancytopenia were ameliorated significantly in the long term after therapeutic SPD.




Figure 1 | Flow chart of participants through each stage of the clinical study.




Table 1 | Clinical information summary of cirrhotic patients and healthy controls.





The changes in the microbiome diversity and bacterial composition 12 months after the SPD

First, overall differences in the microbial community structures in the healthy controls and cirrhotic patients before and after SPD were calculated. High-throughput sequencing of the bacterial 16S rRNA gene V3+V4 regions in 86 samples produced 6,438,544 raw reads (an average of 74,866 reads per sample). After filtering the low-quality sequences and chimeras, 4,889,963 effective tags were obtained for the following analysis. Based on a 97% similarity level, all effective tags were clustered into OTUs. The rarefaction curve and Shannon index curve were plotted to reflect sequencing depths. As shown in Figures 2A, B, OTU numbers and Shannon indices reached plateaus with increases in sample sequence numbers, suggesting that the sequencing depth was adequate.




Figure 2 | The alterations in the gut microbiome diversities and structures in patients after the SPD. (A, B) Rarefaction curves and Shannon curves of the gut microbiome in each sample. (C–F) Comparisons of the microbiome alpha diversity at Pre (n = 22), Post1 (n = 22), Post2 (n = 22), and in the healthy control (n = 20) groups. Alpha diversity was illustrated by the ACE richness index, Chao1 richness index, Shannon diversity index, and Simpson diversity index. The boxes represent the 25th through the 75th percentile, and the median value is shown as a horizontal line inside the box; the whiskers extend to 1.5 times the difference between the 25th and 75th percentiles. *P < 0.05, **P < 0.01, ***P < 0.001. (G, H) PCoA score plot based on Binary Jaccard and NMDS score plot based on Weighted Unifrac.



The alpha diversity of the gut microbiome was assessed using richness and diversity indices. The ACE and Chao1 indices, which measure species richness, revealed that the richness was significantly lower at Pre compared with that in the healthy control group (P<0.05), and richness was further reduced at Post1 (Figures 2C, D). However, richness was increased at Post2 compared with Pre and Post1 (P<0.001). The Shannon and Simpson indices, which reflect bacterial diversity, are influenced by both the richness and evenness of the community, and a relatively high Shannon index or relatively low Simpson index indicates an increased diversity. As shown in Figure 2E, the Shannon diversity index was slightly lower at Pre than in the healthy control group, but the difference was not statistically significant (P>0.05); however, this index was further decreased at Post1 than in the healthy control and Pre groups, and was restored at Post2 (P<0.05). Accordingly, the Simpson diversity index indicated the opposite tendencies during the whole process (Figure 2F). The above results indicated that a low richness and diversity of the gut microbiome existed in patients before undergoing the SPD and during hospitalization. However, this situation improved 12 months after surgery.

The beta diversity of the microbiome was assessed using unsupervised multivariate statistical methods, including PCoA (based on Binary Jaccard) and NMDS (based on Weighted Unifrac). The results showed that the bacterial compositions in the Pre and Post1 groups not only clearly deviated from each other but also set apart from those in the healthy control group and in Post2 (Figures 2G, H). However, most of the points at Post2 overlapped with those in the healthy control group, suggesting similar bacterial community structures.



Normalization of the gut microbiome in patients 12 months after SPD

To investigate the SPD-related changes in bacterial phylotypes in patients with cirrhosis, the microbial compositions of the stool samples from the groups were analyzed. The relative abundances (%) of the dominant microbial phyla, families, and genera clustered into each group are shown in Figure S1. At the phylum level, the gut microbiome composition of all individuals was mainly characterized by Bacteroidetes, Firmicutes, and Proteobacteria, with minor contributions from Actinobacteria, Verrucomicrobia, Cyanobacteria, Fusobacteria, and others. Although the bacterial community was highly diverse and there were marked interindividual differences, the microbial communities of the study patients differed from those of healthy controls. There were significantly lower relative abundances of Bacteroidetes and Lentisphaerae at Pre than in the healthy control group, while Actinobacteria was remarkably overrepresented (P<0.05) (Figure S2). However, the relative abundance of Lentisphaerae was recovered at Post2 (P<0.05) and was not significantly different from that in the healthy control group (P>0.05).

At the family level, the relative abundances of five families, including Enterobacteriaceae, Streptococcaceae, Lactobacillaceae, Bifidobacteriaceae, and Clostridiaceae_1, were significantly higher in the Pre group than in the healthy control group (P<0.05) (Figure 3A). Notably, three families containing many potentially pathogenic phylotypes, Enterococcaceae, Enterobacteriaceae, and Streptococcaceae, were significantly higher in abundance at Post1 than in the healthy control group (P<0.05) (Figure 3B). All three families showed a declining tendency at Post2 compared with Post1, especially as Enterococcaceae and Enterobacteriaceae were significantly reduced (P<0.01). Enterobacteriaceae, Streptococcaceae, and Clostridiaceae_1, the three disordered families at Pre, were reversed at Post2, and the relative abundance of Enterobacteriaceae even reached normal level when compared with the healthy control group (P>0.05) (Figure 3C). In addition, the correlation between disease severities and specific families at Pre revealed that the Child-Pugh score was negatively correlated with the relative abundance of the Lachnospiraceae (R=-0.502, P<0.05) and positively correlated with the Streptococcaceae (R=0.587, P<0.01) (Figure S3A). However, the relative abundances of the two families were reversed after the SPD at Post2, especially the difference in the Lachnospiraceae was statistically significant compared with the Pre (P<0.05) (Figure S3B). This was in accordance with the result that showed that the Child-Pugh score was dramatically reduced at Post2 (Table 1).




Figure 3 | Microbiome phylotype alterations at the family level. (A) The relative abundances of five families were significantly different between the healthy control group (n = 20) and at Pre (n = 22). (B) Enterococcaceae, Enterobacteriaceae, and Streptococcaceae were significantly increased at Post1 (n = 22) compared with the healthy control group (n = 20) but showed a declining tendency at Post2 (n = 22). (C) Enterobacteriaceae, Streptococcaceae, and Clostridiaceae_1 were reversed at Post2 (n = 22) compared with Pre (n = 22). The box plot illustration is provided in Figure 2, *P < 0.05, **P < 0.01, ***P < 0.001.



The bacterial taxa were also compared at the genus level to further evaluate the differences between the groups. Sixteen cirrhosis-associated genera were differentially abundant between the Pre and the healthy control group (P<0.05). Among the nine genera enriched in the healthy control group (Figure 4A), Dialister, Lachnospiraceae_NK4A136_group, Subdoligranulum, Ruminococcaceae_UCG-002, Barnesiella, Ruminococcaceae_UCG-003, and Lachnospiraceae_UCG-008 displayed significantly increased abundances at Post2 (P<0.01) (Figure 4C). In contrast, of the seven genera that were enriched at Pre (Figure 4B), Veillonella and [Ruminococcus]_gnavus_group were significantly decreased at Post2 (P<0.01) (Figure 4C). Altogether, the relative abundances of twelve cirrhosis-associated genera were improved at Post2, and, except for Subdoligranulum and Streptococcus, ten genera even reached normal levels (P>0.05).




Figure 4 | Microbiome phylotype alterations at the genus level. The phylotypes (A) decreased and (B) increased at Pre (n = 22) compared with the healthy control group (n = 20). (C) Twelve of the patient-associated genera had recovered at Post2 (n = 22). The box plot illustration is provided in Figure 2, *P < 0.05, **P < 0.01, ***P < 0.001.



In addition, it is worth mentioning that Enterococcus, Escherichia-Shigella, and Streptococcus were more enriched at Post1 compared with the healthy control group (Figure 5A). As concluded by many clinical studies, these genera contain many pathogenic species that are the leading causes of bacterial infections and are associated with a poor clinical prognosis in patients with cirrhosis (18, 21–23). The result of this study was in accordance with the changes in bacterial communities at the family level (Figure 3B). Lachnospira, Faecalibacterium, Lachnospiraceae_NK4A136_group, Roseburia, Subdoligranulum, [Eubacterium]_eligens_group, Blautia, and so on, which can produce beneficial substances called short-chain fatty acids (SCFAs) (24), were significantly suppressed in the Post1 group (Figure 5B). With the exception of Streptococcus, the relative abundances of these fifteen genera were reversed at Post2, and had significant differences compared with those at Post1 (P<0.01). All this evidence indicated an imbalance in the intestinal flora in cirrhotic patients. This situation was aggravated two weeks after the SPD. However, it had partly improved 12 months after surgery.




Figure 5 | (A) Three opportunistic pathogens were enriched at Post1 (n=22) compared with the healthy control group (n = 20) but showed a declining tendency at Post2 (n = 22). (B) Twelve SCFA-producing genera were significantly suppressed at Post1 (n = 22), compared with the healthy control group (n = 20), and were restored after SPD at Post2 (n = 22). The box plot illustration is provided in Figure 2, *P < 0.05, **P < 0.01, ***P < 0.001.





The association of the restoration of the gut microbiome with the improvement of liver function and intestinal permeability after SPD

The concentration levels of DAO, D-LA, LPS, and TNF-α, which indirectly reflect intestinal permeability and systemic inflammatory levels, were measured to evaluate the effects of the SPD on intestinal permeability. As shown in Figures 6A–D, the levels of the four biomarkers were higher in Pre than in the healthy control group (P<0.05). Subsequently, these indices were further increased significantly at Post1 (P<0.05) and reached peak values. Finally, these indices displayed decreased levels at Post2 compared with Pre and Post1. The concentrations of D-LA and LPS in the Post2 group were still slightly higher than those in the healthy control group (P<0.05), but DAO and TNF-α were restored to a normal level (P>0.05).




Figure 6 | Alterations in the intestinal permeability and systemic inflammatory indices in peripheral blood. (A) Serum DAO, (B) D-LA, (C) LPS, and (D) TNF-α levels in the healthy control group (n = 20) and cirrhotic patients (n=22) before and after the SPD. Box plot illustration is provided in Figure 2, *P < 0.05, **P < 0.01, ***P < 0.001.



To further elucidate whether the improved liver function and intestinal permeability were related to the recovery of the gut microbiome at Post2, a correlation analysis between the clinical parameters and improved genera was conducted. The results showed that the relative abundance of Veillonella was positively correlated with aspartate aminotransferase (AST) (R=0.451, P<0.05) (Figure 7A). The relative abundance of Subdoligranulum was negatively correlated with AST (R=-0.464, P<0.05) and alanine transaminase (ALT) (R=-0.456, P<0.05) (Figures 7B, C). The relative abundances of Streptococcus and Veillonella were negatively correlated with albumin (R=-0.481, P<0.01; R=-0.672, P<0.01, respectively) (Figures 7D, E). The relative abundances of Enterobacteriaceae and Escherichia-Shihella, which contain many kinds of gram-negative bacteria, were positively correlated with LPS concentration (R=0.564, P<0.01; R=0.678, P<0.01) (Figures 7F, G). The relative abundance of Lachnospiraceae_NK4A136_group was negatively correlated with D-LA (R=-0.512, P<0.05) and TNF-α (R=-0.609, P<0.01) concentrations (Figures 7H, I). In particular, the Shannon diversity of the gut microbiome showed a negative correlation with LPS (R=-0.654, P<0.01), DAO (R=-0.528, P<0.05), and D-LA (R=-0.467, P<0.05) concentrations (Figures 7J–L). Compared with the Pre group, the changing trends in these clinical parameters and bacterial taxa at Post2 were consistent with the correlations between them. These results suggested that normalizing the intestinal permeability through the restoration of some specific genera might ameliorate liver damage and its function.




Figure 7 | Correlation analysis of (A–E) the relative abundance of improved genera with liver damage and liver function indicators, (F–L) the relative abundance of improved bacterial taxa and Shannon diversity with intestinal permeability indicators at Post2.






Discussion

To the best of our knowledge, this was the first prospective study to investigate the alterations in the gut microbiome and the intestinal permeability of HBV-related cirrhotic patients after undergoing an SPD. Our results revealed that gut microbial dysbiosis, increased intestinal permeability and impaired liver function were significantly mitigated at 12 months after surgery. Several improved clinical parameters were related to specific bacterial taxa with altered abundances.

Diversity is one of the essential tools by which to characterize the microbiome. Alpha diversity measures the diversity of the microbial community in a single sample, taking into account the number of different taxa and their relative abundances. A lower alpha diversity, which usually indicates a non-healthy and poor gut-microbial status, has also been reported to be associated with other diseases, such as inflammatory bowel disease, obesity, and colorectal cancer (25). Recent data suggest that mice with a complex gut microbiome showed reduced liver fibrosis in cholestasis-induced and toxin-induced liver injury, again demonstrating the health-promoting effects of a diverse gut microbiome (26). Beta diversity describes the degree of similarity in the microbial community composition between different samples. We found that the alpha diversity levels of the fecal microbiome exhibited a decreasing tendency in the HBV-related cirrhotic patients compared with healthy controls in this study. It was further reduced within two weeks of the SPD, probably due to conventional treatments during the perioperative period, such as antibiotic usage or abrosia. However, this situation improved 12 months after surgery. Meanwhile, the beta diversity of the fecal microbiome showed the same varying tendencies. Although the exact reason for the decreased microbial diversity in patients with cirrhosis is unclear, this phenomenon could be explained by the richness and evenness of microbial communities in the patients being insufficient to construct a rich and diverse biome such as those observed in healthy individuals. From the bacterial point of view, a more diverse community is associated with greater ecosystem resilience. The intestinal microenvironment may be more conducive to the overgrowth of certain bacteria that suppress other species below the detection threshold in patients under these abnormal conditions, thus decreasing bacterial diversity.

These alterations in diversity, which only indicated differences between the groups, did not define which taxa were responsible for such differences. Therefore, substantial differences in the gut microbiome that existed between the period before and after the SPD at different taxonomic levels were evaluated. At the phylum level, the relative abundance of Bacteroidetes, which is dominant in the human gut, was significantly reduced at Pre compared with the healthy control group. This was in accordance with previous studies that recruited cirrhotic patients with various etiologies (13, 14). The prognosis of inpatients with cirrhosis depends on the proinflammatory milieu, which may lead to organ failure. The proinflammatory milieu in cirrhosis is associated with the gut microbial dysbiosis characterized by an increase in the taxa belonging to the phylum Proteobacteria (27). However, the relative abundance of Proteobacteria was slightly higher in Pre than in the healthy control group, but the difference was not statistically significant. At a lower taxonomic level, Lachnospiraceae, which showed a negative correlation with the Child-Pugh score at Pre, was significantly overrepresented at Post2. In contrast, Streptococcaceae, which showed a positive correlation with the Child-Pugh score, exhibited the opposite result at Post2. These correlations are the key to discovering the connection between gut microenvironment variation and liver function improvement in cirrhotic patients.

Although illustrating the mechanism of underlying gut microbiome variations post-SPD was not the primary purpose of this study, we speculated that alleviating liver impairment in these patients could lead to this outcome. Splenic abnormalities are involved in the progression of liver fibrosis to cirrhosis through liver-spleen crosstalk. Splenic macrophages have been suggested as one of the crucial sources of transforming growth factor-beta1 (TGF-β1), which is considered the predominant fibrogenic cytokine in liver fibrosis (28). Splenic TGF-β1 plays a critical role in developing hepatic fibrogenesis. A splenectomy could decrease the serum level of TGF-β1 significantly while improving the parameters of liver fibrosis (29). Studies have also observed that a splenectomy promotes liver regeneration capacities of the liver by reducing TGF-β1 production and increasing hepatocyte growth factor levels (30, 31). In addition, the spleen influences the hepatic immune microenvironment by splenic soluble factor secretions and spleen-derived immune cell migrations. Our previous study demonstrated that splenic macrophages promoted chemokine CCL2 secretion in hepatic macrophages, facilitating monocyte recruitment and establishing an M1 dominant phenotype in hepatic macrophages, thus promoting hepatic fibrosis (32).

Liver function is impaired along with the reduction of bile acid secretion and increased intestinal pH, leading to intestinal bacterial overgrowth in patients with cirrhosis. One study showed that oral administration of bile acids could reduce bacterial overgrowth and prevent bacterial translocation and endotoxemia in cirrhotic rats, indicating that the status of liver function can directly impact the intestinal microenvironment (33). On the other hand, patients with liver cirrhosis may have elevated portal vein pressure, which causes intestinal mucosal congestion and edema, and reduced intestinal motility (9). Taken together, the dysfunction of the cirrhotic liver may change the intestinal microenvironment and cause gut microbiome imbalance. This study and others have shown that the SPD can reduce portal vein pressure and significantly improve liver function (4, 34), so as to better gut microenvironment, and thus further ameliorating the gut microbiome dysbiosis.

In the setting of cirrhosis, the intestinal barrier function is usually reduced due to impaired intestinal mucosal integrity and increased intestinal permeability. Elevated intestinal permeability is likely to cause translocation of pathogen-associated molecular patterns (e.g., LPS), which can induce a systemic inflammatory response and promote liver damage (11). One pattern, LPS, is a component of the gram-negative bacterial cell wall and plays a vital role in enterogenous infection. The gut microbiome is the primary source of the portal LPS, which can be recognized by the presence of toll-like receptor 4 in intestinal epithelial cells, promoting intestinal barrier injuries and liver fibrosis development (35). The intracellular enzyme, DAO, is confined primarily in intestinal villus cells that can catalyze the oxidation of diamines. Almost all of the DAO in the blood comes from the intestine (36). D-LA is a product of the bacterial fermentation of carbohydrates present in the intestinal lumen. Only a tiny amount of these substances can be detected in the serum under normal conditions, while concentrations rise rapidly when intestinal permeability is increased. Hence, the DAO, D-LA, and LPS concentrations have been considered sensitive biomarkers for reflecting intestinal permeability (37). Our study showed that intestinal dysbacteriosis was further aggravated at Post1 compared with Pre. On one hand, the dysbacteriosis increased the intestinal permeability so that Bacteroidaceae and Enterobacteriaceae, the gram-negative bacteria, which were significantly enriched at Post1, might rush into the circulation through the broken intestinal barrier and release their LPS in the bloodstream. The increased LPS levels subsequently cascaded the TNF-α to cause a stronger inflammatory response in the body. Additionally, our further correlation analysis revealed that the content of LPS was positively correlated with the content of TNF-α at Post1 (R=0.429, P<0.05) (data not shown). On the other hand, various gut-derived chemicals could more easily pass through the dysfunctional intestinal barrier and enter the systemic circulation from the intestines, leading to increased D-LA and DAO levels in peripheral blood. Notably, the diversity and complexity of intestinal microorganisms are critical to shaping intestinal barrier systems (38). A diverse gut microbiome is essential to regulating intestinal barrier function via the immune-mediated host defense response, which further prevents the progression of liver fibrosis (26). Our results showed that all these indicators at Post1 were obviously elevated compared with those at Pre but decreased compared with those at Post2. This was consistent with the changes in the gut microbiome diversity at different time points after the surgery. In the subsequent correlation analysis, we also confirmed that the Shannon diversity negatively correlated with DAO, D-LA, and LPS levels.

The gut microbiome plays an important regulatory role in maintaining the homeostasis of the intestinal mucosal barrier by resisting the colonization of pathogenic bacteria, promoting the secretion of intestinal mucin and sIgA, enhancing the tight junctions between intestinal epithelial cells, and regulating the differentiation of intestinal immune cells (39). The large intestine harbors commensal bacteria that ferment dietary fiber into short-chain fatty acids (SCFAs). SCFAs mainly consist of acetic acid, propionic acid, and butyric acid. They are an essential energy source for colonic enterocytes and goblet cells. Mucus secreted by goblet cells continuously replenishes the mucosal layer of the intestinal epithelium, serving as the first barrier against commensal bacteria and invading pathogens (40). The health-promoting functions of SCFAs for the host include inhibiting the inflammatory response, enhancing intestinal barrier function, and decreasing colonic pH and ammonia production. A decrease in SCFAs could result in hyperammonemia due to an increased pH and ammonia absorption in the gut (41), which is a very important pathogenetic factor in hepatic encephalopathy. We observed the interesting phenomenon that many SCFA-producing bacterial taxa, such as Faecalibacterium, Roseburia, and Lachnospira, were significantly decreased at Post1 compared with those at Post2. Faecalibacterium prausnitzii is a known gut bacterium that regulates mucus production by enhancing goblet cell differentiation and inducing gene expression in mucin glycosylation (42). It has also been found that butyrate, one of the primary metabolites of Faecalibacterium prausnitzii, can restore the number and function of mucin-secreting goblet cells by promoting the polarization of intestinal macrophages to M2 type, thereby promoting intestinal barrier repair (43). In addition, the flagellin of Roseburia intestinalis can recognize TLR5 and upregulate the tight junction protein Occludin and mucin MUC2 genes to recover intestinal barrier integrity (44).

With a decrease in SCFA-producing bacteria, Escherichia-Shigella, Streptococcus, and Enterococcus, the leading causes of opportunistic infections in patients with cirrhosis, were significantly increased at Post1. A healthy gut microbiome comprises diverse communities of commensal bacteria that mutually restrict and resist invading and colonizing pathogens (45). Consumption of these obligate anaerobes, resulting from, for instance, perioperative stress or antibiotics, can alter the utilization and downstream metabolism of microbiota-derived SCFAs by colonocytes. This change increases luminal oxygen availability, allowing the facultative anaerobes to expand (19). This may explain the prevalence of these genera in patients within two weeks after the SPD. A novel study has shown that Escherichia coli (belonging to the family Enterobacteriaceae) isolated from patients with liver cirrhosis can damage the intestinal barrier by reducing the expression of Occludin and E-cadherin (46). The present study found that the relative abundances of SCFA-producing bacteria at Post2 were significantly higher than those at Post1, while the relative abundance of Enterobacteriaceae was significantly lower, suggesting that the improvement of the gut microbiome 12 months after SPD may help to reduce intestinal permeability and improve intestinal barrier function. Improving intestinal microenvironment, in turn, may subsequently alleviate liver damage and improve liver function.

This study had some limitations. First, gut microbiome difference exists between cirrhotic patients with different etiologies (13). The present study focused on HBV-related cirrhotic patients, and the patients who did not meet the inclusion criteria for various reasons were excluded. Therefore, this study may not be sufficient to represent all cirrhotic patients with portal hypertension. It is necessary to perform additional sub-classification analysis based on different etiologies with more participants. Second, although the perioperative management was protocolized and consistent across most patients, the results could have been influenced by individual differences and unpredictable factors, which are common issues in this kind of study. Finally, the gut microbiome analysis was based on the 16s rRNA gene sequence, which can only identify the bacterial classification at the genus level, whereas metagenomic sequencing can reveal more accurate information at a species level and concerning microbial functions.

Even with these limitations, our work could still observe substantial differences in the gut microbiome and intestinal permeability between cirrhotic patients and healthy individuals. The differences were further exacerbated two weeks after the SPD. However, the patients then exhibited benefits that included the improvement of liver function and gut microenvironment 12 months after surgery. Improvements in the liver function and intestinal permeability were likely related to restoring the gut microbiome. Further studies are needed to determine whether and how the altered gut microbiome that occurs after an SPD influences the prognosis of patients.
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Tissue-resident memory (TRM) T cells are a unique subset of memory T cells that are critical for the first line of defense against pathogens or antigens in peripheral non-lymphoid tissues such as liver, gut, and skin. Generally, TRM cells are well adapted to the local environment in a tissue-specific manner and typically do not circulate but persist in tissues, distinguishing them from other memory T cell lineages. There is strong evidence that liver TRM cells provide a robust adaptive immune response to potential threats. Indeed, the potent effector function of hepatic TRM cells makes it essential for chronic liver diseases, including viral and parasite infection, autoimmune liver diseases (AILD), nonalcoholic fatty liver disease (NAFLD), hepatocellular carcinoma (HCC) and liver transplantation. Manipulation of hepatic TRM cells might provide novel promising strategies for precision immunotherapy of chronic liver diseases. Here, we provide insights into the phenotype of hepatic TRM cells through surface markers, transcriptional profiles and effector functions, discuss the development of hepatic TRM cells in terms of cellular origin and factors affecting their development, analyze the role of hepatic TRM cells in chronic liver diseases, as well as share our perspectives on the current status of hepatic TRM cell research.
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Introduction

T cells are essential for building an effective immune response against pathogens or antigens. Once the pathogen breaks through the barrier tissue and invades the body, antigen-presenting cells (APC) capture the foreign antigen and then migrate to the local draining lymph nodes to activate naive T cells. Primed naive T cells subsequently proliferate and differentiate into effector T cells that migrate into inflamed tissues to eliminate pathogens (1). Among these effector T cells, a minor fraction persists and develops into memory T cells precursors after the pathogens are cleared. According to their unique patrolling properties, proliferative potential, and effector function, these memory T cell precursors eventually develop into circulating memory T cells and tissue-resident memory T (TRM) cells (2, 3). Circulating memory T cells include central memory (TCM) cells that target and patrol in the lymph node and egress to the blood after infection, and effector memory (TEM) cells that survey nonlymphoid peripheral tissues and enter the peripheral circulation thorough the lymphatic system (4). By contrast, TRM cells almost not recirculate and are retained within tissues under homeostatic conditions (5).

Both CD8+ and CD4+ subpopulations of TRM cells are detected at different tissue sites (6–8). CD8+ TRM cells are well defined and enhance immune responses in peripheral tissues. However, the characteristics and functions of CD4+ TRM cells remain largely unclear (9, 10). In general, TRM cells primarily develop and persist in organs that are frequently exposed to pathogens or antigens, such as the liver, gut, skin and lung (11, 12). Among these organs, the liver is considered as a vital immune organ, and it is exposed to various pathogens and food antigens, that enter or re-enter the body via portal vein from the gastrointestinal tract and the systemic blood circulation.

Liver contains a large number of innate immune cells, including natural killer (NK) cells, NKT cells, γδ T cells, mucosal-associated invariant T cells, Kupffer cells, and dendritic cells (13). Interestingly, liver also include a number of liver-specific antigen-presenting cells, such as hepatic sinusoidal endothelial cells and hepatic stellate cells, which contribute to immune tolerance in the liver (13). Moreover, the hepatic specific immune microenvironment constructed by these immune cells promotes the generation of antigen-experienced T cells and TRM cells involved in pathogen clearance or autoimmune responses against self-antigens (14). Importantly, liver TRM cells perform an essential role in the first line of adaptive cellular defense while exposing to the cognate antigens in the liver (15, 16). Accordingly, the liver acts as an essential gatekeeper to prevent systemic infection and inflammation, while the liver TRM cells contribute to the efficient eradication of pathogens as well as immune responses.

In this review, we primarily focus on phenotype and development of hepatic TRM cells, mainly CD8+ TRM cells, with emphasis on their protective roles in viral and parasite infection, non-alcoholic fatty liver disease (NAFLD), hepatocellular carcinoma (HCC) and liver transplantation, as well as their pathogenic roles in autoimmune liver diseases (AILD) (Table 1).


Table 1 | Phenotype and clinical significance of liver CD8+ TRM cells in chronic liver diseases.





Phenotype of liver TRM cells

The general characteristics of TRM cells include their strategic positioning in the tissues and effector functions. However, despite TRM cells share some similar features, the phenotype, such as surface markers and transcriptional profiles, and the underlying mechanisms for their generation and retention are highly heterogeneous in different tissues.


Surface markers

It is considered that the surface markers contribute to the identification and maintenance of hepatic TRM cells. Similar to other tissue-specific TRM cells, hepatic TRM cells downregulate the expression of tissue egression markers, like soingosine-1-phosphate 1 (S1PR1), and the homing receptors such as CD62L and CCR7 (43, 44). Furthermore, hepatic TRM cells usually express some adhesion molecule and chemokine receptors, including CD69 (44), CD103 (17, 45), CD49a (36), CXCR3 (17, 23) and CXCR6 (46, 47), which are involved in their localization and maintenance in the hepatic sinusoids and portal veins.

The lectin CD69 is constitutive expressed on the majority of liver TRM subsets. Upon exposure to antigens or pro-inflammatory mediators, the expression of CD69 is strongly upregulated on activated CD8+ T cells within peripheral tissues as a result of the downregulation of Krüppel-like factor 2(KLF2) (44, 48, 49). Meanwhile, as an antagonist of S1P1, CD69 complexs with S1P1 on the cell surface and leads to its internalization and degradation (50). Besides, CD69 also contributes to the retention status of hepatic TRM cells by downregulating sphingosine 1 phosphate receptor (S1PR1)-mediated tissue egress (44). Therefore, it is likely to that its primary role is to restrict the egress of TRM cells from the liver to the blood and lymphatic vessels.

CD103 is an α-chain of the integrin αEβ7. It is upregulated in activated peripheral CD8+ T lymphocytes upon exposure to TGFβ (51). CD103 is a receptor for E-cadherin, an adherens junction protein interlocking epithelial cells (52). Interestingly, E-cadherin is widely expressed by hepatocytes and cholangiocytes (36, 53, 54).The interaction of E-cadherin and CD103 expressing on the liver-infiltrating lymphocytes may be involved in positioning, adhesion and retention of hepatic TRM cells (36). Furthermore, CD103 may define two different functional subsets of TRM cells in human liver. The CD69+CD103+ subpopulations are antigen-specific autoreactive cytotoxic T cells in human liver, exhibiting more potent effector function than CD69+CD103- counterparts (45, 55, 56). Interestingly, there are differences between mouse and human liver TRM cells regarding CD103 expression. Interestingly, it appears that another liver-specific homing marker, lymphocyte function associated antigen 1 (LFA-1), rather than CD103, may be responsible for the retention of hepatic TRM cells in mice (16, 57).

CD49a, another adhesion molecule of TRM cells, is the α1 component of the integrin α1β1. CD49a pairs with integrin β1 to form the heterodimer VLA-1 which bind to collagen IV. This interaction is believed to be critical for retention of the resident population at the epithelium (58). In general, CD49a is upregulated following T cell activation and can be found on circulating T cells (59). Expression of CD49a contributes to protect cells from undergoing apoptosis (60). Importantly, blockade of CD49a with antibodies as well as genetic deletion of CD49a results in a diminution of TRM cells (59, 61). However, CD49a was not essential for the recruitment of CD8 T cells to the lung in mice, but for their persistence as memory cells (59). Therefore, CD49a may promote the survival, retention or proliferation of TRM cells. Moreover, CD49a may define different functional subsets of TRM cells. In the skin, CD49a expressing CD8+ TRM cells produce large amounts of IFN-γ, perforin and granzyme B, while CD49a negative counterparts prefer to produce IL17 (62). However, the effector function bias based on CD49a expression of liver TRM cells have not been comprehensively interrogated.

Chemokines and chemokine receptors have been extensively used to describe the correct localization, residence and effector function of immune cells within lymphoid organs and non-lymphoid tissues (63). Despite their expressions on TRM cells of different tissues have great heterogeneity, it is reported that the maintenance and effector function of TRM require constant chemokine stimulation (64–66). Chemokine receptors CXCR3 and CXCR6 have been extensively reported to be constitutively expressed on the surface of intrahepatic TRM cells (16, 17, 23, 46, 67). CXCR3 is a vital homing marker that may contributes to the retention of liver CD8+ TRM cells. It binds to multiple chemokines, such as CXCL9, CXCL10 and CXCL11, which are predominantly secreted by monocytes, liver sinusoidal endothelial cells and fibroblasts (17). On the other hand, CXCR6 also plays an important role in the maintenance of liver TRM cells (46, 68). CD8+ T cells lacking CXCR6 migrate to the liver normally after immunization, whereas perform a marked decrease capacity to form hepatic CD8+ TRM cells and severely impairs their effector functions against infection in the liver (46). In addition, CXCR6 also contributes to the maintenance of liver TRM cells via binding to CXCL16 secreted by liver sinusoidal endothelial cells (46, 68). These studies suggest that CXCR6 is essential for retention rather than recruitment of CD8+T cells to the liver. Additionally, deficiency of CXCR6 results in decreased survival of hepatic NKT cells patrolling the liver sinusoids, affecting hepatic intravascular immune surveillance (68).



Transcriptional profiles

Besides surface markers, multiple transcription factors are involved in the regulation of the distinct features of liver TRM cells.

The network of transcription factors underlies the unique features of TRM cells, including liver TRM cells (Figure 1). These transcription factors include B lymphocyte-induced maturation protein 1 (BLIMP1; also known as PRDM1), homologue of BLIMP1 in T cells (HOBIT; also known as ZFP683), runt-related transcription factor 3 (RUNX3), Notch, Peroxisome proliferator-activated receptor-γ (PPAR-γ), BHlHe40, TBX21(T-bet), aryl hydrocarbon receptor (AhR), Eomesodermin (EOMES), and NR4A family of orphan nuclear receptors (NR4As). The combined action of these transcription factors contributes to the residency status of liver TRM cells (64, 69).




Figure 1 | Characteristics of TRM cells include their tissue residency, long-term persistence, and effector function. The residency status of liver TRM cells is regulated by the combined action of B lymphocyte-induced maturation protein 1 (BLIMP1), BLIMP1 homolog in T cells (HOBIT), Notch, and runt-related transcription factor 3 (RUNX3). BLIMP1 and HOBIT downregulate CCR7, Krüppel-like factor 2 (KLF2) and tissue export pathway sphingosine 1-phosphate receptor 1 (S1PR1), while Notch directly upregulates the expression of CD103 on TRM cells. The interaction of CD103 and E-cadherin expressing on hepatocytes as well as cholangiocytes may be involved in adhesion and retention of hepatic TRM cells. Furthermore, the expression of BLIMP1 is regulated by the transcription factor runt-related transcription factor 3 (RUNX3) and NR4A family of orphan nuclear receptors (NR4As). The effector functions of liver TRM cells include direct killing of infected or malignant cells by secreting cytotoxic molecules and inflammatory cytokines, such as granzyme B, TNF-α, IFN-γ, and IL17. The expression of these cytotoxic components is regulated by HOBIT, BLIMP1 and RunX3. The development and maintenance of TRM cells require stimulation with IL15, and TGFβ, as well as cognate antigens presenting by antigen-presenting cells (APC). T-bet is essential for the sustain expression of IL15 receptor, albeit at low levels. Meanwhile, the expression of TGFβ receptor is also regulated by P2X purinreceptor 7 (P2RX7), a sensor for extracellular nucleotides that promotes mitochondrial homeostasis. Mitochondrial fatty acid β-oxidation (FAO) is an important energy source for TRM cells. Peroxisome proliferator-activated receptor-γ (PPARγ) drives the upregulation of FABP1 and FABP4 to promote free fatty acid uptake from the extracellular compartment, while the transcription factor BHlHe40 maintains mitochondrial fitness.



HOBIT is specifically up-regulated in TRM cells and, together with related Blimp1, mediates the development of TRM cells in lymphoid organs and non-lymphoid tissues (70). The co-expression of HOBIT and BLIMP1 instructs the downregulation of CCR7, transcription factor 7 (TCF7), KLF2, and S1PR1 in TRM cells (71). CCR7 is the receptor for chemokine ligand 19 (CCL19) and chemokine ligand 21 (CCL21) that responsible for cell migration to secondary lymphoid tissues (72).Meanwhile, TCF7, KLF2 and S1PR1 are involved in the tissue egression of lymphocytes (71). Interestingly, KLF2 regulates the expression of S1PR1 in lymphocytes of tissues, which directs them returning to circulation (44). Consequently, the Hobit-Blimp1 transcriptional module retains TRM cells within tissues through silencing the genes related to recirculation in addition to suppressing the markers related to egression. Furthermore, a murine study demonstrated that the transcriptional repressor Capicua (CIC) controls the development of liver TRM cells. Mechanistically, they found that CIC could regulate the expression of HOBIT by inhibiting the ETS variant transcription factor 5 (ETV5) (73). RUNX3 and Notch are essential for the maintenance of TRM cells by repressing the expression of genes involved in the formation of circulating memory T cells and inducing the expression of retention molecules, including CD103 (74). The collaboration of HOBIT, BLIMP1 and RUNX3 also drives immediate effector function in TRM cells by inducing and sustaining granzyme B production (75–77). Notch, predominantly expressed in newly developed TRM cells, not only regulates expression of IFN-γ upon restimulation but also contributes to the mitochondrial fatty acid β-oxidation (FAO) in TRM cells (74, 75). Importantly, exogenous free fatty acids uptake and their FAO are required for the survival and effector function of TRM cells (78). Meanwhile, PPAR-γ facilitate the uptake of free fatty acids by upregulating fatty acid binding proteins 1 and 4 (FABP1 and FABP4) in TRM cells (78, 79). Bhlhe40, a stress-responsive protein, promotes the survival and function of TRM cells under stress conditions by sustaining mitochondrial fitness (80).

T-bet is crucial to sustain the expression of the IL15 receptor β subunit (IL15Rβ) and therefore enable the long-term lineage stability of TRM cells, albeit at low levels (81). Activation of aryl hydrocarbon receptor (AhR) may be associated to the maintenance of liver TRM cells by increasing the expression of CD69 (82, 83).Recent studies reveal that EOMES directly inhibited expression of IFN-γ in vitro, while EOMES deletion in T cells led to substantially increased frequency and percentage of TRM precursor in the liver (84, 85). Therefore, the downregulation of EOMES in TRM cells is required to not only their formation, but also their effector function.

Additionally, the NR4As are composed of NR4A1 (Nur77), NR4A2 (Nurr1), and NR4A3 (Nor1). During the memory phase of influenza infection, Nur77 deficiency in CD8+ T cells reduces the frequency of CD8+ TRM cells in the liver without any effect on lung or bone marrow CD8+ TRM cells and other memory CD8+ T cells such as TCM and TEM (86), indicating a specific role of Nur77 on liver TRM cell differentiation. In addition, the expression of the transcription factors involving in TRM differentiation (BLIMP1 and T-bet) is decreased, while the expression of EOMES is increased in absence of Nor1 in CD8+ T cells (87). Interestingly, NR4As are particularly enriched in the highly functional CD28+ subset of CD8+ TRM cells. Importantly, deficiency of Nurr1 specifically reduces the percentage of these CD28+ TRM subsets (88). To conclude, NR4As are important regulators involved in the differentiation of CD8+ TRM cells. However, not all NR4As are comprehensively interrogated at the specific differentiation steps of CD8+TRM cells. Therefore, figure out which signals promote the expression of NR4As in addition the role of NR4As in CD8+ TRM cell differentiation await further investigation.

Although these transcription factors described above have been shown to be critical for TRM cells, it is difficult to determine which are the specific key regulators of TRM differentiation and maintenance, as they are also expressed in other CD8+ effector or memory subsets. Therefore, the differentiation and maintenance of TRM may be regulated by the cooperation of multiple transcription factors.



Effector functions

Similar to other tissue TRM cells, liver TRM cells also have timely, potent and durable effector functions. When pathogens enter the liver, TRM cells can take advantage of tissue residency to generate a rapid and effective protective immune response by secreting multiple chemokines and cytokines in a deployment-ready mode (75). The cytotoxic cytokines enable them to directly eliminate infected or malignant cells as well as control invading pathogens, while chemokines and pro-inflammatory cytokines recruit and activate other immune cells, thereby remodeling the local liver microenvironment for more potent effector functions. Furthermore, liver CD8+ TRM cells express high levels of Ki-67 and TCF1, showing their proliferative and self-renewal potential (89). Actually, TRM cells can persist in the liver for years and exert durable protective effect (17). In addition, TRM cells may help to significantly promote the repopulation of locally resident and circulating memory T cells after infection, suggesting their role in establishing secondary memory T cells to prevent future reinfection with the same pathogen (90, 91). Accordingly, TRM cells have been used to develop vaccines that generate stronger and longer-lasting immune responses than conventional vaccines (15, 28, 29). Meanwhile, CD8+ TRM cells are able to attract hepatic stellate cells (HSCs) in a CCR5-dependent manner and predispose activated HSCs to FasL-Fas-mediated apoptosis, thereby promoting liver fibrosis regression (39). However, every coin has two sides, as do liver TRM cells. Once TRM cells are interfered by cognate antigens and damage hepatocytes and cholangiocytes, it may lead to the occurrence of AILD. Meanwhile, auto-aggressive liver CXCR6+CD8+ TRM cells cause hepatic immune pathology in NASH in an MHC-class-I-independent manner (47). Therefore, clarifying the biological characteristics and development of liver TRM cells so as to accurately manipulate liver TRM cells can enhance the effector functions of TRM cells and avoid weaknesses.




Development of liver TRM cells

Multiple factors including T cell-intrinsic and environmental factors are believed to be involved in the TRM cell differentiation. Thereinto, the first question to be addressed is the origin of TRM cells. Olivier, O et al. analyzed antigen-activated T cells from different tissues using TCR sequences. They found that TCM cells in the lymph nodes share a common clonal origin with TRM cells (92), indicating that these subsets derive from the same naïve T cell precursors. Moreover, the differ in TCR stimulation affinity, namely the strength of antigen binding of TCRs, affects the subsequent development of TRM cells (93). In this regard, high TCR affinity leads to TEM development, whereas a low TCR affinity results in short-lived memory cells with impaired secondary immune response (94, 95).It is reported that TRM cells have different TCR stimulation affinity compared to splenic memory T cells (93, 94). Furthermore, there is heterogeneity in the magnitude of TCR stimulation affinity required for the development of functional CD8+ TRM cells in different tissues (93, 96). For example, Maru, S et al. demonstrated that brain TRM cells stimulated with suboptimal stimulation strength respond more effectively to CNS infection than cognate antigen, suggesting that the strength of antigen stimulation affects the functional integrity of TRM cells in a persistent viral infection (93). However, the specific strength of TCR stimulation affinity required for inducing liver-adapted TRM cells has not been determined.

Additionally, the killer cell lectin-like receptor G1 (KLRG1) may contributes to figure out the source of TRM cells. KLRG1 is upregulated in short-lived effector cells (SLECs, KLRG1hi IL7Rαlo), whereas the memory precursor effector cells (MPECs) that turn into heterogenous populations of memory CD8+ T cells, bear negative or low expression of KLRG1 (9, 97). Adoptive transfer experiments have shown that MPECs could generate TRM cells after entering specific tissues (98). In addition, a portion of KLRG1+ CD8+ T cells can downregulate KLRG1 during the contraction phase of immune response and differentiated into TRM cells. The latter subset accounts for approximately half of the liver TRM cell population and has a stronger cytotoxic and proliferative capacity than those directly derived from KLRG1-CD8+ T cells (99). These findings suggest that liver TRM cell can originate from both KLRG1+ or KLRG1- lymphocytes.

On the other hand, studies have shown that cognate antigens and inflammatory cytokines also contribute to the development and maintenance of liver TRM cells (Figure 1).

Antigenic challenge induces and amplifies antigen-specific TRM cell proliferation, and maintained at low-level magnitude in the liver TRM pool after the clearance of infection. Actually, the capacity of hepatic TRM niches is large enough to lodge multiple TRM cells with different specificities without displacing previously established cells (14). Therefore, newly formed liver TRM cells do not displace existing TRM cell populations (14). Intriguingly, TRM cells induced by cognate antigen in secondary immune response are mainly developed from the pre-existing TRM populations, instead of circulating memory T cells (90, 100). Therefore, cognate antigens contribute to the immune response mediated by TRM cells and the construct of polyclonal TRM cell repertoire.

The differentiation and development of liver TRM cells can be mediated by multiple cytokines, including IL2, IL15, TGFβ and IL10. IL2 is mainly produced by activated T cells. It promotes the growth, proliferation and differentiation of lymphocytes, and is essential for the body’s immune response and antiviral infection. Interestingly, human liver CD8+ TRM cells express high levels of IL2 (17, 36). The unusually high IL2 production of hepatic CD8+ TRM may be important for their protective potential, as autocrine IL2 is needed to the persistence of memory responses to pathogens and secondary population expansion of CD8+ memory T cells (17, 101). In addition, IL15 is known to be involved in TRM development and longevity. Although shares a receptor subunit with IL2, IL15 has a perceptible difference in immunomodulatory properties. Generally, IL15 induces the proliferation and survival of circulating memory CD8+ T cells (102, 103). Nevertheless, the upregulation of the IL15 receptors in memory CD8+ T cells indicating that IL15 stimulation may be essential for TRM development (102). It was reported that IL15 was able to induce CD69, CXCR3 and CXCR6 expression on peripheral CD8 T cells in a dose-dependent manner, all of which were highly expressed on hepatic TRM cells (17). Consistently, IL15 knockout mice prevent CD8+ TRM cells development in the liver (14). Meanwhile, the expression of hepatic IL15 is positively correlated with TRM cells in AIH liver (36). Therefore, the presence of IL15 may be essential for the formation of liver TRM cells. Another important cytokine is the TGFβ. TGFβ is a pleiotropic cytokine that is produced in an inactive form, namely latency associated peptide (LAP). LAP can be activated by binding to integrin αvβ6 on epithelial cells and/or integrin αvβ8 on dendritic cells and endothelial cells (104). Activated-TGFβ induces CD8+ TRM cells to express CD103 as well as downregulate of EOMES (81, 98), which are mandatory for their generation, adhesion and long-term persistence in the liver. In fact, TGFβ is capable of inducing liver-adapted TRM cells, and importantly, hepatic TGFβ is significantly correlated with TRM cells infiltration in human liver (17, 18, 36). Actually, sequential exposure to IL-15 followed by TGFβ efficiently induced de novo CD69+CD103+CD8+ TRM cells, with similar frequencies to those found in healthy livers (17). These studies suggest that the expression of IL15 and TGFβ in the liver promotes the development and residency of CD103+ TRM cells in human. However, a recent mouse experiment showed that constitutive TGFβ signaling did not accelerate the development of liver TRM cells (105), indicating that TGFβ may have functional heterogeneity in liver TRM cells between human and mice. Meanwhile, monocyte-produced IL10 induced the release of surface-bound TGFβ of antigen-presenting cells, while blocking IL10 reduced CD103 expression on TRM cells (106). Therefore, IL10-mediated TGFβ signaling may have a critical role in the generation and retention of liver TRM cells.

Additionally, several cytokines have been reported to be involved in TRM development outside the liver. For example, the IFN-β and IL12 are described to positively influence TRM cells differentiation by regulating the expression of CD103 and CD69 in the intestine (107). Meanwhile, it is reported that hair follicle-derived IL7 is involved in CD4+ TRM cells generation and persistence in the skin (108, 109). Intriguingly, hepatocytes are the main source of IL7 in the liver, and the hepatocyte-derived IL7 can promote the survival of memory CD4+ and CD8+ T cells (110). However, the specific role of these cytokines on the development of liver TRM cells remains to be elucidated.



Metabolic profiles of liver TRM cells

There are significant differences in the metabolic profiles of different T cell subsets. Several studied demonstrated that preferences for certain metabolic pathways for energy affect TRM cells generation, tissue retention, and effector functions.

Generally, highly proliferative and active cells prefer the glycolytic pathway, while quiescent cells primarily use oxidative phosphorylation and FAO to generate ATP. Thereinto, mammalian target of rapamycin (mTOR), including two subunits of mTOR complex 1 (mTORC1) and mTORC2, is a key regulator involved in regulating T cell nutrient metabolism, proliferation and activation (111). While activating, it induces glucose consumption to support T cell proliferation. There is strong evidence that mTOR plays an important role in the generation of TRM cells (112). Rapamycin, an mTORC1 inhibitor, has been reported to induce the formation of memory CD8+ T cells but reduce TRM production in the gut, thereby protecting mice from functional CD8+ TRM cell-mediated intestinal autoimmunity (113). However, the exact effects of rapamycin on the liver TRM cells are still under investigation.

Fatty acid binding proteins (FABPs) are a group of intracellular molecules that mediate the trafficking and metabolism of fatty acids (114). Reliance on FAO has recently been shown to be essential for the development and maturation of CD8+ TRM cells (78). For example, studies on skin TRM cells revealed that TRM cells upregulate FABP4 and FABP5 so as to uptake and utilize exogenous free fatty acid (FFA) as an energy source for their survival. Consistently, the deficiency of FABP4 and FABP5 results in impaired functional properties and longevity of skin CD8+ TRM cells, but not influence the survival of TCM cells in vivo (78). However, TRM cells from different tissues express distinct FABPs with selected in a tissue-specific fashion that is optimized for local fatty acid availability (78, 79). It has been demonstrated that liver TRM cells express high levels of FABP1 and a low concentration of FABP4, but do not express FABP5 (79). In a murine model of LCMV infection, FABP1 deficiency mice manifested impaired TRM cell development in the liver but not in the skin. Furthermore, the selective loss of liver TRM cells could be restored upon re-expression of FABP1 (79). Interestingly, bezafibrate, the PPAR agonists that promote FAO, has been confirmed to improve the effector function of memory T cells (115). Therefore, a unique FAO regulator, FABP1, driven by a liver-specific microenvironment may be a promising target for intervention in hepatic TRM cells.

Additionally, several studies revealed that P2X purinreceptor 7 (P2RX7) is required for the establishment, maintenance and functionality of TRM cells. P2RX7 is a sensor for extracellular nucleotides that promotes mitochondrial homeostasis and metabolic function of memory CD8+ T cells (116). Importantly, P2RX7 supports TRM development by enhancing CD8+ T cell sensing of TGFβ via upregulate the TGFβ receptor II (TGFβRII) through calcineurin signaling. Meanwhile, P2RX7-deficient TRM cells progressively decayed and expressed dysregulated TRM-specific markers such as CD103. Consistently, upregulation of TGFβRII expression rescued P2RX7-deficient TRM cell generation as well as mitochondrial function (116), indicating that sustained P2RX7 signaling is required for long-term TRM cell maintenance. However, another study demonstrated that P2RX7 activation in sterile tissue damage during acetaminophen-induced liver injury selectively enhanced the NAD-induced cell death of liver TRM cells compared with circulating T cells, whereas concurrent TCR engagement promoted survival of TRM cells (117).These studies suggest that differences in genetic background, microbiota as well as their metabolites might have caused discrepancies in the regulation of TRM differentiation and maintenance by P2RX7.



Liver TRM cells in the chronic liver disease

The porous epithelial layer is a unique feature of the liver, which not only enables the direct interaction of TRM cells with hepatocytes, but also facilitates the encounter of cognate antigens by TRM cells in the liver. TRM cells that reside in the unique microenvironments of the liver not only develop in response to infection, such as viral or parasite infection, but are also detected in AILD, NAFLD, HCC and liver allografts. Below, we discuss the unique characteristics of TRM cells in the local microenvironment of different chronic liver diseases, their role in disease progression, as well as their potential therapeutic value (Table 1).


Liver TRM cells in viral infection

Hepatoviral infection is mainly caused by the hepatitis B (HBV) and hepatitis C (HCV) viruses and the course can be acute or chronic. Chronic infection with hepatotropic virus can cause liver damage, cirrhosis, liver failure, development of HCC, and even liver transplantation. It has been demonstrated that hepatic TRM cells play a major antiviral immune response during chronic hepatic virus infections.

Pallett, J et al. were the first to report the virus-specific liver CD8+ T cells in chronic HBV infection, in which approximately 90% of them have a TRM cell-like phenotype (CD69+CD103+ or CD69+CD103−) (17). CD8+ TRM cells can persist in the liver for several years after primary infection and expand in patients with HBV. Importantly, virus-specific CD8+ TRM cells could still be detected in spontaneously recovered HBV patients, with effector functions equivalent to those from chronic HBV-infected patients (18), suggesting the long-term viral control of hepatic CD8+ TRM cells. Virus-specific CD8+ TRM are very efficient in their function. During HBV viral infection, PD-L1 expression is upregulated in hepatic sinusoidal endothelial cells and hepatocytes (118). PD-L1 on intrahepatic cells can interact with PD1 on TRM cells, thereby dampening pro-inflammatory TRM cell responses (19). Nevertheless, even though TRM cells express high levels of the PD1, they readily produce IFN-γ, TNF-α, perforin, and IL2 upon stimulation (17). IFN-γ and TNF-α mediated control of HBV replication, while perforin may contribute to the directly elimination of infected hepatocytes (20, 21). Furthermore, IL2 production is most strikingly enhanced within CD69+CD103+ TRM cells, which contributes to overcome PD-L1-mediated inhibition and exhaustion, stressing their ability for survival and maintenance (21, 119). Additionally, CD8+ TRM cells are enriched in HBV patients who achieved viral control, and their abundance is inversely correlated with HBV viral load, stressing that the virus-specific liver TRM cells can control viral replication and contribute to the functional cure for HBV patients (17, 22). Therefore, liver TRM cell expansion may be a potential therapeutic target for chronic HBV infection.

Additionally, a portion of HBV patients are co-infected with hepatitis D virus (HDV), which often indicates a poor prognosis. As the smallest known human virus, HDV has perfectly adapted to escape recognition by CD8+ T cells restricted by common human leukocyte antigen (HLA) class I alleles (120). A recent study suggested that antigen-nonspecific activation of hepatic CD8+ TRM cells may be involved in intrahepatic inflammation and disease progression in HDV infection (121).

CD8+ TRM cells also play an essential role in long-term antiviral response in chronic HCV infection (23–25). In the chimpanzee model of HCV reinfection, depletion of CD8+ T cells resulted in prolonged the virus persistence and prevented effective viral clearance, while recovery of CD8+ T cells lead to virus eradication (26). Meanwhile, a large number of CD69+CD8+ T cells were detected in the liver of animals recovered after HCV infection, but not in the peripheral blood. These subsets may be hepatic TRM cells, which are required for protection from persistent HCV Infection (26). Consistently, liver CD8+ TRM cells are highly increased in chronic HCV patients and possess a specific activation and cytolytic potential and are important in controlling chronic HCV infection (27).

Besides hepatotropic virus infection, liver CD8+ TRM cells contribute to the effective clearance of Lymphocytic choriomeningitis virus (LCMV) as well. In the murine model of LCMV infection, virus-specific TRM cells in the liver could be influenced by other liver-resident immune cells. For example, deficiency of liver-resident natural killer (LrNK) cells increased both the frequency and antiviral activity of hepatic TRM cells via the interaction of PD1 and PD-L1. Consistently, transfer of LrNK cells into LrNK-cell-deficient mice as well as PD-L1 inhibition restrain hepatic TRM cell function, resulting in impaired viral clearance (122). Furthermore, during LCMV infection, other liver-resident T cells, such as γδ T cells, also expand and promote viral clearance by producing IFN-γ and TNF-α (123).

Current studies suggest that hepatic TRM cells may be involved in the clearance of viral infection, protect patients from persistent viral infection, and improve disease prognosis. However, the role of TRM cells in different viral infections in the liver remains to be further elucidated.



Liver TRM cells in parasite infection

Besides viral infections, several studies have investigated the role of liver TRM cells in parasitic infections, including malaria and leishmaniasis.

Malaria is an insect-borne infectious disease caused by the infection of Plasmodium through the bite of Anopheles mosquitoes or the transfusion of the blood of a person carrying Plasmodium (124). Plasmodium has a complex life cycle, including three stages in the liver, blood and mosquito. During infection of malaria, Plasmodium promotes the development of antigens-specific TRM cells (16, 125–127). These TRM cells could mediate protective immune responses through killing infected cells by producing pro-inflammatory cytokines, such as IFN-γ and TNF-α (16, 30). Additionally, TRM cell depletion abrogated an efficient immune response to a murine model of Plasmodium infection (31).Due to the protective immune response of TRM cells against malaria, vaccination strategies that maximize intrahepatic Plasmodium-specific TRM development have emerged (16, 28, 29, 32–34, 127). An example is the Plasmodium ribosomal protein vaccine (15). One of the antigens for this vaccine is PbRPL6120-127, a highly conserved H2-Kb-restricted epitope from the 60S ribosomal protein L6, expressed throughout the parasite life cycle, across Plasmodium species (15). It may be an optimal antigen for endogenous liver TRM development and protection against malaria. A single dose of this vaccine could provide effective and prolonged sterilizing immunity against high dose sporozoite challenges (15). Indeed, people living in malaria-endemic areas do not acquire effective protection against reinfection from malaria (128), while attenuated Plasmodium falciparum sporozoite (SPZ) vaccine is highly protective against controlled human malaria infection 3 weeks after immunization (129), suggesting multiple, complex factors are likely responsible for the lack of development of sterilizing immunity to malaria through natural infection. Furthermore, the protection and long-term efficacy of existing vaccines are not satisfactory. Accordingly, to improve the TRM-based vaccination against malaria in human, further investigation of the mechanisms that mediate Plasmodium-specific TRM generation and function, assessment of the feasibility of currently known antigens, as well as identification of novel target epitopes are required.

Recently, the role of TRM cells in Leishmaniasis was studied as well. Leishmaniasis is a zoonotic disease caused by Leishmania, which can cause cutaneous and visceral kala-azar in humans (130). There are various types of Leishmania in which Leishmania infantum (L. infantum) primarily infects the liver (131–133). During chronic L. infantum infection, liver TRM cells are generated and play a protective role. Importantly, induction by the Leishmania proteins LirCyP1 and LirSOD promotes the expansion of hepatic TRM cells, which could be a promising strategy for prophylactic or therapeutic vaccine formulations (131).

Taken together, hepatic TRM cells are critical in parasitic infections, and the TRM-based vaccination strategies could hold remarkable promise in providing long-term protection.



Liver TRM cells in AILD

AILD is a group of liver inflammatory damage diseases mediated by abnormal autoimmunity, including autoimmune hepatitis (AIH), primary biliary cholangitis (PBC), primary sclerosing cholangitis (PSC), IgG4-related sclerosing cholangitis (IgG4-SC), etc. AIH is an inflammatory liver disease dominated by T cell-mediated hepatocyte injury. Antigen-specific CD8+ TRM cells have been reported to characterize the liver tissue of subjects with indeterminate pediatric acute liver failure (PALF) and may serve as a novel biomarker for PALF due to AIH (37, 38). Recently, our group demonstrated that CD69+CD103+CD8+ TRM cells play an important role in the pathogenesis of AIH, and histological remission is accompanied by decreased hepatic CD8+ TRM cells in AIH patients (36). In addition, hepatic CD8+ TRM cells from AIH patients expressed a higher level of PD-1, CXCR3 and granzyme B than those of healthy controls. Consistently, in AIH liver, both expression of IL15 and TGFβ, cytokines that induce TRM cells in vitro, were elevated, suggesting that the immunological microenvironment facilitates hepatic CD8+ TRM cells development and residency (36). Intriguingly, E-cadherin, the natural ligand of CD103, is widely expressed in hepatocytes of AIH patients, and located closely to CD8+ TRM cells, which may contribute to the residency of CD8+ TRM cells in the liver. Furthermore, E-cadherin is also widely expressed in cholangiocytes (53, 54), suggesting that CD103+ TRM cells may be involved in pathology of bile duct injury in cholestatic liver diseases, such as PBC and PSC. Interestingly, a recent study on biliary immune atlas revealed the presence of CD8+ TRM cells in areas of biliary inflammation in PSC patients (134).



Liver TRM cells in NAFLD

Nonalcoholic fatty liver disease (NAFLD) is considered a hepatic manifestation of metabolic syndrome, hypertension and type 2 diabetes. Several studies have demonstrated that liver-resident T cells and the proinflammatory immune response they elicit are involved in NAFLD disease progression (135–138). Generally, liver-resident γδT cells induce chronic liver inflammation by producing proinflammatory cytokines such as IL17A, IFN-γ, and TNF-α, contributing to the pathogenic immune response to NAFLD (123, 137, 139). Furthermore, systemic inflammation in obese patients is associated with increased TRM cells in the liver and may be further involved in NAFLD disease progression. Importantly, activated TRM cells are significantly increased in the liver and visceral fat of obese patients. These activated TRM cells produce multiple pro-inflammatory cytokines, such as IL1β, IL2, IL12, and IL15 (140), further contributing to the generation of TRM cells in addition to the overall pro-inflammatory phenotype in obese patients.

Interestingly, a recent study revealed that CD69+CD103-CD8+ TRM cell may perform a protective role in resolving liver fibrosis of nonalcoholic steatohepatitis (NASH) (39). They demonstrated that the reduction of these CD8+ TRM cells significantly delayed fibrosis resolution via influencing predisposed HSCs apoptosis, while adoptive transfer of these cells protected mice from fibrosis progression in a CCR5-dependent manner (39). Therefore, the paradoxical roles of TRM cells in NAFLD and their specific mechanisms remain to be further investigated.



Liver TRM cells in HCC

HCC accounts for the majority of primary liver cancers and is currently one of the leading causes of cancer-related deaths worldwide. The development of HCC is a complex multistep process caused by multiple risk factors, whereas the function of tumor-infiltrating T cells is important for moderating antitumor immunity in HCC development and determining the clinical fate of HCC patients (40). There are strong evidences that CD103+ TRM cells are enriched in HCC patients and associated with better prognosis (19, 41, 42).

In murine model of HCC, hepatic TRM cells were significantly expanded, and their frequencies decreased during HCC progression (141). Meanwhile, hepatic TRM cells in HCC have an exhausted phenotype, manifested by expression of PD1, LAG3, and TIM3 (40). Given that PD1 expression in TRM cells in HCC is associated with poor disease outcome (142), immunotherapy targeting checkpoint inhibition has been applied to HCC (143, 144). During immunotherapy for HCC, PD1high TRM cells are the most sensitive cells to anti-PD-1 therapy to overcome tumor growth and progression (145). Additionally, other markers of exhaustion and inhibition, such as TIM3 and CTLA4, and pro-inflammatory cytokines, such as IFN-γ and TNF-α, can also be simultaneously expressed on TRM cells in HCC patients (142), suggesting that hepatic TRM cells may be involved in direct killing of tumor cells. Overall, hepatic TRM cells might play an extremely important role in both HCC development and anti-tumor therapy.



Liver TRM cells in transplantation

Liver transplantation is the treatment of last option for end-stage liver disease of various causes and severe acute liver failure. It has been reported that donor-derived TRM cells are detectable in the liver allografts and that their abundancy could be correlated with organ survival and reduced rejection (146–148). Specifically, long-term persistence of lung donor-derived TRM cell is associated with reduced incidence of clinical events that precipitate allograft injury, including primary graft dysfunction (PGD) and acute cellular rejection (ACR) (149). However, the association of liver donor-derived TRM cells with the incidence of clinical events remains to be further elucidated (150). In liver allograft tissues, approximately 2-6% of CD8+ T cells had a donor-derived TRM phenotype at 11 years post-transplantation (18), well demonstrating the longevity of human liver TRM cells. Additionally, donor-derived TRM cells from an HBV-infected liver allograft could migrate to draining lymph nodes with down-regulation of some TRM-specific markers. However, they were not detectable in blood vessels (18). Interestingly, the same study demonstrated that a lower quantity of recipient-derived virus-specific T cells with a TRM-like phenotype were detected in the liver and blood (18), further revealing the extrahepatic origin of TRM cells in the liver. Nevertheless, CMV-specific TRM cells in human liver allografts did not acquire a TRM phenotype in the liver, possibly due to the lack of relevant antigens in the liver.




Perspectives

The tissue retention and longevity of hepatic TRM cells and their potent effector functions demonstrate their potential role in chronic liver diseases. The above studies have shown that hepatic TRM cells play a protective role in viral and parasitic infection, NAFLD, HCC, and liver transplantation, whereas they might be pathogenic in AILD such as AIH. However, further studies are needed to reveal more mechanisms of TRM cell biology, including the phenotype of TRM cells and the specific mechanisms that regulate their development and differentiation. Furthermore, there are several key points regarding hepatic TRM cells that remain to be investigated.

Firstly, TRM cells are heterogeneous, and the subsets of TRM cells that function in the liver under different conditions will differ in the expression of surface markers and biological behavior. For example, the predominant TRM cells associated with the pathogenesis of AIH are CD8+CD69+CD103+ TRM cells that highly express PD1, CXCR3 and granzyme B (36); whereas liver TRM cells of patients with acute hepatitis A are mainly CD8+CD69+CD103- TRM cells that express high levels of HIF-2α (55). TRM cells are essential for the adaptive immune response. While interfering different chronic liver diseases by hepatic TRM cells, the biological function and disease specificity of the corresponding TRM cells should be carefully considered. Therefore, identifying the specific subsets of hepatic TRM cells that play a major role in the chronic liver diseases will help to define precise future intervention strategies.

Secondly, since the liver is an immune organ, we should pay attention to the crosstalk of other immune cells in the liver to hepatic TRM cells. Clarify whether they are cooperative or antagonistic is of great significance. It has been shown that LrNK cells can reduce the frequency and antiviral activity of hepatic TRM cells through the interaction of PD1 and PD-L1 during LCMV infection (122). However, the interaction among other liver-resident cells remains to be further investigated. For example, liver-resident γδ T cells, participate in the pathogenic immune response to NAFLD by producing proinflammatory cytokines (123), are capable of form a long-lived resident memory-like subpopulation upon local inflammation or infection. Nevertheless, it is still unclear whether there is crosstalk between unconventional γδ TRM cells and conventional αβ TRM cells. Accordingly, clarifying these interactions will shed light on the overall immune homeostasis of the liver and lay the groundwork for developing holistic therapies.

Thirdly, given that the biliary system that communicates with the digestive tract and the portal blood that flows directly into the liver may contain various gut-derived microorganisms as well as their metabolites, hepatic TRM cells are chronically exposed to, and may be trained by them. Whether the composition of the gut microbiome, specific species of the gut microbiome or their metabolites would influence the phenotype and development of hepatic TRM cells are unknown yet. Elucidating these interactions may open up new avenues for the realization of therapeutic strategies for “enteric treatment of liver disease”.

To conclude, hepatic TRM cells are considered to play a crucial role in various chronic liver diseases. Elucidating and characterizing the underlying mechanisms of hepatic TRM cells will shed light on the control of chronic liver diseases and provide promising strategies for precision immunotherapy in different chronic liver diseases.
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Case Report: Interventional therapy for portal venous stenosis caused by systemic vasculitis
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Systemic vasculitis are multisystem blood vessel disorders. However, Portal venous involvement is extremely rare, which represents a diagnostic and therapeutic challenge due to the heterogeneous nature, a lack of diagnostic criteria and limited effective therapy of vasculitis. We have reported a 48-year-old woman who was previously diagnosed with systemic vasculitis and was treated with prednisone, presented with gastrointestinal (GI) bleeding on admission. Further abdominal contrast-enhanced computed tomography (CT) with three-dimensional reconstruction suggested atrophic left hepatic lobe, enlarged spleen, and severe stenosis of main portal vein. Liver biopsy showed no evidence of fibrosis/cirrhosis. To prevent rebleeding, portal venous angioplasty by balloon dilation with collateral varices embolization was performed, and the GI hemorrhage was resolved completely. However, refractory ascites presented 8 months postoperatively. Abdominal CT angiography confirmed the recurrence of portal venous stenosis. Portal venous angioplasty by stent implantation was then performed to treat the portal hypertension (PHT)-related complications. After the intervention, the patient received anticoagulation therapy and continued immunosuppressive therapy. During the 5-year follow-up, the patient did not experience any onset of GI bleeding or ascites. Therefore, portal venous angioplasty with stent placement could be an effective treatment to prevent PHT-related complications when immunosuppression therapy failed.
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Introduction

Systemic vasculitis encompasses a heterogeneous group of autoimmune diseases, with inflammation and necrosis of vascular walls as the main pathological changes (1). The disease occurs in variable ways and usually affects multiple organ systems. Many patients present with non-specific systemic symptoms such as recurrent fever, malaise, weight loss, and night sweats (2). More specific symptoms vary depending on the type, size, and severity of vascular involvement (2). Although portal vein is not one of the organs most commonly affected in systemic vasculitis (3), suspicion should always be kept in mind, especially when specific clinical symptoms appear (4). At present, treatment options of vasculitis include use of glucocorticoids, disease modifying anti-rheumatic drugs (DMARDs), and biologics (5). However, the current therapeutic regiments show limited effect in some cases, and the established vascular lesions are sometimes irreversible (4). Herein, we reported a case of severe irreversible portal venous stenosis due to systemic vasculitis that required interventional therapy for palliation.



Case presentation

A 48-year-old female was admitted to our emergency department for several episodes of massive hematemesis with melena. The patient suffered from intermittent low fever, myalgia and fatigue in recent one year, which had been diagnosed with systemic vasculitis 4 months ago, and oral prednisone was administrated afterwards until this gastrointestinal (GI) bleeding. There was no symptom of abdominal pain, nausea, vomiting or jaundice before the onset of bleeding. She also denied any chronic liver diseases or receiving any other hepatopancreatobiliary surgeries except laparoscopic cholecystectomy for cholecystolithiasis decades ago.

At the admission, physical examination was unremarkable and laboratory tests showed the decreased hemoglobin (73 g/L, normal, 130-175 g/L), normal leukocyte and platelet counts, normal liver and renal function, increased prothrombin time (16.3 s, normal, 9.6-12.8 s), normal international normalized ratio (INR), and increased D-dimer value (2.78 mg/L FEU, normal < 0.55 mg/L FEU). Upper gastrointestinal endoscopy revealed moderate esophageal varices without active bleeding. Abdominal contrast-enhanced computed tomography (CT) suggested the atrophic left hepatic lobe and enlarged spleen (Figures 1A, B). Additionally, liver biopsy showed slight inflammation and cholestasis, but no evidence of fibrosis/cirrhosis was observed (Figures 2A, B).




Figure 1 | (A, B) Abdominal contrast-enhanced computed tomography (CT) showed the atrophic left hepatic lobe and enlarged spleen.






Figure 2 | (A, B) Liver biopsy showed slight inflammation and cholestasis without fibrosis/cirrhosis.



Based on the coexistence of hepatic lobar atrophy and portal hypertension (PHT), vascular disorders of the liver were taken into consideration. Later, CT angiography (CTA) with three-dimensional reconstruction of portal system demonstrated severe stenosis of main portal vein (Figure 3A, arrow), which failed to extend branches supplying the left hepatic lobe. Portal venous angioplasty by balloon dilation (8-mm, 10-mm, sequentially) was performed thereafter, with collateral varices embolized by spring coils to prevent rebleeding (Figures 3B, C). The pressure gradient across the stenosis decreased from 8 mmHg to 4 mmHg after procedure. Although GI hemorrhage resolved completely and hemoglobin gradually recovered to normal levels, refractory ascites unexpectedly presented 8 months postoperatively. Abdominal CTA confirmed the recurrence of portal venous stenosis. Then portal venography via percutaneous transhepatic approach was performed, showing that the portal vein had undergone severe stenosis that nearly occluded it at the hepatic hilum (Figure 4A). To relieve the portal venous stenosis, an 8-mm × 40-mm bare metal stent was placed across the stenosis, resulting in rapid portal inflow into the liver and decompression of the large collateral varices (Figure 4B). The portal pressure gradient decreased from 18 mmHg to 12 mmHg with stent implantation. The patient received dabigatran anticoagulation therapy and continued immunosuppressive therapy (steroid and cyclophosphamide) after the intervention. During the 5-year follow-up, there was no recurrence of fever, myalgia or fatigue, and the patient did not experience any onset of GI bleeding or ascites.




Figure 3 | CT angiography (CTA) with three-dimensional reconstruction of portal system demonstrated severe stenosis of main portal vein (A, arrow). Portal vein stenosis (B) was relieved with portal venous angioplasty by balloon dilation (C).






Figure 4 | Portal venography showed severe stenosis of the portal vein at the hepatic hilum (A). One 8-mm × 40-mm bare metal stent was placed across the stenosis, allowing rapid portal inflow into the liver and decompression of the large collateral varices (B).





Discussion

Systemic vasculitis characterized by autoallergic inflammation of involved vessels, is a spectrum of diseases with diverse clinical presentations, which remains a public health problem worldwide (6). It can cause stenosis/occlusion of any blood vessels, leading to organ ischemia, aneurysm formation and hemorrhage (7). The pathophysiology of systemic vasculitis remains incompletely understood and varies between different forms of vasculitis (5). Immune cells (lymphocytes, macrophages, neutrophils, et al.) and proinflammatory cytokines (IL-1, IL-6, TNF-α, et al.) are assumed to be involved in the inflammatory infiltrates and loss of structural integrity of the vessels (5). Moreover, in some cases, endothelial dysfunction resulted from chronic inflammation promotes thrombotic events, which may interact with immune system cells and amplify the inflammatory cascade (8). However, antigens triggering those process and mechanisms underlying vascular remodeling remain unknown.

By invading the portal system, vasculitis can cause disorders of the portal veins (9), resulting in non-cirrhotic portal hypertension (NCPH). Obliteration of veins can start with endothelial injury caused by inflammatory conditions. As occlusion progresses, the flow of blood was impeded to the liver, and local stasis and low-grade portal hypertension develop. In many cases, portal thrombosis occurs before PHT becomes clinically evident (10). Nevertheless, portal vein is rarely involved at initial presentation of systemic vasculitis. By reviewing the literature, only six cases of NCPH or portal obstruction/stenosis caused by systemic vasculitis have been reported over the past 30 years (Table 1). All these cases initially presented with non-specific symptoms such as fever and rash (11–16). The subsequent abdominal pain or elevated transaminase values led to the discovery of portal vein thrombosis (11, 14). Only two patients had significant symptoms of PHT, including hepatosplenomegaly, ascites, and abdominal wall varices (12, 13). One patient experienced atrophy of the left hepatic lobe, and stenosis of portal vein branches was found at autopsy (16).


Table 1 | The clinical characteristics of patients with NCPH or portal obstruction/stenosis caused by systemic vasculitis.



In this case, the patient had typical clinical manifestations of PHT, including esophageal varices, splenomegaly, and ascites. In addition, fibrosis/cirrhosis and idiopathic portal hypertension were ruled out by a normal liver biopsy. Based on the clinical presentation, a diagnosis of hepatic vascular disorders was suspected. Also, atrophy of the left hepatic lobe was found during abdominal CT scanning. It is well known that hepatic lobar atrophy frequently occurs due to the decrease or remodeling of portal blood supply. The deprivation of portal vein circulation is considered to induce ischemia and infarction of the liver and inhibit the function of hepatocytes in the involved area, leading to the hepatic atrophy (17). Imaging studies found nearly 90% atrophic lobes had ipsilateral portal obstruction (17), which led us to the consideration of portal venous involvement by systemic vasculitis. Severe stenosis of main portal vein from CTA with three-dimensional reconstruction confirmed our speculation. Further venography provides valuable evidence and information for the subsequent interventional therapy option. Thus, once post-NCPH symptoms occurs in systemic vasculitis patients, occlusion/stenosis of portal veins should not be ignored.

Diagnosis of systemic vasculitis remains a challenge due to the heterogeneous nature of vasculitis and a lack of diagnostic criteria, which may hinder early diagnosis (18). Suspicion of vasculitis is an important diagnostic step. Besides, there are developed classification criteria which permit defining subgroup. Anti-neutrophilic cytoplasmic antibody (ANCA) testing, vascular imaging, and biopsy benefit in defining a subgroup of systemic vasculitis and facilitating diagnosis (5). Moreover, the exclusion of secondary causes of vasculitis are needed for diagnosis. Observation over time and therapeutic trials might rule out or improve the probability of the diagnosis when the diagnosis remains uncertain (19). For portal venous involvement alone, radiologic imaging findings may provide the only evidence for the initial diagnosis. CTA with three-dimensional reconstruction is a helpful radiological confirmation. The portal venous phase of angiography plays a crucial role in visualization of the entire portal venous system, revealing the extent of stenosis and existence of other vascular complications, including PVT, CTPV and collateral veins (20).

Glucocorticoids and DMARDs such as cyclophosphamide, methotrexate, mycophenolate mofetil and azathioprine, which have broad impact on both innate and adaptive immunity, have been the core of systemic vasculitis management (21). In addition, biologic therapy including highly cell and cytokine targeted drugs has been applied in the vasculitis arena (1). Although immunosuppressive therapy is the preferred treatment, it occasionally presented limited effect in inhibiting disease progression or alleviating symptoms. Of the six cases we summarized (Table 1), only two patients showed remission of NCPH or portal obstruction/stenosis after receiving immunosuppression and anticoagulant therapy, both with ANCA-associated vasculitis (12). It suggests that treatment and prognosis seem to differ among patients with different type of vasculitis. In the current case, oral prednisone administration relieved non-specific symptoms such as fever and fatigue. However, PHT-related symptoms caused by severe portal venous stenosis still progressed even with immunosuppressive medication. Portal venous angioplasty with stent placement has direct effectiveness in allowing blood flow into the liver and decreasing portal venous pressure, thereby relieving the symptoms caused by PHT (22). Therefore, Portal venous angioplasty with stent placement is a practical and effective treatment to prevent PHT-related complications and improve liver function in cases where drug therapy fails.



Conclusion

PHT and hepatic lobar atrophy due to portal venous stenosis is an extremely rare manifestation of systemic vasculitis, which represents a diagnostic and therapeutic challenge. There is high predictive value of hepatic lobar atrophy in portal obstruction. CTA and portal venography further provide valuable evidence for the diagnosis of portal obstruction. Portal venous angioplasty with stent placement is a practical and effective treatment to prevent PHT-related complications when immunosuppression has failed.
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Non-alcoholic fatty liver disease (NAFLD) and Hepatitis B virus infection (HBV) constitute common chronic liver diseases with worldwide distribution. NAFLD burden is expected to grow in the coming decade, especially in western countries, considering the increased incidence of diabetes and obesity. Despite the organized HBV vaccinations and use of anti-viral therapies globally, HBV infection remains endemic and challenging public health issue. As both NAFLD and HBV have been associated with the development of progressive fibrosis, cirrhosis and hepatocellular carcinoma (HCC), the co-occurrence of both diseases has gained great research and clinical interest. The causative relationship between NAFLD and HBV infection has not been elucidated so far. Dysregulated fatty acid metabolism and lipotoxicity in NAFLD disease seems to initiate activation of signaling pathways that enhance pro-inflammatory responses and disrupt hepatocyte cell homeostasis, promoting progression of NAFLD disease to NASH, fibrosis and HCC and can affect HBV replication and immune encountering of HBV virus, which may further have impact on liver disease progression. Chronic HBV infection is suggested to have an influence on metabolic changes, which could lead to NAFLD development and the HBV-induced inflammatory responses and molecular pathways may constitute an aggravating factor in hepatic steatosis development. The observed altered immune homeostasis in both HBV infection and NAFLD could be associated with progression to HCC development. Elucidation of the possible mechanisms beyond HBV chronic infection and NAFLD diseases, which could lead to advanced liver disease or increase the risk for severe complications, in the case of HBV-NAFLD co-existence is of high clinical significance in the context of designing effective therapeutic targets.
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Introduction

Non-alcoholic fatty liver disease (NAFLD) constitutes the most common chronic liver disease, affecting approximately 25% of adults globally (1). The increased incidence of diabetes and obesity in western countries, seems to contribute to the growth of NAFLD burden in the coming decade (2) considering that NAFLD has been associated with metabolic syndrome and insulin resistance (3). A spectrum of liver disease stages and complications have been attributed to NAFLD, including simple steatosis, non-alcoholic steatohepatitis (NASH), progressive fibrosis, and hepatocellular carcinoma (HCC) (4). Hepatitis B virus infection (HBV) plays also a major causative role in the development of liver pathologies, such as cirrhosis and hepatocellular carcinoma and leads to increased liver-related mortality and morbidity (5, 6). Although the worldwide uptake of HBV vaccinations may have restrained HBV transmission, HBV remains endemic and challenging public health issue, especially in low- and middle-income countries. According to World Health Organization 296 million people worldwide were estimated to live with chronic HBV infection and 820000 HBV-related deaths, mainly from cirrhosis and HCC, were reported in 2019, with 1.5 million new infections being reported each year (7). The co-occurrence of NAFLD and HBV infection has gained great research and clinical interest, regarding the chronic liver injury progression to severe complications under the effect of both diseases. Biopsy-proven NAFLD has been estimated in Chronic hepatitis B (CHB) patients to range from 14% to 30% (8, 9). Investigation of the relationship between CHB and NAFLD disease is still ongoing. Hepatic steatosis may have a favorable effect on CHB progression, by accelerating HBsAg serum clearance (10). In contrast, the co-occurrence of chronic HBV infection and NAFLD has been associated with increased risk for advanced liver disease and HCC (11). NAFLD has been remarked as causative agent of elevated ALT enzyme with a rate of 25%, in CHB patients (12). HBV has been shown to increase the risk for hepatic steatosis in vivo and specifically HBx protein has been proved to upregulate the liver fatty-acid binding proteins, promoting hepatic lipid accumulation (13). However, clinical studies have reported that only metabolic factors are independently associated with NAFLD (14). The management of patients with CHB and NAFLD post a new challenge in clinical practice, considering that little is known about the possible interaction of two liver pathologies and the pathologic outcomes of their interaction. Thus, in this review we aim to describe the possible mechanisms beyond HBV chronic infection and NAFLD diseases, which could lead to advanced liver disease or increase the risk for severe complications, in the case of HBV-NAFLD co-existence.



Possible effects of NAFLD on liver disease progression during HBV infection

The causative relationship between NAFLD and HBV infection has not been elucidated so far. Metabolic components and immune alterations which are related to NAFLD progression have been suggested to directly inhibit HBV replication or induce indirectly anti-viral immune responses. A significant increase in Th17 cell related gene expression, including cytokine IL-21, has been remarked in NASH patients (15), which may contribute to HBV clearance. IL21 levels have been found elevated and positively associated with HBV DNA and HBeAg in immune clearance phase of chronic HBV infection, compared to immune tolerance phase (16). Increased serum levels of IL-21 in HBV-related liver failure may contribute to activation of T and B cells, which will produce inflammatory cytokines and eliminate virus proliferation and subsequent liver injury. Thus, persistence of HBV infection could be probably attributed to low levels of IL-21 (17, 18).

Elevated expression of Toll-like receptors (TLRs) has been remarked in NASH stage (19, 20), which is accompanied by increased infiltration and activation of adaptive immune cells, such as CD8+ T cells and NKT cells (21). TLRs play a major role in activation and modulation of immune responses and their activity has been highlighted in the pathogenesis and progression of chronic liver diseases, including HBV and HCV infection, alcoholic liver disease, hepatic fibrosis, NAFLD/NASH, cirrhosis and hepatocellular carcinoma (22–24). TLRs are highly distributed in liver cells [hepatocytes, kupffer cells (KCs), hepatic stellate cells (HSCs), sinusoidal endothelial cells, hepatic dendritic cells (DCs)] and many other liver cell populations can respond to TLRs. TLR signaling contributes to chronic liver disease progression, by mediating inflammatory processes and liver pathologies (e.g. hepatocellular injury and regeneration, fibrosis and cirrhosis) (25). Stimulation of TLRs in HSCs, upon activation of pro-inflammatory IKK/NF-κβ signaling, c-Jun N-terminal kinase (JNK) activity and secretion of pro-inflammatory cytokines and chemokines, leads to hepatic stellate cell activation and differentiation, promoting fibrosis (26–29). TLR5 has been shown to have an impact on the progression of fibrosis, by activating NF-κB and MAPK signaling pathways (30). Activation of the NF-κB and JNK pathways have been associated with production of cytokines related to TLR-induced liver damage and HCC progression (24). Although the activation of adaptive immune cells in NASH (21) may enhance further the anti-viral immune responses in HBV-infection and prevent the HBV-related severe liver disease progression, the increased expression and activity of TLRs in NASH stage of NAFLD may aggravate liver disease progression to fibrosis and HCC.

TLRs are activated in recruited hepatic DCs in liver sinusoids during inflammation and induce production of pro-inflammatory cytokines (TNF-α, IL-6, IL-12) (31, 32). Saturated fatty acids, have been shown to induce TLR4 activation and activate immune responses through myeloid differentiation factor 88 (MyD88)-mediated pathways in obese individuals (33, 34). TLR4/MyD8 signaling results in the production of TNF-α and IL-6 cytokines which are associated with development and progression of NAFLD to NASH and HCC (35, 36). TLR4 stimulation in KCs induces the production of pro-inflammatory cytokines (TNF-α, IL-1, IL-6 and IL-8, chemokines) and profibrogenic factors (TGF-β), which will promote fibrosis by activating HSCs (26, 28). Activated Lipopolysaccharide (LPS)/TLR4 signaling in HSCs, stimulates production of chemokines, which further recruit KCs. A vicious cycle of unrestricted activation of HSCs by KCs-derived profibrogenic cytokine TGF-β is established, which leads to development of liver fibrosis (37–39). Thus, activation of TLR4 in HSCs has been suggested to be the main mediator of fibrosis and cirrhosis, by initiating collagen production (26, 40). KCs induce fibrogenesis by secreting proinflammatory and profibrogenic cytokines, whereas HSCs mainly produce extracellular matrix in the fibrotic liver (40, 41). LPS/TLR4 and TLR2 signaling has been suggested to be involved in hepatic inflammation-fibrosis-carcinoma (IFC) sequence, which is linked to viral hepatitis. LPS/TLR4 signaling induces anti-viral responses, inflammation, steatosis, fibrosis, and hepatocarcinoma, as well as hepatic fibrosis-mediated portal hypertension, which leads to bacterial overgrowth and intestinal permeability (42).

Zhang et al. investigated the role of TLR4-mediated innate immunity in pathogenesis of CHB in NAFLD subjects and the effect of TLR4 signaling on HBV replication. The TLR4/MyD88 signaling pathway was demonstrated to be activated in the HBV-transgenic mice with NAFLD and HepG2.2.15 cells with SA-induced steatosis and contributed to inhibition of HBV replication (34). It was suggested that increased LPS and free fatty acids (FFAs) in HBV transgenic mice with NAFLD, were sensed by TLR4, stimulating its signaling pathway which results in production of anti-viral cytokine IFN-β and HBV DNA reduction. IL-6 and TNF-α cytokines, which are also induced by TLR4 signaling, have been shown to inhibit HBV replication. Thus, the increased TLR activity in NAFLD, under the effect of fatty acids, seems to have a positive impact on the HBV infection course, by possibly controlling HBV replication (34). Hu et al. developed an HBV- immunocompetent model to investigate the interplay between HBV infection and fatty liver. They showed that hepatic steatosis can be associated with significantly decreased serum levels of HBeAg, hepatic HBcAg and HBsAg, HBV DNA, and pgRNA, indicating a possible positive effect of fatty liver on HBV infection course, related to inhibition of HBV replication and proliferation (43) (Table 1).


Table 1 | Mechanistic role of NAFLD-HBV interplay in chronic liver disease progression.



Although HBV has been shown to downregulate TLRs, chronic infection and loss of HBeAg may lead to upregulation of TLR signaling pathways which trigger hepatic inflammation and disease progression (40). The NAFLD-associated metabolic stress, could have a positive impact on CHB, as it can activate the HBV-suppressed innate and adaptive immunity [restoration of antiviral substances, such as endogenous interferons and tumor necrosis factor-α (TNF-α)] which will eliminate HBV virus and prevent severe disease progression. Metabolic alterations in NAFLD could have an effect on HBV replication. In particular, peroxisome proliferator-activated receptor-gamma coactivator 1 alpha (PGC-1α), a key transcription factor in gluconeogenesis, is increased in fasting status and stimulates in vivo the HBV DNA replication (44). PGC-1α has been decreased in NAFLD and it has been negatively correlated with NAFLD severity (45). Thus, PGC-1α in NAFLD may lead to inhibition of HBV replication. Accelerated apoptosis of HBV-infected cells has also been attributed to NAFLD effects. Inhibition of autophagy and increased Fas-mediated apoptosis have been remarked in liver samples from NASH patients, indicating that NAFLD could prevent disease progression in CHB patients by eliminating HBV replication and increasing apoptosis of HBV-infected cells, resulting in HBsAg and HBV-DNA clearance (46–48). Another possible effect of NAFLD disease on HBV infection course could be associated with immune abnormalities, which have been observed in NAFLD animal models. Miyake et al. (49) used two well-characterized antigens of HBV virus (HBsAg and HBcAg) to induce adaptive immunity in NAFLD mice. They showed that the saturated fatty acid, palmitic acid, can induce impaired function of DCs, causing down-regulation of HBsAg processing and presentation of DCs. It was also suggested that impaired DC function in NAFLD mice may be attributed to the non-antigen-specific maturation of DCs in these mice, which could be linked with their inability to activate antigen-specific immunocytes (50, 51). This observation along with the fact that NAFLD mice had impaired glucose tolerance could contribute to abnormal or insufficient immune responses, increasing the possibility of a more severe disease course by impeding the HBV clearance in case of a NAFLD-HBV infection co-occurrence (52) (Figure 1A) (Table 1). It could be suggested that some NAFLD-associated metabolic and immune components may have a positive impact on HBV replication and HBV clearance and thus contribute to prevention of severe HBV-related liver disease progression. However the presence of aggravating factors such as metabolic imbalance and immune dysregulation in NAFLD disease renders the NAFLD-HBV interplay quite complicated, as these factors could enhance the progression to severe liver disease.




Figure 1 | The NAFLD-HBV interplay in chronic liver disease progression. (A) NAFLD effects on chronic HBV infection and chronic liver disease progression. Activation of TLR4/Myd88 pathway in NAFLD inhibits HBV replication and induction of TLRs contributes to HSCs activation, leading to inflammation-fibrosis-carcinoma (IFC) and progression to liver fibrosis, NASH and HCC. Production of saturated fatty acid palmitic acid suppresses HBV specific immunocytes, resulting in insufficient immune responses, which could be associated with a more severe HBV-related disease progression. Metabolic components have been implicated in liver disease progression and NAFLD development in CHB patients, as they were correlated with fibrosis/cirrhosis and hepatic steatosis. NAFLD-associated metabolic stress restores HBV-suppressed immunity, preventing from severe HBV-related liver disease progression. (B) Chronic HBV infection effects on NAFLD and chronic liver disease progression. Transcription of HBV DNA is related to hepatic metabolism of glucose, lipids, bile acid, and xenobiotics and may play a role in the inhibition or promotion of hepatic regeneration, inflammation, fibrosis, and neoplastic transformation. A differential expression of IL-13, G-CSF, CCL11, IL-6 and IL-4 may be implicated in development of hepatic steatosis and fibrosis in HBV patients, through affecting hepatic lipogenesis and HSCs proliferation and survival. HBx protein can induce PPARs and signaling pathways (PI3K/AKT, LXR/SREBP, NF-κβ), having an impact on hepatic lipogenesis, oxidative conversion of cholesterol to bile acids, hepatic lipid homeostasis and therefore hepatic steatosis. HBV pre-S1 binds to NCTP, leading probably to altered hepatic cholesterol metabolism and hepatic steatosis.





Possible effects of HBV infection on NAFLD disease progression

The pathophysiological mechanisms beyond the association between HBV infection and NAFLD development and disease progression remains unclear. HBV-related metabolic changes, which could lead to NAFLD development have been observed in animal model studies. NAFLD pathogenesis and hepatic steatosis relies on excessive fatty acid uptake and synthesis, which cannot be balanced by oxidation (94). HBV infection could probably promote NAFLD progression to severe hepatic steatosis by affecting lipid biosynthesis. A significant upregulation of lipid biosynthesis gene expression in the liver of HBV transgenic mice, including sterol regulatory element-binding protein (SREBP) 2, ATP citrate lyase (ACLY), retinol-binding protein 1 (RBP1) and fatty acid synthase has been revealed by cDNA microarray analysis (95). Significant changes in long-chain fatty acid and polyunsaturated fat subpathways following HBV infection, along with a significant increase in glycolytic intermediates and glycogen metabolism have also been found. These alterations implied an increased pool of free fatty acid and upregulated glycolysis respectively (96). Rat primary hepatocytes transfected with the HBV genome or HBx have shown major alterations in long-chain fatty acid and polyunsaturated fat subpathways and increased glycolytic intermediates and glycogen metabolism. Thus, HBV infection could have an effect on NAFLD development by promoting significant metabolic changes, associated with NAFLD (97). However, Hu et al. have shown no specific effect of HBV infection in lipid metabolism and insulin resistance in an HBV-immunocompetent and NAFLD-induced mouse model. In particular, there were no increase in plasma and hepatic lipids or cholesterol and changes in plasma glucose and insulin levels in HBV-NAFLD co-occurrence compared with NAFLD group (43). Positive Hepatitis B core antibody (HBc) has been associated with high incidence of cirrhosis, cirrhosis complications and HCC in NAFLD patients (98).

Long noncoding RNAs (lncRNA) could constitute another factor in the interplay between HBV and NAFLD in liver disease progression. LncRNA may have a role in liver inflammation, considering its implication in the regulation of gene expression and various physiological and pathological processes (99, 100). Increased expression levels of lncRNAs have been observed in CHB patients (101). Higher expression levels of lncRNA EXOC7 have been found in liver tissues and serum of NASH patients compared to patients without steatohepatitis, and they were positively correlated with the aggravation of liver steatosis and inflammation (102). Li et al. (103) analyzed expression profiles of lncRNAs and mRNAs in treatment-naive patients with chronic HBV infection and NAFLD. Expression level of long-chain noncoding RNA-metastasis associated in lung adenocarcinoma transcript 1 (MALAT1) was significantly higher in CHB group than NASH group, suggesting that MALAT1 plays an important role in the HBV-infection-related inflammatory response of patients with chronic HBV infection and NAFLD. An mRNA encoding thioredoxin interacting protein (TXNIP), whose expression was significantly upregulated in CHB group and was associated with MALAT1, through competing endogenous RNA, was identified, proposing a potent new regulatory pathway of MALAT1 and TXNIP, called MALAT1- micRNA-20b-5p-TXNIP (103). TXNIP is a protein complex composed of thioredoxin (TRX), reduced coenzyme II (NADPH) and thioredoxin reductase (TRX-R), which has a major impact on regulation of oxidative stress in cells. It may be associated with initiation of inflammatory responses, as it has been found to bind to the nucleotide oligomerization domain-like receptor family and pyrin domain containing 3 (NLRP3) inflammasomes, inducing its activation (104). Activated NLRP3 stimulates NF-κβ signaling pathway, resulting in upregulation of pro-inflammatory cytokines pro-IL-1β, pro-IL-18 (105). Thus, activation of NLRP3 inflammasome by MALAT1- micRNA-20b-5p-TXNIP regulatory pathway may lead to chronic HBV infection-related inflammatory responses, contributing to liver injury process. Liver immune cells, hepatic parenchymal cells, bile duct epithelial cells, and hepatic stellate cells express and activate inflammatory components under the effect of related signals. Activation of NLRP3 inflammatory components is implicated in NASH-mediated inflammatory injury and it may be related with high-mobility group box protein (HMGB), but the mechanism beyond this relationship remains unknown. As an increased ROS production has been found in HepG2 expressing full-length HBx protein, Li et al. (103) suggested that HBx protein-induced ROS in HBV-infected hepatocytes activate NLRP3, by interacting with TRX protein. Activation of NLRP3 leads to high production of IL-1β by KCs of liver tissue. IL-1β mediates the expression of immune-related genes and lymphocyte recruitment to the infection site, initiating inflammation responses which result in liver damage and increased ALT (106). The increased levels of lncRNAs in both CHB and NAFLD diseases could aggravate the tissue liver damage by enhancing inflammatory responses which lead to liver injury.



Effect of HBV viral load and specific plasma markers on NAFLD progression

An inverse correlation between HBV viral load and liver steatosis and an inverse correlation between HBsAg and fibrosis score have been remarked in some studies (46, 107, 108). We must also consider that transcription of HBV DNA in hepatocytes, is conducted under the effect of various host transcription factors (TFs) and coactivators, including CCAAT/enhancer binding protein (C/EBP), cyclic AMP response element-binding protein (CREB) (54, 55), the hepatic nuclear factor 3 (HNF3)/FoxA and HNF4 (56, 57), farnesoid X receptor (FXR), retinoid X receptor (RXR) (58, 59), peroxisome proliferator-activated receptor (PPAR) α and peroxisome proliferator-activated receptor gamma coactivator-1 (PGC-1) (59, 60). Some of these TFs are implicated in hepatic metabolism of glucose, lipids, bile acid, and xenobiotics and they may play a role in the inhibition or promotion of hepatic regeneration, inflammation, fibrosis, and neoplastic transformation, by interacting with other pro-inflammatory TFs, induced by activated immune cells, such as the nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) (61, 62) (Table 1).

HBV viral load has not been associated with controlled attenuation parameter (CAP) liver stiffness measurement (LSM) scores in chronic HBV patients. The implication of metabolic components in liver disease progression and NAFLD development has also been shown in CHB patients, as they had a significant positive correlation with fibrosis/cirrhosis and hepatic steatosis (53). Specific plasma markers of CHB, such as CCL11, IL-6, IL-4, IL-13 and G-CSF have been shown to have a significant influence on the CAP and LSM scores independent of metabolic components. A differential expression of IL-13, G-CSF, CCL11, IL-6 and IL-4 among patients at different stages of hepatic steatosis, highlighted a possible role of an inflammatory response in the development of hepatic steatosis and fibrosis in CHB patients. IL-13 has been shown as an independent predictor of the liver steatosis severity (53). IL-13 has been referred to play a role in liver fibrosis, as a component of a T-helper type 2 inflammatory response (63) and activates transforming growth factor 1 (TGF-β1) (64, 65). Stimulation of TGF-β1 gene expression mediates the fibrogenic effects of IL-13, which result in activation and proliferation of myofibroblasts, excessive production of extracellular matrix (ECM) and inhibition of ECM degradation (65–67). IL-13 signaling activates JAK-STAT-6 pathway (68), which results in CCL11 production in smooth muscle cells, an eosinophil chemotactic protein, which recruits eosinophils (69). Hepatic infiltration and activation of eosinophils has been associated with steatosis and fibrosis (70, 71). IL-13 has been suggested to contribute indirectly to HBV-related liver fibrogenesis by upregulating CCL11, which has a significant association with liver fibrosis (72). IL-13Rα2 receptor has been found to be overexpressed in hepatic stellate cells in sinusoidal lesions of the liver of NASH patients (65). Granulocyte colony-stimulating factor (G-CSF) has been inversely correlated with hepatic steatosis (53), as it has been related to the down-regulation of hepatic lipogenic genes and up-regulation of b-oxidative genes (73). G-CSF could ameliorate and improve hepatic steatosis by reducing the expression of SREBP-1c (74), a transcription factor, inductor of hepatic lipogenesis and mobilizing bone marrow cells, which contributes to liver regeneration (75). IL-4 and IL-6 have shown a potent protective effect on liver fibrosis (53). IL-4 has shown an anti-fibrotic effect, by activating alternatively activated macrophage, M2, which breakdown extracellular matrix (ECM), leading to resolution of liver fibrosis, by secreting matrix metalloproteinase-12 (MMP-12) (76, 77). IL-6 acts as pro-inflammatory cytokine and is implicated in liver regeneration and metabolic function (78). IL-6 receptors are expressed on all liver cell types and IL-6 signaling can affect each liver cell type separately. Hepatic KCs produce IL-6, which has been shown to promote proliferation and survival of HSCs (79). However data regarding the role of IL-6 in liver fibrosis are contradictory, depending probably on homeostasis between inhibitory and stimulatory signals during the different stages of liver fibrosis and under the effect of different etiologies of liver fibrosis (80) (Figure 1B) (Table 1).



Relationship between hepatic steatosis and HBV infection

The mechanisms beyond the increased fibrosis/cirrhosis in chronic HBV patients under the effect of severe steatosis remain to be elucidated. The interaction between viral factors and metabolic components of inflammation, underlying the NAFLD disease progression has to be investigated. There are contradictory data regarding the relationship between hepatic steatosis and HBV. In HBV infection, Hepatitis B protein X (HBx) is implicated in cellular signal transduction pathways and gene transcription related with cell growth and apoptosis. HBx has been suggested to lead to increased lipid accumulation in the liver, by affecting mitochondrial reactive oxygen species levels and oxidative stress, as it can directly interact with the mitochondrial respiratory chain complex subunit (13). Lipid accumulation is also induced in hepatocytes by HBx/fatty acid–binding protein 1/hepatocyte nuclear factor 3-b (HNF3b), CCAAT/enhancer-binding protein a (C/EBPa), and peroxisome proliferator-activated receptor a axis (PPARa), which activates FAB1 gene transcription. Over-expression of FABP1 increases the rate of fatty acid uptake (13). Elevated serum levels of FABP1 have been remarked in HBV-infected patients and HBx-transgenic mice (13). HBx protein also interacts with the liver X receptor a (LXRα) or tumor necrosis factor (TNF) receptor 1, leading to NF-κβ activation and TNF production, inhibition of apolipoprotein B secretion, and stimulation of PPARg and sterol-regulatory element-binding protein (SREBP)-1c. LXR/SREBP pathway plays a major role in hepatic steatosis, as LXRs contribute to activation of transcription of enzymes related to the synthesis of fatty acids, including the fatty acid synthase (FAS), acetyl coenzyme A acid enzymes (ACC), and SREBP-1c, and upregulation of the expression of CYP7A1, which participates in oxidative conversion of cholesterol to bile acids (81). SREBPs contribute to hepatic lipid homeostasis (82). HBx interacts with LXRa, enhancing its binding to the promoter LXREs of SREBP-1c and FAS, inducing hepatic lipogenesis (83, 84) (Figure 1B).

Induction of PPARs is another endpoint of HBx protein activity. PPARs constitute nuclear receptor proteins, playing a major role in energy metabolism and lipid oxidation, as they modulate the expression of downstream genes related to fatty acid-binding (apolipoproteins A1 and A2) and maintain lipid metabolism homeostasis, including fatty acid uptake, binding, and lipid transport (84). HBx can also upregulate PI3K/AKT signaling pathway, which is implicated in regulation of cell growth, proliferation, and differentiation (85) and can activate SREBP (86). HBx could take part in promoting hepatic steatosis via activating pro-inflammatory NF-κβ signaling pathway, as HBx interacts with tumor necrosis factor receptor (TNFR) 1 (87). The role of NF-κβ has been highlighted in promotion of hepatic steatosis and insulin resistance (88, 89). Thus, HBx protein modulates the molecular environment for initiation of inflammation and de novo lipogenesis (90).

HBV infection has also been associated with the induction of expression of cholesterol synthesis genes, which predispose to liver steatosis [e.g. 3-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) reductase and LDL receptor]. An inverse correlation between HBV and NAFLD has also been found. In particular, hepatitis B surface antigen (HBsAg)-positive patients have shown significantly decreased cholesterol levels, whereas increased cholesterol levels were observed in the HBsAg-negative patients (91). HBV infection can lead to an altered hepatic cholesterol metabolism. An increased expression of low-density lipoprotein receptor and 3-hydroxy-3-methylglutharyl-coenzyme A reductase (HMGCR) has been shown in HBV-transfected cells (92). Genes, related to hepatic cholesterol production and uptake, including those encoding SREBP-2, HMGCR and LDL receptor have been highly expressed in HBV-infected humanized mice. This observation could be attributed to pre-S1 domain of the HBV envelope, which by binding to Na+-taurocholate cotransporting polypeptide (NTCP) could impede NTCP-mediated bile acid (BA) uptake and lead to compensatory production and uptake of cholesterol (93). Non-alcoholic hepatic steatosis has been shown to inhibit HBV replication in a HBV-immunocompetent mouse model, as indicated by the reduction of HBV DNA and HBV-related antigens, whereas HBV replication has not been related with altered lipid metabolism in mice (43) (Table 1).



The adipose tissue: A possible linker between HBV, hepatic steatosis and liver injury

Crosstalk between adipose tissue and liver has a major effect on fatty liver disease development. Excessive fat accumulation on adipose tissue, due to obesity or alcohol consumption leads to alterations in adipose tissue endocrine functions. The function of triglyceride storage in adipocytes is disrupted, resulting in lipotoxicity and increased transfer of fatty acids in liver. This could favor the development of hepatic steatosis. Adipose tissue secretes a variety of pro- and anti-inflammatory cytokines termed adipokines, including tumor necrosis factor (TNF)-α, IL-6, resistin, leptin, and adiponectin (109). Adiponectin exerts anti-inflammatory action by inhibiting the synthesis and release of TNF-α from macrophages in adipose tissue (110). The production of adipokines by adipocytes is affected by nutritional status and plays a crucial role in biological functions and some adipokines are also produced by hepatocytes (111). Adipokines could constitute another link between HBV, hepatic steatosis and risk for liver fibrosis and HCC development. It has been speculated that the increased serum levels of TNF-α, resistin, and leptin in obese patients, as well as adiponectinemia may enhance steatosis, inflammation, fibrogenesis, or hepatocarcinogenesis in the liver (112). However the exact mechanisms beyond this association remain to be elucidated.

Adipokines can mediate the progression of liver injury. Leptin has been shown to enhance fibrotic responses to injury (113). The amelioration of adipose inflammation in NAFLD, induced by weight loss or use of thiazolidinediones (TZDs), has been shown to improve liver injury (114). TNF-α and adiponectin have been implicated in NAFLD (115, 116). The adipose tissue dysfunction, characterized by a dysregulated response of adiponectin to fat metabolism and ingestion has been shown to modulate liver injury and cardiometabolic risk in NAFLD (117). Adiponectin is decreased in NAFLD patients compared to healthy controls and physiologically suppresses fatty acid synthesis and promotes mitochondrial β -oxidation. Hepatocyte death and pro-inflammatory responses, that enhance liver injury and progression to fibrosis are also induced by TNF-α activity (114). Reduction of adiponectin levels in liver tissue of NAFLD patients has been suggested to modulate a pro-inflammatory microenvironment, resulting in increased lipotoxicity and promotion of simple steatosis to NASH and fibrosis (118). Adiponectin has been shown to limit pro-inflammatory responses in obesity by limiting IFN-γ and IL-17 producing CD4+ T cells in obesity (119). Roberts et al. have proposed a possible molecular crosstalk between liver and white adipose tissue that could lead to enhanced liver disease progression. In particular, a feed-forward loop between hepatic unconventional prefoldin RPB5 interactor (URI) and cytokine interleukin-17A (IL-17A) has been remarked to promote DNA damage and systemic inflammation leading to NASH and HCC. URI and IL-17A contribute to cross-talk between liver and white adipose tissue, where lipolysis, neutrophil infiltration and insulin resistance occur, resulting in hepatosteatosis and liver injury (120). HBV DNA has been positively correlated with serum adiponectin, which has been shown to decrease in patients with insulin resistance and hepatic steatosis (121). Serum TNF- α and IL-6 cytokines have been increased in HBV patients with significant necroinflammation (122). Wong et al. suggested that the increased production of TNF- α and/or IL-6 could mediate ongoing liver injury. TNF-α enhances survival of HSCs, immune activation and hepatocyte death, promoting liver fibrosis (123), whereas the high production of IL-6 in experimental- induced liver failure has shown to trigger immune suppression and disrupt liver repair, increasing mortality risk (122).

Viral load, HBeAg status and genotypes have not shown any association with insulin resistance and hepatic steatosis. Considering that viral factors are not associated with insulin resistance or pro-inflammatory adipokines, there is probably a separate, independent contribution of adipokines and HBV virus to liver injury (121). Serum leptin levels may be related with fibrosis progression, as they have been positively correlated with hepatic necroinflammation and are higher in cirrhosis stage in CHB patients (121, 124, 125). The potent pro-fibrogenic role of leptin could be attributed to its activity in innate and adaptive immunity, considering that leptin receptors are expressed by DCs, monocytes, neutrophils, macrophages, natural killer (NK) cells, T cells and B cells. Leptin signaling can activate a variety of signaling pathways which regulate cell activation, cell growth, cytokine production and function of immune cells (126). Adipose tissue may also have a potent major effect on HCC development in chronic HBV infection. Non-cirrhotic patients with HBV-related HCC have shown a higher visceral adipose tissue index (VATI), highlighting the VATI as an independent risk factor for HCC (127).



Possible mechanisms of HBV-NAFLD interplay leading to hepatocellular carcinoma development

Both HBV and NAFLD diseases have been associated with development of liver cancer (128, 129). Considering that hepatocellular carcinoma (HCC) accounts for 93.3% of primary liver cancers (130) and constitutes the fourth, most deadly type of cancer, investigation of early prognostic markers could be of high clinical significance, especially in cases of different liver diseases co-occurrence. A retrospective cohort study by Chan et al. showed that NAFLD is independent risk factor for HBV-associated HCC development and the presence of APOC3 gene polymorphism (related with triglycerides metabolism) increases further the risk for HCC development in CHB patients (131). The mechanisms beyond the interaction between HBV and NAFLD, which contribute to development of HCC are still not elucidated. Each liver disease has its own separate effect on progression to HCC and the possible mechanistic interplay between NAFLD and HBV could probably be illustrated by the co-occurrence of NAFLD and HBV separate activities.



HBV and NAFLD-mediated signaling pathways related to HCC

The HBV-induced chronic inflammation can lead to mutations in HBV gene and host genome, which can promote the malignant transformation of liver cells, by altering the viral biological behavior and pathogenicity, as well as the homeostasis of cell processes (132, 133). Mutated HBx has been found in HCC cases (134) and the role of HBx in progression of liver carcinogenesis is possibly attributed to its effect on abrogation of cell-cycle arrest and inhibition of apoptosis (135, 136). Hbx has been suggested to lead to increased risk of HCC, by interacting with a variety of proteins and mRNAs, related with signaling pathways and cell processes that regulate protein posttranslational modification, cell-cycle progression and apoptosis. In particular, HBx mutant protein can interact with Bcl-2, a major regulator of apoptosis and farnesoid X receptor (FXR), a major regulator of bile acid synthesis, lipid and glucose metabolism, to promote HCC development (137, 138). HBx can also lead to stabilization of transcriptional oncoproteins Myc and PAX8, by blocking their ubiquitination process (139, 140). The integration of HBV viral DNA into the host genome has been shown to have significant effect on HCC development in patients with occult HBV infection, as it has been associated with changes in tumor suppressor genes, mutations in the p53 ongogene, and genomic instability (141, 142). Thus, HBV can target a variety of ongogenes (143) and regulate the expression of different miRNAs, interfering with multiple signaling pathways, including Wnt, MAPK, STAT, P53, Akt and Notch to promote HCC development (144–146). For instance HBx can promote the proliferation and migration of HCC cells, by regulating expression of miR-1269b in an NF-κB-dependent manner (147). HBx can directly interact with MyH9 protein to activate Wnt/β-catenin/c-Jun signaling pathway, promoting metastasis, proliferation and malignant cell transformation (148, 149). HBx can also aggravate HBV-related carcinogenesis, by activating PI3K/Akt signaling pathway, regulating liver cell proliferation and malignant transformation (150, 151). HBx could enhance tumorigenesis and HCC growth, by inducing the expression of pro-ongogenic MAPK14 and Notch signaling (152, 153). Increased ROS production by HBx, HBs, and HBc HBV proteins (154) constitutes another indirect risk for HCC development. Accumulation of mutated HBs proteins in hepatocytes has been shown to induce endoplasmic reticulum (ER) stress and favor cell growth, by initiating multiple signaling pathways (155, 156). Mutated HBc protein increases production of ROS by stimulating ER stress and activates the NF-κB signaling pathway by promoting the malignant transformation of infected hepatocytes. HBc activity can mediate proliferation, glycolysis, amino acid metabolism and suppression of apoptosis and regulate the Src/PI3K/Akt pathway and blocks the TRAIL/Fas pathway or expression of p53 oncogene (157–160).

The presence of NAFLD in chronic HBV infection could be an aggravating factor in HCC development, as increased hepatic lipid storage leads to lipotoxicity, endoplasmic reticulum stress and reactive oxygen species-mediated DNA damage, which could enhance oncogenesis (161). Abnormal metabolism, dysbiosis of gut microbiota and dysregulation of immune responses have been implicated in NAFLD-mediated HCC development (162). It has been speculated that abnormal alterations in intrahepatic lipid metabolism which may establish insulin resistance and changes in signaling pathways and oncogenes, could lead to inflammation, fibrogenesis and hepatocarcinogenesis (163). Chronic lipotoxicity leads to oxidative and ER stress, which could have a causative role in NAFLD-HCC. Oxidized LDL uptake by macrophages has been shown to stimulate carcinogenetic signaling, by inducing expression of proteins, related to promotion of lipophagy and enhanced lysophosphatidic acid-enhanced Yes-associated protein (YAP) oncogenic activity (163). Similar to HBV virus, NAFLD disease components can interfere with signaling pathways, including signal transducer and activator of transcription (STAT) signaling pathways, which have been associated with HCC development (164, 165). Oxidative hepatic environment in obesity models of NAFLD has been associated with increased STAT-1 and STAT-3 signaling and inactivated STAT-1 and STAT-3 phosphatase T cell protein tyrosine phosphate (TCPTP), promoting hepatic T cell recruitment, NASH, fibrosis and HCC. STAT-1 signaling has been associated with NASH and fibrosis, whereas STAT-3 signaling has been correlated with HCC development (166). The cell cycle-related kinase (CCRK), an androgen receptor-driven oncogene can contribute to hepatocarcinogenesis via a signaling pathway dependent on β-catenin and T cell factor (TCF). CCRK has been associated with NAFLD-mediated HCC, by inducing STAT-3 and the mTORC1/4E-BP1/S6K/SREBP1 pathway (167).

The observed microbiome dysbiosis in NAFLD has been also correlated with NAFLD-mediated HCC. Liver inflammation and fibrosis in NAFLD could be attributed to altered bile acid signaling and a persistent immune activation, mediated by increased gut permeability and translocation of lipopolysaccharides (161). NAFLD-HCC patients have shown increased Bacteroides and Ruminococcaceae populations in their gut microbiome compared to patients with NALFD cirrhosis and no HCC. This microbiota profile has been associated with higher levels of cytokines and chemokines (IL- 8, IL-13, CCL3, CCL4 and CCL5) and activated monocytes in blood, indicating that microbiome changes could possibly aggravate the development of HCC, by exacerbating inflammation (168) (Table 2).


Table 2 | Effects of chronic HBV infection and NAFLD on HCC development.





HBV and NAFLD-related immune responses and HCC

An altered immune microenvironment is present in both HBV and NAFLD. The tolerogenic status of liver turns into persistent active inflammation, which results in cellular injury and fibrosis, affecting progression to HCC (211). Various immune cells and immune-related markers have been reported in tumor microenvironment, as significant predictors of clinical outcome in cancer patients (211) and dysregulation of hepatic immune cells may have a major effect on hepatocarcinogenesis. Liver is composed of innate and adaptive immune cells, including macrophages, dendritic cells, myeloid-derived suppressor cells (MDSCs), natural killer (NK) cells, CD4+ T, CD8+ T and B cells (212). The observed inhibitory effect of HBV on innate and adaptive immunity may enhance tumorigenesis. Under the effect of a suppressed immune system, the chronic HBV-induced inflammation could evolve in a persistent liver injury and promote the malignant transformation of liver cells. The tumor microenvironment in HBV-associated HCC has been characterized by a more severe immunosuppression compared to the non-HBV associated HCC (213). However, the mechanisms related to this status of HBV-HCC remains to be elucidated. HBsAg has been shown to significantly inhibit the activation and function of NK cells, by inhibiting the expression and activation of STAT3 transcription factor (169). Impaired activity of NK cells has been associated with enhanced progression of hepatitis to HCC (170, 171). HBsAg-mediated increase of monocytes induces expression of higher levels of suppressive cell surface molecules and cytokines (e.g. Tim-3, PD-1 and IL-10) in NK cells of CHB patients (172, 173). Regarding the role of macrophages in chronic HBV infection, inflammatory stimuli and viral proteins can lead to transition of macrophages into M2-like tumor macrophages, promoting HCC progression (174, 175). HBeAg has been shown to induce up-regulation of checkpoint molecular programmed death-ligand 1 (PD-L1) on macrophage, resulting in polarization to M2 protumor subtype, which impairs responses of CD8+ T cell to HBV (176). HBV-mediated macrophage release of matrix metalloproteinase 9 (MMP9) and IL-23 induces the blockade of binding of IFN-α to IFNAR1, which could contribute to tumor progression and angiogenesis (177, 178). MDSCs might affect tumor progression, by favoring immunosuppression, as they have been shown to inhibit T cell proliferation and function and induce Treg cells and tumor-associated macrophages. MDSCs expansion, induced by HBeAg, has been reported in CHB patients, and it has been associated with impaired T cell function, including T cell proliferation and IFN-γ production, as it interferes with indoleamine-2,3-dioxygenase (IDO) pathway (179). HBsAg also activates the ERK/IL-6/STAT3 signaling axis to promote differentiation of MDSCs (180). Cell cycle-related kinase (CCRK) as a regulator of androgen-receptor oncogene, has been implicated in virus-host signaling to promote tumor progression and induce polymorphonuclear MDSCs in HCC (181, 182).

T lymphocytes represent the major regulators of immune responses, which may play a crucial role in tumor development. CD4+ T cells constitute key players in anti-viral and anti-tumor immunity, as they produce cytokines and interact with other immune cells to activate CD8+ T cells and B cells. A decreased number and activity of cytotoxic T cells has been observed in advance stages of HCC and it has been linked with recurrence and poor survival in HCC patients (214). A decreased frequency and activity of specific CD4+ T follicular helper cells (CXCR5+CD4+ Tfh) in HBV-related HCC patients, along with decreased expression of their co-stimulatory molecules (ICOS) and cytokines (IL-10/IL-21), could result in impairment of naïve B cell differentiation into plasmablasts (183). An exhaustion of CD8+ T cell responses, characterized by decreased proliferation and function has been shown in HBV infection, which could further enhance disease progression to HCC, by establishing insufficient anti-tumoral immunity. CD8+ T cells have shown higher expression of inhibitory molecules (CTLA-4, PD-1 and TIM-3) in HBV and HBV-HCC and high expression of programmed cell death protein 1 (PD-1) on HBV-specific T and B cells has led to exhaustion of T cells and decreased production of antibodies (184–186). Exhausted CD8+ T cells and Tregs have been reported in HCC patients, which could further restrict antitumor immune responses (187). HBV-associated progression to HCC has been correlated with increased peripheral blood neutrophil/lymphocyte ratio (NLR) and increased number of Foxp3+ Treg cells (188, 189). In HBV infection, the increased TGF-β activity has been shown to suppress the expression of microRNA-34a, resulting in enhanced production of chemokine CCL22. Increased CCL22 recruits regulatory T (Treg) cells, promoting tumor immune escape and metastasis (190). An imbalance in Th17/Treg ratio has been proposed as indicator of liver cirrhosis process and it has been associated with increased risk for HCC in HBV patients (215). The expression of PD-1 was significantly decreased in peripheral blood CD4+ and CD8+ T cells of patients with HBV-related HCC and it has been associated with accelerated disease progression, compared to patients with HBV or cirrhosis (191). B cells play a crucial role in alleviation of immune responses and disease course in HBV infection (192). HBsAg-specific B cells have shown high expression of inhibitory molecules (PD-1, FcRL4 and FcRL5) and defective antibody production in HBV patients (186, 193). HBsAg can inhibit TLR9 expression on B cells via suppressing CREB protein, resulting in decreased proliferation of B cells and pro-inflammatory cytokine release (194). A high frequency of IL-10 producing, immunosuppressive type of B cells, has been remarked in HCC patients, which have been negatively correlated with the expression of granzyme A/B and perforin in CD4+ T cells, leading to suppressed cytotoxic activity of T cells (195).

The NAFLD progress to HCC is accompanied by recruitment and trafficking of innate and adaptive immune cells in liver during inflammation and fibrosis. Accumulated neutrophils in inflamed liver of NASH patients could induce angiogenesis, by promoting the secretion of matrix metalloproteinase-9 (196). Specific PD-L1+ monocytes, which suppress tumor-specific T cell immunity, leading to poor survival have been found in HCC patients (197). Tregs and MDSCs could favor tumor immune escape in NAFLD, as they have been shown to exert immunosuppressive effects on CD8+ T cells and NK cells in NASH (161). Dysregulation of NK cells, probably mediated by IL-15 activity, has been involved in NAFLD progression (198). The observed transformation of NK cells into less cytotoxic ILC1-like phenotype in NAFLD, has been linked with their impaired activity in killing cancer cells (199). The impaired activity of NK cells to control HSCs activity in advanced fibrosis in NAFLD, could further lead to deterioration of liver tissue in NAFLD-HCC patients (216). CCRK-AR signaling has been proved to establish a pro-tumorigenic environment in mice with obesity-associated HCC. Activated CCRK led to induction of mTORC1/4E-BP1/S6K/SREBP1 signaling pathways, resulting in recruitment of MDSCs, which enhance progression to HCC, by initiating metabolic reprogramming and modulating an immunosuppressive microenvironment (167). Lipid accumulation in liver has also been shown to promote recruitment of MDSCs and lead to increased ROS production in NASH mice model (200, 201). The interaction between liver KCs and highly activated platelets, along with platelet glycoprotein Ibα-mediated aggregation in NASH, has been shown to promote immune cell recruitment, which could enhance hepatic inflammation and HCC development (202).

In the context of adaptive immunity, the dysregulation of lipid metabolism in NAFLD has been associated with a selective loss of intrahepatic CD4+ T cells which further could lead to progression to HCC, highlighting a possible link between abnormal lipid metabolism and impaired anti-tumor immune surveillance. Progression of NAFLD to HCC has been shown to be delayed by the in vivo induction of hepatic CD4+ T cell population, mediated by ROS blockade (217). Brown et al. proposed a mechanistic role of dysregulated lipid metabolism in HCC development in NAFLD, indicating a major effect of accumulated linoleic acid on CD4+ T cells. Increased lipotoxicity and hepatocyte death induce linoleic acid release, which has been associated with increased production of ROS and CD4+ cell apoptosis (203). The presence of an exhausted, hepatic PD1+CD8+ T cell population, characterized by increased expression of C-X-C motif chemokine receptor 6 (CXCR6) and TNF-α in NASH mice, has been related with increased NASH progression to HCC, by possibly impairing immune surveillance (204). Th17 cells constitute another cell population, which have been positively associated with human fatty liver-associated HCC (205). Infiltration of Th17 in tumor microenvironment has been shown to promote tumor growth and angiogenesis, through induction of angiogenic factors (vascular endothelial growth factor/VEGF and prostaglandin E2/PGE2) and activation of oncogenic IL-6/Stat3 signaling (206, 207). An increased and highly active CD20+ B cell population has been observed in NAFLD patients (218). The number of tumor‐infiltrating B cells has been associated with tumor progression in HCC (208). Accumulated IgA+ plasma cells in NASH-related fibrosis have been shown to suppress CD8+ T cells via programmed cell death ligand 1 (PD-L1) and IL-10 expression, contributing to development of HCC in NAFLD (209). IL-10 producing, B regulatory cells have been shown to promote HCC growth, through direct interaction with tumor cells, mediated by CD40/CD154 signaling pathway (210) (Table 2).



Discussion

As both chronic HBV infection and NAFLD diseases can lead to chronic liver injury, and result in severe hepatic complications, HBV and NAFLD co-occurrence raises high concerns regarding the clinical management of patients. Dysregulated fatty acid metabolism and lipotoxicity in NAFLD disease may initiate activation of signaling pathways that enhance pro-inflammatory responses and disrupt hepatocyte cell homeostasis, which could either promote liver injury and progression of NAFLD disease to NASH, fibrosis and HCC or affect HBV replication and immune encountering of HBV virus during CHB. The metabolic dysregulation has been associated with increased cell stress and lipotoxicity in NAFLD, leading to trigger of inflammation, recruitment of immune cells in liver and hepatocyte death. Specific nuclear receptors, expressed by immune and liver parenchymal cells, are activated by inflammatory and stress stimuli and initiate signaling pathways related to fibrogenesis and hepatic steatosis (219). Fatty liver has also been linked to HBV replication, as patients with HBV-NAFLD co-occurrence have shown decreased viral replication (107). Chronic HBV infection is suggested to have an influence on metabolic changes, which could lead to NAFLD development and the HBV-induced inflammatory responses and molecular pathways may constitute an aggravating factor in hepatic steatosis development. However the role of HBV-NAFLD interplay in hepatic steatosis development might be more complicated as Xin et al. have proposed two opposite effects of HBV infection on steatosis. Specifically, CHB could be correlated with decreased risk of hyperlipidemia and lower prevalence of steatosis, probably due to an elevated serum adiponectin level and increased hepatic lipid accumulation could be induced by HBx overexpression and the observed genetic susceptibility to fatty liver in CHB patients (220). We must also consider the significance of the immune homeostasis imbalance which characterizes both HBV infection and NAFLD and its implication in liver disease progression to HCC. The disruption of immune cell function, which can be either induced by the dysregulated lipid metabolism in NAFLD, or the HBV-mediated immunosuppressed microenvironment, could impair the anti-tumor immunity and result in liver cancer progression. The presence of fatty liver has been associated with increased risk for HCC development in CHB patients (11). Further experimental studies are required to elucidate the exact mechanisms beyond the possible interaction between the inflammatory components and signaling pathways of both HBV and NAFLD and their impact on liver pathophysiology. Some studies have focused interest on clinical impact of targeting specific molecules, which are implicated in molecular signaling and immune responses on liver disease progression and response to treatment. Liu et al. have shown that serum IL-21 levels were increased at 12 week of HBV treatment, predicting early anti-viral response in patients with CHB and NAFLD (221). A phase I clinical study has investigated the therapeutic effect of OPB-111077, a novel STAT3 inhibitor, in patients with advanced hepatocellular carcinoma, which was proved to be well-tolerated (222). Restoration of miRNAs in HCC has shown to suppress tumor progression and improve chemosensitivity (223, 224). Zhong et al. suggested that blockade of T cell co-inhibitory receptor TIGIT combined with HBsAg vaccination in a mouse model of HBV-related HCC is able to recover immune homeostasis by reversing hepatic CD8+ T cell tolerance to HBsAg (225). Thus, investigation of the molecular background beyond the HBV and NAFLD co-occurrence is of high clinical significance in the context of designing effective therapeutic targets which will prevent or ameliorate the hepatic complications.
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In healthy settings, the gut–liver axis allows host–microbiota communications and mediates immune homeostasis through bidirectional regulation. Meanwhile, in diseases, gut dysbiosis, combined with an impaired intestinal barrier, introduces pathogens and their toxic metabolites into the system, causing massive immune alternations in the liver and other extrahepatic organs. Accumulating evidence suggests that these immune changes are associated with the progression of many liver diseases, especially hepatic cirrhosis. Pathogen-associated molecular patterns that originated from gut microbes directly stimulate hepatocytes and liver immune cells through different pattern recognition receptors, a process further facilitated by damage-associated molecular patterns released from injured hepatocytes. Hepatic stellate cells, along with other immune cells, contribute to this proinflammatory and profibrogenic transformation. Moreover, cirrhosis-associated immune dysfunction, an imbalanced immune status characterized by systemic inflammation and immune deficiency, is linked to gut dysbiosis. Though the systemic inflammation hypothesis starts to link gut dysbiosis to decompensated cirrhosis from a clinical perspective, a clearer demonstration is still needed for the role of the gut–liver–immune axis in cirrhosis progression. This review discusses the different immune states of the gut–liver axis in both healthy and cirrhotic settings and, more importantly, summarizes the current evidence about how microbiota-derived immune remodeling contributes to the progression of hepatic cirrhosis via the gut–liver axis.
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Introduction

The gut–liver axis is the bidirectional communication between the intestine, its microbiota, and the liver. While receiving nutrient-rich blood from the gut through portal veins, the liver also directly contacts translocating bacteria and their various components and metabolites. Fortunately, in healthy settings, an intact and multilayered intestinal barrier restricts such direct host–microbiota contact and defends against excessive bacterial translocation. Another important interplay between the gut and the liver relies on bile acid metabolism. Synthesized in the liver and excreted into the gut along with other bioactive substances, primary bile acids are then converted into secondary bile acids by certain commensal microbes, especially Clostridium cluster XIV (1). About 95% of the bile acids are reabsorbed by the intestine, transported back to the liver, and secreted into the gut again, establishing a metabolic cycle called enterohepatic circulation. Within this cycle, bile acids modulate the composition of gut microbiota via selective pressure and, simultaneously, influence the metabolism and functionality of the liver. In addition to bile acids, many other host–microbiota–derived metabolites also take part in the bidirectional regulation utilizing similar routes, such as free fatty acids, choline, and ethanol derivatives (2). Through these complex interregulations, commensal bacteria and their metabolites help to maintain the metabolic and immune homeostasis of the liver. For instance, Akkermansia muciniphila, a Gram-negative anaerobic bacterium colonizing the mucus layer of the intestine, helps to alleviate intestinal inflammation and mitigate alcoholic and nonalcoholic liver damage (3, 4). Bile acids produced by certain bacteria can activate intestinal farnesoid X receptor (FXR) and thus promote fatty acid oxidation while reducing lipogenesis and lipid absorption in the liver, ameliorating hepatic inflammation and steatosis (5, 6). Another bacteria-derived metabolite, butyrate, helps to maintain gut barrier integrity and alleviate ethanol-induced liver injury (7). In short, the bidirectional communication between the host and the microbiota is essential not just to the health of the gut but also to that of the liver and probably the whole system.

Liver cirrhosis is a huge burden on public health worldwide. About one million deaths around the world are attributable to liver cirrhosis annually, making it the 11th most common cause of death and the third leading cause of death in people aged 45–64 years (8). According to WHO’s Global Burden of Diseases studies for 2019, liver cirrhosis was responsible for 560.4 age-standardized disability-adjusted life-years (DALYs) per 100,000 population globally, while liver cancer causes only 151.1 DALYs (9). The etiology of cirrhosis is rather complicated since various chronic liver diseases can lead to shrinkage of the liver parenchyma and overproduction of scar tissue. The most dominant causes of liver cirrhosis are hepatitis B and C, alcoholic liver disease (ALD), and nonalcoholic fatty liver disease (NAFLD) (8, 9). Despite the different pathological settings of these precirrhotic diseases, the trajectory of cirrhosis comes down to similar complications that mark the transition from compensated to decompensated cirrhosis. In a traditional perspective, variceal bleeding, ascites, and hepatic encephalopathy are the three major complications of cirrhosis, which result from portal hypertension, arterial vasodilation, and hyperammonemia, respectively. However, giving each complication or organ failure an independent pathophysiological mechanism does not seem to explain the complexity of decompensated cirrhosis well enough. Recent studies suggest that systemic inflammation and organ immunopathology are additional contributors to organ dysfunction, further verifying the notion that cirrhosis is a systemic disease (10, 11). For patients with acute decompensation of cirrhosis, the severity of systemic inflammation increases in parallel with the disease progression and the number of organ failures (10, 12, 13). Moreover, the significant correlations between systemic inflammation and portal hypertension, ascites, and hepatic encephalopathy indicate that systemic inflammation is the common pathophysiological mechanism for different complications of decompensated cirrhosis (13). Interestingly, gut microbes have long been considered the major source of systemic inflammation in cirrhosis (11, 13). Evidence indicates that gut dysbiosis is associated with the pathogenesis and progression of many precirrhotic diseases such as viral hepatitis, NAFLD, and ALD (14–19). Hepatic cirrhosis, as the advanced stage of these liver diseases, is linked to the altered composition and reduced diversity of gut microbiota despite etiology. Moreover, patients with cirrhotic conditions are prone to an impaired intestine barrier, pathological bacterial translocation, and systematic inflammation (20). Pathogen-associated molecular patterns (PAMPs) such as lipopolysaccharide (LPS) can stimulate immune cells and cytokine secretion in a Toll-like receptor (TLR)-NF-κB-dependent way, generating a proinflammatory and profibrogenic immune environment. Additionally, a bacterial infection is now regarded as the fourth major complication of decompensated cirrhosis because of its astonishingly high prevalence (21). The most common infection for cirrhosis patients, spontaneous bacterial peritonitis (SBP), is a perfect demonstration of how bacterial translocation constantly elicits inflammation and alters the host immunity (22). Therefore, it is tempting to speculate that gut microbiota contribute to the progression of hepatic cirrhosis through immune remodeling in a dysbiotic setting. Since bacteria are the most well-studied members of the gut microbiota and probably play a central role in microbiota–host interaction, this review will focus on gut bacteria but not viruses, fungi, archaea, or other microbes.



Gut–liver axis contributes to immune homeostasis


Gut homeostasis

The human intestine contains 1014 microbes, over 99% of which are bacteria. With such a huge quantity of microorganisms living inside the intestinal lumen, our system needs a strong defense to protect us from the excessive input of viable bacteria and their toxic metabolites. The multilayered intestinal barrier may serve as the first line of defense. The inner surface of the intestine is covered with a mucus layer that physically separates the bacteria from the intestine wall and delivers tolerogenic signals (23, 24). Beneath the mucus layer lies the intestinal epithelium, which consists of enterocytes, goblet cells, tuft cells, Paneth cells, M cells, and different immune cells (20). Adjacent epithelial cells form junctional complexes between each other to limit paracellular trafficking of intestinal contents. These complexes consist of desmosomes, adherens junctions (AJs), and tight junctions (TJs) (25). Paneth cells secrete α-defensins, islet-derived protein III-gamma (RegIIIγ), and lysozyme to defend against pathogens (26). Intraepithelial lymphocytes, including αβT cells and γδT cells, are activated by various cellular or cytokine signals to battle bacterial infection (20). Mononuclear phagocytes such as dendritic cells (DCs), with their processes sticking into the intestinal lumen, take part in both antibacterial immunity and oral tolerance (27). In the lamina propria, plasma cells secrete sIgA into the mucus layer to reinforce the frontline defense, while Th17 cells help to strengthen the tight junctions and promote epithelial regeneration. Microbial signals sensed by DCs or group 3 innate lymphoid cells (ILC3) trigger the secretion of IL-17 and IL-22, which promote the release of antibacterial peptides, mucin, and sIgA by other cells (28, 29). The last and most critical defense of the intestinal barrier, the gut–vascular barrier, is composed of endothelial cells, pericytes, and enteric glial cells. This gut–vascular unit is also reinforced by junctional complexes, allowing antigens from food or commensal bacteria to pass for tolerance induction but not bacterial translocation (20, 23).

Interestingly, this host–microbiota regulation is reciprocal, with recent studies proving that the intestinal barrier can be modulated by the gut microbiota. For instance, adhesion of certain microbes like segmented filamentous bacteria to the intestinal epithelial cells triggers robust induction of Th17 cells (30). When bacteria penetrate the inner layer of mucus, a group of sentinel goblet cells can nonspecifically sense microbial molecules and secrete more Muc2 mucin to expel the pathogens by activating the NLRP6 inflammasome downstream of ROS synthesis (31). CX3CR1+ macrophages are localized around the intestinal lamina propria vasculature, forming an interdigitating network to defend against pathogens. The conversion of such macrophages from CCR2hiCX3CR1+ monocytes is mediated by the microbiota in a Nr4a1-dependent manner (32). Furthermore, innate lymphoid cells in the lamina propria can maintain long-term antibacterial activity after being trained with bacteria (33). Bacteria-derived metabolites also contribute to the homeostasis of the gut. Indole is a tryptophan derivative produced by commensal bacteria that regulate the IL-22 expression of ILC3 via aryl hydrocarbon receptor (AHR). IL-22, in turn, modulates the secretion of antibacterial RegIIIγ by Paneth cells, making indole a favorable signal to gut homeostasis (34). Other studies suggest that indole reinforces the gut barrier integrity by increasing TJ resistance (35). To conclude, the host defense does not develop all by itself but rather depends on the constant stimulations from commensal microbes. In turn, active surveillance by intestinal immunity keeps gut microbes in line. Such delicate mechanisms of bilateral regulation guarantee a balance between tolerance for autochthonous microbes and antibacterial activities against pathogens in the gut (Figure 1A).




Figure 1 | Comparison between intact and impaired gut barriers. (A) In healthy settings, the mucus layer serves as the first defense of the intestinal barrier against intraluminal bacteria. Epithelial cells tightly jointed together by junctional complexes limit the translocation of bacteria. Immune cells within the lamina propia not only actively remove invading pathogens by phagocytosis but also strengthen the gut barrier by secreting certain cytokines. Altogether, an intact gut barrier prevents pathological bacterial translocation. (B) In gut dysbiosis, bacterial overgrowth and disproportion can be found in the intestinal lumen. The mucus layer becomes thinner and looser, allowing pathogens to reach the epithelium. Disrupted junctional complexes and impaired gut–vascular barrier further promote pathological translocation. Additionally, dysregulated intestinal immunity aggravates inflammation and enterocyte injury, which eventually leads to a leaky gut.





Liver homeostasis

The liver faces bacterial challenges constantly due to the unique anatomical and hemodynamic features of the portal system. If potent antibacterial immunity were induced each time the bacterial antigens reached the liver, there would be relentless inflammation and severe collateral damages to the system. Therefore, it is essential that liver parenchymal cells and other liver-resident cells form a fine-tuned immune network together and respond to these challenges in a well-balanced way.

Upon stimulation by gut-derived microbes, hepatocytes not only can secrete acute-phase proteins, complement proteins, and other bioactive substances to battle bacterial infection but also can play an important role in immune surveillance via expressing MHC I/II and costimulatory molecules. Liver sinusoidal endothelial cells (LSECs) allow the interaction between gut-derived molecules and the underlying hepatocytes and nonparenchymal cells via the special fenestrae (36). In addition to recruiting monocytes and lymphocytes in an ICAM-, VCAM-, or VAP-dependent manner, LSECs actively regulate the periportal distributions of myeloid and lymphoid cells via MYD88 signaling induced by gut commensal bacteria, resulting in more efficient prevention of systemic bacterial dissemination (37). Kupffer cells (KCs), a group of liver-resident macrophages that patrol the sinusoidal lumen, are important immune sentinels to detect, capture, and present bacterial antigens (38). Furthermore, KCs also regulate iron metabolism and prevent accumulative toxicity by removing damaged RBCs and hemoglobin from the bloodstream (39). Hepatic stellate cells (HSCs) crawl around the liver vasculature and store lipids and vitamin A in basal conditions. Whereas in the inflamed liver, HSCs transdifferentiate into fibrinogenic and immunomodulatory cells (40). Even though these different kinds of cells all express MHC and other antigen-presenting molecules, they are poor activators for T cells under most circumstances. Constant exposure to low-level LPS induces a refractory response in APCs, a phenomenon called endotoxin tolerance (41) and downregulation of costimulatory signals and upregulation of coinhibitory molecules like PD-L1 (38, 42). These alternations promote the development of regulatory T cells and cause incomplete activation, clonal anergy, and even premature death to the CD8+ T cells. In addition to direct contact, these antigen-presenting cells can also secrete inhibitory cytokines such as IL-10 and TGF-β, which dampen the activation and functions of CD4+ T cells and CD8+ T cells. Other studies suggest that Kupffer cells and HSCs prime the naïve CD4+ T cells toward Treg phenotype via secretion of prostaglandins (PGE2) and retinoic acid, respectively (38, 43). Furthermore, low-level LPS and proinflammatory cytokines like IFN-γ can induce the expression of indoleamine-2,3-dioxygenase (IDO) in Kupffer cells and DCs (42). This enzyme produces an immunosuppressive metabolite called kynurenine and contributes to the suppression of T-cell functions.

To conclude, gut-derived signals help to direct liver immunity to a tolerogenic phenotype that prevents immune overreaction in basal conditions. However, such immune tolerance does not exist without limitations. The liver still needs to efficiently mobilize immune cells and initiate an antibacterial response when a dangerous infection occurs. In fact, different receptors expressed by liver cells can distinguish antigens from commensal flora and those from pathogens. When excessive or dangerous signals are detected, APCs, including hepatocytes, LSECs, DCs, and Kupffer cells, can recruit neutrophils, natural killer cells, and lymphocytes to eliminate pathogens. In short, with the help of gut-derived signals, liver parenchymal and nonparenchymal cells construct a harmoniously coordinated network to maintain immune homeostasis (Figure 2A).




Figure 2 | Liver immune environment in tolerogenic and immunogenic conditions. (A) In basal conditions, commensal bacteria and food antigens from a healthy gut help to maintain liver immune homeostasis. Constant exposure to LPS induces tolerance of APCs and therefore inactivation of CD8+ T cells but activation of Treg cells. (B) By contrast, bacterial dysbiosis and impaired gut barrier promote the pathological translocation of viable bacteria and their products, causing massive inflammation in the liver and the whole system. The complicated interplay among different immune cells facilitates the proinflammatory and profibrogenic transformation of the liver. Activation of hepatic stellate cells seems to be the common mechanism for this transformation.






Dysfunctional gut–liver axis in liver cirrhosis


Gut dysbiosis is related to liver cirrhosis

A diverse and relatively stable gut microbiome is essential to maintain the immune homeostasis of the host. Once initiated by certain insulting etiologies, gut dysbiosis slowly develops at the early stage of liver disease and progresses as the disease progresses. Researchers have confirmed that gut dysbiosis is closely associated with the pathogenesis and progression of hepatic cirrhosis. To begin with, reduced overall gene richness was found in the stool samples of cirrhotic patients (44, 45). Furthermore, a decreased α-diversity of gut microbiota is another feature of cirrhotic patients (46–48). β-Diversity was also significantly altered in individuals with NAFLD-cirrhosis (48, 49). These findings all suggest a less diverse and less stable gut microbiome in cirrhotic patients. Meanwhile, the composition of the gut microbiota is also changed adversely. Firmicutes and Bacteroidetes are the most dominant phyla of the human gut microbiota, followed by Proteobacteria and Actinobacteria with much smaller abundances. In cirrhotic settings, Proteobacteria and Fusobacteria are enriched while Bacteroidetes are depleted (44, 49–51). At the family level, potentially beneficial autochthonous taxa like Lachnospiraceae, Ruminococcaceae, and Clostridiales XIV are reduced while potentially pathogenic taxa including Staphylococcaceae, Enterobacteriaceae, and Enterococcaceae are increased (52). At the genus level, cirrhotic patients display higher abundances of buccal microbes including Veillonella, Streptococcus, and Prevotella, indicating that oral commensals may invade the intestine in cirrhotic conditions (44–48). At the species level, potential pathogens like Ruminococcus gnavus, Veillonella parvula, and Streptococcus parasanguinis are enriched, while beneficial commensals like Eubacterium rectale and Faecalibacterium prausnitzii are depleted (46, 48). Another marked alternation of the gut microbiota in cirrhotic patients is the small intestinal bacterial overgrowth (SIBO), partly due to decreased bowel motility, delayed transit time, and use of acid inhibitors and antibiotics (53, 54). Instead of being exclusive to cirrhosis, SIBO appears to be prevalent in different precirrhotic diseases, indicating that it develops as the disease progresses (55, 56) and correlates with disease severity (57). Even though alcohol consumption, a high-fat diet, virus infection, autoimmunity, and other cirrhosis-related factors may all affect the gut microbiota in certain ways, cirrhotic patients share similar microbiota profiles despite etiology. This might suggest that gut dysbiosis not only has something to do with the unique pathophysiological changes of cirrhosis but also partly results from some common medical interventions for cirrhosis. One possible explanation is that impaired hepatic function changes the intestinal environment (e.g., reduced bile flow and complement synthesis), which is then aggravated by cirrhosis complications (e.g., impaired gut motility due to ascites) and medical interventions (e.g., proton-pump inhibitors for variceal hemorrhage prevention). Further investigation is needed to figure out how gut dysbiosis initiates in cirrhosis patients.



Impaired gut barrier promotes bacterial translocation and inflammation

Bacterial translocation (BT) is defined as the translocation of bacteria and/or bacterial metabolites from the gut lumen to mesenteric lymph nodes or the portal bloodstream. Though BT exists in basal conditions and helps to build tolerance for commensal microbes, its quantity markedly increases in pathological settings, eliciting a proinflammatory response and even systemic infection. As discussed before, an intact intestinal barrier is essential to prevent pathological bacterial translocation and to maintain immune homeostasis. This line of defense no longer holds in cirrhotic settings, with evidence showing the structural and functional breakdown of the gut barrier in cirrhosis (58, 59). Firstly, the mucus layer becomes thinner and easier for bacteria to colonize, even in the relatively denser and supposedly sterile inner layer. Other structural distortions include enlarged interepithelial space, shortening and widening of microvilli, submucosal edema, and disorganization of interepithelial TJs (20, 53, 58). In fact, these structural changes are related to decreased expression of tight-junction proteins occludin and claudin-1 (60, 61). Also, evidence has proven that the impairment of epithelial TJs is related to dysregulated fermentation of the gut microbiota. Ethanol and its toxic derivative acetaldehyde can damage the TJs directly and increase gut permeability in ALD (61, 62). The reduction of butyrate and other protective metabolites also contributes to the damaged barrier (7, 63). It is thought that weakened TJs promote the paracellular trafficking of bacterial metabolites, while translocation of viable bacteria likely depends on transcytosis (27, 54, 64). Although research on the detailed mechanisms of bacterial transcytosis is still lacking, many lines of evidence suggest that intestinal immune dysregulation induced by dysbiosis contributes to the bacterial penetration of the gut barrier. Cirrhotic rat models exhibit an inflammatory pattern of immune dysregulation in intraepithelial lymphocyte (IEL) and lamina propria lymphocyte (LPL), with an increase in activated lymphocytes and IFN-γ and IL-17 production (58, 65). Furthermore, dysbiosis-induced inflammation impairs the gut barrier via TNF-α/TNFR1 signaling mediated by monocytes and macrophages (62). Another study on cirrhosis patients also reveals that activated macrophages secrete NO, IL-6, and IL-8 that undermine the gut barrier, most probably under bacterial stimulation (59). By contrast, reduced synthesis and release of defensin, RegIIIβ/γ, and sIgA suggest impaired antibacterial functions of Paneth cells, neutrophils, B cells, and other epithelial cells (66). These findings are in line with a report of B-cell dysfunction in cirrhosis patients (67). Intestinal DCs also show a less-activated phenotype with decreased TNF-α production, deficient phagocytosis, and impaired migration in cirrhotic rats with excessive bacterial translocation (68). As for the final defense of the intestinal barrier, the gut vascular barrier is also damaged by certain pathogens such as Salmonella typhimurium via dampened β-catenin-dependent signaling (69). In dysbiotic conditions, reduced FXR signaling due to dysregulation of bile acid metabolism also impairs the integrity of GVB (70). To conclude, gut dysbiosis leads to the accumulation of invasive pathogens and toxic metabolites, which directly impair the gut barrier and cause intestinal inflammation. Local inflammation not only damages enterocytes but also weakens the antibacterial ability of the gut barrier. Altogether, these changes facilitate pathological bacterial translocation (Figure 1B).

Translocated bacteria and gut-derived metabolites can directly interact with host cells. One of the most well-established mechanisms involves a group of receptors named pattern recognition receptors (PRRs), which are widely expressed on the surface of various hepatic and intestinal cells (38). PRRs include TLRs, nucleotide-binding oligomerization domain-like receptors (NLRs), C-type lectin receptors (CLRs), retinoic acid-inducible gene I-like receptors (RLRs), and absent in melanoma-2 (AIM2)-like receptors (ALRs) (71). Different PRRs can recognize different conserved molecular patterns of microbes (PAMPs) or damaged cells [damage-associated molecular patterns (DAMPs)]. For instance, a cell wall component of Gram negative bacteria, is a typical PAMP, while mitochondrial DNA released from injured cells belongs to DAMPs. Among these receptor–ligand interactions, TLR4-LPS is one of the most thoroughly studied and relevant pairs in cirrhosis. Upon recognition of LPS, TLR4 initiates downstream activation in both a MyD88-dependent manner and a TRIF-dependent manner. For MyD88-dependent signaling, TLR4-LPS interaction activates the MyD88-NF-κB pathway and leads to the production of proinflammatory cytokines such as TNF, IL-1, IL-6, and chemokines. For TRIF-dependent signaling (or MyD88-independent signaling), the TRIF-TBK1-IRF-3 axis is activated to secrete type I IFN (72). In short, interactions between PRRs and PAMPs/DAMPs promote the clearance of pathogens or damaged cells, thus causing inflammation-related damages in the gut and the liver in a cirrhotic setting.



Gut-derived signals lead to an inflamed liver

In acute or chronic liver injury, especially liver cirrhosis, the delicate balance between tolerogenic and immunogenic responses is broken. Detrimental effects caused by an impaired gut barrier, bacterial translocation, alcohol consumption, and an unhealthy diet all contribute to the immune malfunction of the liver through the gut–liver axis. Chronic liver diseases such as ALD and NAFLD not only directly affect liver metabolism and immunity but also indirectly impaired liver function via a dysregulated intestinal barrier and gut dysbiosis. In response to these pathogenic conditions, hepatocytes and liver-resident immune cells may lose their normal functions and transform into proinflammatory, profibrogenic phenotypes that facilitate the progression of cirrhosis (Figure 2B).

Hepatic stellate cells (HSCs) are the primary precursors for myofibroblasts during liver fibrosis (40). Gut-derived LPS can stimulate TLR4 of quiescent HSCs and activate these cells in a MyD88-NF-κB-dependent manner, thus causing profibrogenic transformation and accelerating liver fibrosis (73). Moreover, profibrogenic cytokines such as TGF-β and IL-17 are potent activators for HSCs and collagen production, which are excessively secreted by other hepatic cells under inflamed conditions (40, 74). A mouse model of liver fibrosis suggests that MyD88 signaling in activated HSCs promotes macrophage M1 polarization in a CXCL10/CXCR3-dependent manner, thus promoting liver fibrosis and inflammation (75).

Hepatocytes, the major parenchymal cells of the liver, play a crucial part in liver immune surveillance in health. However, recent studies suggest that hepatocytes might also promote liver cirrhosis in the presence of PAMPs and DAMPs. Activation of the TLR4-NF-κB pathway in hepatocytes promotes Jagged1/Notch signaling in the NASH mouse model, thus inducing OPN-dependent HSC activation and progressive fibrosis (76, 77). DAMPs released from injured hepatocyte mitochondria, mainly mtDNA, can directly activate HSCs and promote liver fibrosis. Such mito-DAMPs are increased in both mouse models and human patients with NASH and advanced fibrosis (78). In addition, TAZ is a transcription factor markedly elevated in the hepatocytes of human and murine NASH livers, which can initiate HSC activation in an Indian hedgehog (Ihh)-dependent manner and promote inflammation and fibrosis in NASH (79).

Neutrophils are recruited to the liver via the adhesion molecules ICAM-1 and VCAM-1 expressed by LSECs. These innate immune cells counteract bacterial infection mainly by phagocytosis and releasing lysozyme, ROS, elastase, and myeloperoxidase (MPO). Moreover, special extracellular fibrous structures named neutrophil extracellular traps (NETs) are formed to trap and eliminate pathogens (38). Studies suggest that neutrophils are involved in several cirrhosis-related conditions and the progression of cirrhosis (80). For example, nonalcoholic steatohepatitis (NASH) patients display significant neutrophil infiltration and activation in the liver. These cells secrete excessive MPO that directly kills hepatocytes, activates HSCs, and subsequently promotes liver fibrosis. Likewise, in cirrhosis, neutrophil functions are also disturbed by the dysfunctional gut–liver axis, leading to inflammation-related hepatocyte injury and IL-17-dependent HSC activation (81). Furthermore, intrahepatic neutrophils in patients with acute-on-chronic liver failure (ACLF) have higher expression of CXCR1 and CXCR2, receptors that are crucial for neutrophil recruitment, inflammatory mediator production (e.g., IL-8, IL-6, IL-23, CCL-20, and ROS), and contact-dependent cell death (82).

Hepatic macrophages can be divided into several subsets, among which Kupffer cells and monocyte-derived macrophages are essential players in maintaining immune homeostasis. In cirrhotic settings, especially ACLF, excessive bacterial translocation from the disrupted intestinal barrier exhausts the scavenging ability of macrophages and causes type I IFN-mediated IL-10 expression, resulting in a high risk of bacterial infection for cirrhosis patients. These macrophages also express a high level of MER tyrosine kinase (MERTK), which dampens the response to PAMPs and therefore antibacterial activity (83, 84). In addition to impaired bacterial clearance, macrophages also contribute to cirrhosis progression via promoting inflammation and fibrogenesis. Upon recognition of DAMPs and PAMPs, activated macrophages secrete proinflammatory mediators such as TNF, IL-1β, IL-6, IL-8, and ROS and promote the activation and survival of HSCs and myofibroblasts via TGF-β1 and PDGF (84). Macrophage-derived inflammasome resulting from bacterial translocation and tissue damage also contributes to the inflammatory injury to the liver (85). Such a multiprotein complex can be activated by PAMPs, DAMPs, ROS, cholesterol crystals, and other PRR ligands (86). Activated inflammasome initiates caspase-1-dependent production of proinflammatory cytokines like IL-1β and IL-18, which subsequently enhance liver inflammation, fibrosis, and damage in ALD, NASH, and other settings of liver injury (87).

Normally, mucosal-associated invariant T cells (MAIT) are anti-infection effectors that can be activated by bacterial metabolites from the vitamin B2 biosynthesis pathway in an MR1-dependent way (88). On the other hand, chronic liver inflammation exerts deleterious effects on the disease progression. A recent study suggests that MAITs are enriched in the fibrotic septa of cirrhotic patients, making direct contact with fibrinogenic cells. In vitro experiments show that MAIT can enhance the proinflammatory properties of myofibroblasts and monocyte-derived macrophages, further promoting liver fibrosis progression (89). Such MAIT–myofibroblast interaction can be achieved via the secretion of TNF and IL-17A by MAIT.

LSECs, along with Kupffer cells, constitute the most powerful scavenging system in the liver. LSECs maintain immune homeostasis by inducing tolerance to harmless antigens from food or commensal bacteria and maintaining quiescence of HSC (90). However, in acute or chronic liver injury, LSECs undergo several aberrant alternations in terms of morphology and function that promote a proinflammatory, profibrogenic, and proapoptotic phenotype. One of the major alternations in the capillarization of LSECs is a transformation characterized by the loss of fenestrae and the development of the basal membrane. Capillarized LSECs can no longer provide enough oxygen for the underlying hepatocytes, causing cell apoptosis, necrosis, and eventually the release of DAMPs (91). DAMPs and LSEC-derived signals such as TGF-β activate the profibrogenic HSCs and promote the generation of collagen and the progression of liver fibrosis. Dysfunctional LSECs also gain sinusoidal vasoconstriction ability due to reduced eNOS activity and increased vasoconstrictors, causing detrimental changes in liver hemodynamics that favor the development of portal hypertension.

Upon stimulation of DAMPs such as HMGB1, liver DCs can be switched from a tolerogenic, IL-10-producing phenotype to an immunogenic and TNF-producing phenotype. In addition, these cells activate NK cells and prime T cells within portal tract-associated lymphoid tissues (PALTs), further facilitating the progression of inflammation and tissue injury in a fibrotic setting.

NKT cells, a group of innate lymphoid cells that recognize endogenous or exogenous glycolipid antigens in a CD1d-dependent manner, are important regulators of liver immunity. When activated by different antigens or cytokines, type I NKT cells can activate NK, DCs, B, and T cells and recruit neutrophils and monocytes to the liver, propagating the liver inflammation. A recent study suggests that NKT promotes inflammatory response with the engagement of NLRP3 inflammasome in a mouse model of liver fibrosis (92). Moreover, type I NKT cells contribute to liver fibrosis via activation of the Hedgehog pathway and HSCs via secretion of osteopontin (OPN) (73, 93, 94).

To conclude, the massive release of PAMPs and DAMPs due to the impaired gut barrier and subsequent inflammation completely transforms the liver’s immune landscape. Tolerogenic properties in healthy conditions are replaced by immunogenic and fibrinogenic properties in cirrhotic settings, which feature the expansion of proinflammatory cells and cytokines and the deposition of the extracellular matrix. It is apparent that activation of HSCs is the common and central mechanism of cirrhosis progression induced by different cells (Figure 2B), which is not surprising due to the collagen-producing function of activated HSCs. Moreover, during this transforming process, innate immunity seems to play the leading part, while adaptive immunity shows some protective effects. In a murine NASH model, CD8+ tissue-resident memory T cells promote liver fibrosis resolution by inducing apoptosis of hepatic stellate cells in a Fas/FasL-dependent manner (95). However, the interplay between innate and adaptive immunity in the development of cirrhosis still needs in-depth investigation.




Cirrhosis-associated immune dysfunction

Cirrhosis-associated immune dysfunction (CAID) is the complex manifestation of an impaired immune system in the cirrhotic setting, mainly characterized by systemic inflammation and immune deficiency. CAID includes two phenotypes: the low-grade systemic inflammatory phenotype found in patients with compensated cirrhosis or decompensation without organ failure and the high-grade systemic inflammatory phenotype found in patients with ACLF (96). Evidence suggests that CAID is closely related to gut dysbiosis and impaired intestinal barrier, raising the idea that a dysfunctional gut–liver axis affects not only the immune environment of the gut and the liver but also the systemic immune functions.


Systemic inflammation

Impaired gut barrier and bacterial dysbiosis excessively increase the bacteria and their components or metabolites within the blood flow. These PAMPs bind to PRRs of different organs and tissues, causing massive release of proinflammatory cytokines and activation of various immune cells and inflammasomes. Moreover, detrimental elements like endotoxins, alcohol, cholesterol, ROS, and the inflammation they induce will cause liver cell damage and thus the release of DAMPs into circulation, which further exacerbates the systemic inflammation. In the meantime, impaired liver functions render insufficient albumin, a protein that is supposed to neutralize excessive PAMPs during systemic inflammation. Likewise, deficient production of anti-inflammatory cytokines such as IL-10 by monocytes and Kupffer cells dampens the immune tolerance and promotes inflammation (96). Furthermore, stimulation by certain bacteria, immunogenic cell death, and oxidative stress in combination with excessive protein-folding demand during severe inflammation finally overwhelms the processing abilities of the endoplasmic reticulum, eliciting the unfolded protein response (UFR). UFR per se is a source of inflammation via secreting proinflammatory cytokines such as IL-6 and TNF. In turn, circulating cytokines like IL-1, IL-6, IL-8, and TNF can activate UFR in the liver, making a positive feedback loop that amplifies the systemic and hepatic inflammation (97, 98).



Immune deficiency

Prolonged inflammation causes damage not only to parenchymal cells but also to the circulating immune cells. Immune cells show upregulated markers of activation but hampered immune response (99). For instance, in cirrhosis without ACLF, CD14+CD16+ monocytes are enriched and express more HLA-DR and TNF, favoring a proinflammatory and profibrogenic phenotype. However, their functions, such as phagocytosis, chemotaxis, and T-cell activation, seem to be inhibited. When the disease progresses to ACLF, expression of HLA-DR and TNF by these cells markedly decreases, as anti-inflammatory cytokines such as IL-10 appear to increase (96, 100). Likewise, neutrophils experience impaired antibacterial activity in the progression of cirrhosis (101). Moreover, continuous activation renders lymphocytes susceptible to anergy, apoptosis, and exhaustion. IFN-γ produced by T cells decreases, while inhibitory signals such as PD-1 and TIM3 increase (102). Changes in liver structure and function also contribute to immune deficiency. Extracellular matrix deposition, sinusoidal capillarization, intrahepatic shunting, and loss of hepatocytes all hamper the immunosurveillance and pathogen clearance functions of the liver (96). A recent study suggests that IL-2, a proinflammatory cytokine secreted by various cells in response to bacterial invasion, can markedly impair follicular T helper cells and therefore hamper the humoral immunity in advanced cirrhosis (103). Immune efficiency worsens as cirrhosis progresses, making advanced patients, especially ACLF patients, susceptible to severe systemic infection (104, 105).




Summary and future perspectives

Liver cirrhosis is the advanced stage of various liver diseases, characterized by its diffuse, fibrinogenic, and nodule-forming changes pathologically. Cirrhosis patients are prone to gut dysbiosis, an impaired intestinal barrier, pathological bacterial translocation, and severe inflammation and fibrosis in the liver. It is not surprising to see how gut dysbiosis directly affects the progression of liver cirrhosis, given the close relationship they have in terms of anatomy, physiology, and metabolism. However, seeing how a dysregulated gut–liver axis can elicit such massive immune alternations in the fibrotic liver is still intriguing. The TLR4–LPS interaction seems to initiate most of the immune transformations in this process. A high level of PAMPs breaks the immune tolerance in the liver and causes prolonged inflammation and massive tissue damage. DAMPs released from injured cells further amplify the inflammation not only in the liver but also in the whole system. Eventually, immune paralysis occurs when the immune system gets overwhelmed by intense and continuous activation. During disease progression, hepatocytes and various nonparenchymal cells experience drastic changes in terms of phenotype and function. Among these changes, activation of HSCs appears to be the center of fibrosis progression, which is one of the pathological features of cirrhosis. However, HSC is not the entire story, as mounting evidence indicates that complex interplays exist among different immune cells.

Of note, due to the complexity of etiology, differences between various types of cirrhosis, such as virus-related cirrhosis, alcohol-related cirrhosis, NAFLD-related cirrhosis, and autoimmune-related cirrhosis, are not discussed in this review. It is of great importance to know that the etiology per se might, along with gut dysbiosis, contribute to the disease progression. For instance, alcohol alone can disrupt the gut barrier and cause inflammatory injury to the liver. Therefore, it might work in synergy with gut dysbiosis to reshape the immune environment of the liver. Relevant studies were extensively reviewed elsewhere (16, 63, 106, 107).

Given the great impact of gut dysbiosis on liver immunity, it is tempting to design therapy for cirrhosis patients targeting the gut–liver-immune axis. For microbiota modulation, fecal microbiota transplantation (FMT) and prebiotics/probiotics are proven to have beneficial effects on cirrhosis patients (53, 108, 109). Most interestingly, bacteriophages targeting pathogens such as Enterococcus faecalis can ameliorate alcoholic liver injury in an animal model, indicating a novel strategy to modulate gut microbiota (110). For gut barrier restoration, FXR agonists appear to be a promising choice (5, 70) while nonselective B-blockers (NSBBs) can reduce SIBO, and therefore BT, probably by (111) improving gut motility. Additionally, there is also new progress in modulating the liver-related immune response. Targeting TLR4 signaling and other cirrhosis-related proinflammatory pathways might be of great therapeutic potential (112, 113).

Though we are starting to comprehend the role of the gut–liver axis in the pathogenesis and immune remodeling of liver cirrhosis, multiple research perspectives remain largely elusive. Firstly, although researchers have identified some bacterial species that are correlated with liver cirrhosis, very few studies have discovered the mechanistic links between these specific species and cirrhosis progression. In addition to the common PAMP–PRR interaction, other components and metabolites of these species may have their own unique ways of communicating with the host. Secondly, intercellular communications in cirrhosis settings deserve more attention. The single-cell transcriptomic analysis begins to show its advantages in dissecting the complicated crosstalk among different immune cells in chronic liver diseases (95, 114). In the foreseeable future, multiomics studies, including transcriptomics, metagenomics, and metabolomics, will continue to provide fresh insights into the intrahepatic immune environment and host–microbiota interaction (115, 116). Thirdly, immune remodeling through the gut–liver axis goes far beyond the gut and the liver. Cirrhosis-related changes in other immune compartments such as the peritoneal cavity (22), lung, kidney, and brain (23) still warrant thorough investigations. Given the fact that gut-derived bacteria and metabolites are the major sources of systemic inflammation, a common condition associated with mortality for decompensated cirrhosis patients, it is very important to understand how the dysbiosis starts and how it affects the disease progression. Future studies need to focus on the cellular and molecular mechanisms of gut–liver–immune regulation and, hopefully, help patients benefit from these studies.
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Mechanistic role/pathways

NAFLD 1TLR4/MyD88 pathway leads to 1TNF-q, IL-1, IL-6,

IL-8, TGF-B— 1HSCs activation
1TLR5—NF-f, MAPK

1TLRs in NASH stage leads to 1CD8+ T cells and NKT
cells

1Th17, IL-21
1LPS/TLR4 and TLR2 signaling

metabolic stress, | PGC-1o
palmitic acid— impaired DCs function

Metabolic components ALT, FBS, TGL BMI and waist
circumference

CHRONIC
HBV

Mechanistic role/pathways
HBV DNA transcription, TFs (FXR, RXR,C/EBP,
INFECTION CREB), interaction between TFs of activated immune
cells
IL-13 leads to 1TGF-P1, activation/proliferation of
myofibroblasts, TJAK/STAT pathway— CCL11
production— eosinophil recruitment

G-CSF expression

IL-4 activates macrophage, M2 — breakdown of ECM,
TMMP-12
11L-6 by KCs
[HBx-HNF3b-C/EBPa-PPARa] activates FAB1
HBx activates PPARs, PI3K/AKT pathway and LXR/

SREBP pathway—activation of FAS, ACC, SREBP-1c,
CYP7A1

Hbx interacts with TNFR—activation of NF-kf3
pathway
HBV pre-S1 binds to NCTP-impede bile acid uptake,!
expression of cholesterol synthesis genes [3-hydroxy-3-
methylglutaryl-coenzyme A (HMG-CoA) reductase and
LDL receptor]

Effects on HBV infection

inhibition of HBV replication

Tanti-viral immune responses, HBV
clearance

timmune responses, inflammation

THBV suppressed immunity
inhibition of HBV replication
IHBV specific immunocytes

abnormal/insufficient immune responses

Effects on NAFLD

hepatic metabolism of glucose, lipids, bile
acid, and xenobiotics

hepatic lipogenic genes, Tb-oxidative
genes, |SREBP-1c

THSCs proliferation and survival
1fatty acid uptake

inhibition of apolipoprotein B secretion,

Thepatic lipogenesis, oxidative corvension

of cholesterol to bile acids, hepatic lipid
homeostasis

altered hepatic cholesterol metabolism

Chronic liver disease
progression

progression to liver fibrosis, NASH
and HCC

Ichronic liver injury

inflammation-fibrosis-carcinoma

(IEC) sequence in viral hepatitis,

steatosis, fibrosis-mediated portal
hypertension

|HBV-related liver disease

progression

1severe HBV-related disease
progression

Tpositive correlation with fibrosis/
cirrhosis and hepatic steatosis in
CHB patients

Chronic liver disease progression

promotion of hepatic regeneration,
inflammation, fibrosis, and
neoplastic transformation

Hepatic steatosis and Fibrosis

Hepatic Steatosis
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(24,26, 28,
30, 33-42)
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(53)
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Mechanistic role/pathways

CHRONIC HBV HBsAg—impaired activity of NK cells
INFECTION inflammatory stimuli and viral proteins—M2-like tumor macrophages

HbeAg—upregulation of PD-L1—polarization to M2 protumor subtype

HBV-mediated macrophage release of matrix metalloproteinase 9 (MMP9) and
IL-23 — blockade of IFNa to IFNAR1
HbeAg—MDSCs expansion—dampen T cell function via IDO pathway
HbsAg—activation of ERK/IL-6/STATS3 signaling axis— differentiation of
MDSCs
CCRK—virus-host signaling
|CXCR5+CD4+ Tth— |ICOS, IL-10, IL-21— | Plasmablasts
CD8+ T cell, Treg exhaustion, 1CTLA-4, PD-1 and TIM-3, Jantibody
production
NLR, Foxp3+ Treg cells
1TGF-B activity— |microRNA-34a— 1CCL22—Treg cells
1PD-1 in peripheral blood CD4+ and CD8+ T cells
1PD-1, FcR14 and FcRL5 in HBsAg-specific B cells— defective antibody
production
HBsAg suppresses CREB— | TLRY on B cells— |proliferation of B cells and
pro-inflammatory cytokine release
timmunosuppressive type of B cells— |cytotoxic activity of T cells

NAFLD Tneutrophils— Tmatrix metalloproteinase-9

1PD-L1+ monocytes — |tumor specific T cell immunity

Tregs and MDSCs—immunosuppression of CD8+ T cells and NK cells

NK dysregulation by IL-15, NK—less cytotoxic ILC1-like phenotype— |kill
cancer cells

CCRK-AR signaling— tmTORC1/4E-BP1/S6K/SREBP1 —MDSCs— metabolic
reprogramming and immunosuppression

lipid accumulation — MDSCs— 1ROS production, loss of intrahepatic CD4+ T
cells

Platelet glycoprotein Ibo-mediated aggregation and activation of platelets - KCs
1linoleic acid— 1ROS production in CD4+ T cells—cell apoptosis
exhausted hepatic PD1+CD8+ T cell, tCXCR6
Th17 cells— induction of VEGF/E2/PGE2, activation of ongogenic IL-6/Stat3
signalling
IgA* plasma cells —PD-L1 mediated suppression of CD8+ T cells, |IL-10
B regulatory cells, producing IL-10/CD40/CD154 signaling pathway

Effect on HCC development

enhanced progression to HCC

promotion of HCC progression

tumor progression and angiogenesis

insufficient anti-tumoral immunity, enhance
evasion of tumor cells

tumor immune escape and metastasis

angiogenesis
insufficient anti-tumoral immunity, poor
survival

tumor immune escape

enhance progression to HCC, impaired anti-
tumor immune surveillance

hepatic inflammation and progression to HCC

impaired anti-tumor immune surveillance

tumor growth and angiogenesis

inhibition of anti-tumor immunity
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References Gender/ Etiology Manifestation PVT NCPH Treatment improvement

age after
Treatment

Wolf et al. F/36 EGPA Necrotic skin lesions, pulmonary ~ Yes No Prednisolone 60 mg qd., low molecular ~ Yes
(11) infiltrates, right upper quadrant weight heparin, methotrexate

tenderness
Natarajan et~ M/48 Churg- Abdominal distension, fever, Yes Yes Dexamethasone 6 mg tid., tapering dose ~ Yes
al. (12) Strauss ascites, abdominal wall varices of prednisolone 1 mg/kg/day, warfarin 3

disease mg qd.
Herrera et al.  M/9 TA Recurrent fever, No Yes Methylprednisolone followed by No
(13) hepatosplenomegaly prednisone, cyclophosphamide,
azathioprine, infliximab

Abebe et al.  M/58 HSP Rash, nausea, vomiting, Yes NA Methylprednisolone 1 g qd. followed by No
(14) abdominal pain, dark stool, 30 mg q12h.

hematochezia
Gelber et al. ~ M/22 Behget’s Fever, abdominal pain, weight Yes NA NA NA
(15) Disease loss, diarrhea
Nakazawa et~ M/73 PN Intermittent fever, abdominal No, just NA Prednisolone 30 No
al. (16) pain, erythema, and myalgia narrowing of mg/day

the portal vein

PVT, portal venous thrombosis; NCPH, non-cirrhotic portal hypertension; EGPA, eosinophilic granulomatosis with polyangiitis; TA, Takayasu arteritis; HSP, Henoch Schonlein purpura;
PN, Polyarteritis nodosa; NA, not available.
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Liver Level change of hormones Involving mechanisms Therapeutic potential References
disease
DILI High serum estradiol reduces acute hepatotoxicity Progesterone metabolites makes supersaturation  Anabolic androgenic steroid can (79, 85, 86,
risk; Higher progesterone in pregnant females with of the hepatic transport system for biliary excretion  induce DILI; Exogenous 93, 94)
ICP progesterone induces hepatic
injury
Viral Low testosterone in HBV and HCV in males; Higher Androgens play immune-suppressing roles; Androgen ablation therapy may (44, 84, 95—
hepatitis serum testosterone is associated with increased risk  Progesterone enhances HEV replication via be a potential therapy for HBV 99)
of HCV-related hepatitis and fibrosis; Higher receptor signaling carriers; Estrogen can repress
progesterone in pregnant females with HEV transcription of HBV genes
NAFLD  Low testosterone in males while higher in females; Androgens regulate of MAPK and hepatic Testosterone and estrogen (29, 34, 35,
Higher progesterone in females metabolism; Estrogens improve liver metabolism treatments improve NAFLD liver 53-59, 81,
via estrogen receptors; progesterone increases functions; 100, 101)
hepatic glucose production via its receptors
ALD Alcohol is potentially associated with increased Estrogen regulates alcohol metabolism via Kupffer ~ No effect for anabolic-androgenic ~ (102-104)
estrogen levels and its receptor expression cells and inflammatory pathways steroids; Antiestrogen toremifene
protects against ALD
Fibrosis  Low testosterone but higher progesterone and Estrogen reduces collagen production and E, therapy improves fibrosis and (45, 46, 63—
and estradiol in cirrhotic patients improves LSEC function; Progesterone enhances cirrhosis 66, 89, 105)
cirrhosis ROS and fibrogenesis
HCC Higher androgen and progesterone in HCC patients;  Estrogen protects against HCC through IL-6 Inhibition of androgen receptor (49, 91, 92,
Lower estrogen (in debate) in HCC patients restrictions; Progesterone favors carcinogenic represses HCC via inflammation 95, 106,
microenvironment and immune regulation; Estrogen 107)

therapy improves HCC

ALD, alcoholic liver disease; DILI, drug-induced liver injury; Ez, 17B-estradiol: HBV, hepatitis B virus; HCC, hepatocellular carcinoma; HCV, hepatitis C virus; HEV, hepatitis E virus; ICP,

intrahepatic cholestasis of pregnancy; IL-6, interleukin-

. LSEC, liver sinusoidal endothelial cell: MAPK, mitogen-activated protein kinase; NAFLD, non-alcoholic fatty liver disease.
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Liver Level change of hormones Involving mechanisms of hormones Therapeutic potential of References

disease hormones

DILI Acetaminophen use is Prolactin promotes liver regeneration via IL-6/SOCS3 pathway GnRH agonist causes (131, 145-
inversely associated with hepatotoxicity; Menotrophin 148)
prolactin but no association induces DILI;
with LH/FSH

Viral High LH in male HBV patients  Unknown Unknown (149)

hepatitis

NAFLD  Lower GnRH, FSH, and GnRH stimulates fat accumulation through PKA-CREB; Increased FSH secretion  Prolactin therapy may (109, 115,
prolactin in both sexes’ accelerates adipocyte differentiation; FSH modulates hepatic gluconeogenesis improve NAFLD 116, 127,
patients; via FSHR and AMPK; Prolactin protects steatosis via PRLR and FAT and CD36 128, 137,

138)

ALD Higher LH and prolactin but Prolactin protects ALD via unknown pathway Prolactin therapy may (139, 140,
lower testosterone in box improve ALD 150)
sexes

Fibrosis  Lower LH and FSH but higher Knockdown of GnRH improves fibrosis via miR-200b inhibition Prolactin therapy improves (108, 113,

and prolactin in cirrhotic patients fibrosis by inhibiting GnRH 114, 120,

cirrhosis  of both sexes 141, 142,

151)

HCC Increased LH and FSH but Prolactin prevents HCC by restricting innate immune activation of c-Myc GnRH immunogen (143, 152,
decreased prolactin in HCC vaccination inhibits liver 153)
patients of both sexes tumor; Prolactin therapy

may retard HCC

ALD, alcoholic liver disease; AMPK, adenosine monophosphate-activated protein kinase; CD36, cluster of differentiation 36; CREB, cAMP response element binding protein; DILI, drug-
induced liver injury; E,, 17-estradiol; FSH, follicle-stimulating hormone; FSHR, FSH receptor; GnRH, gonadotrophin-releasing hormone; HBV, hepatitis B virus; HCC, hepatocellular
carcinoma; IL-6, interleukin-6; LH, luteinizing hormone; MAPK, mitogen-activated protein kinase; NAFLD, non-alcoholic fatty liver disease; PKA, protein kinase A; PRLR, prolactin receptor;
SOCS-3, suppressor of cytokine signaling 3.
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Target

adhesion-related
molecules

NO-related signaling

angiogenesis

Drug

Cenicriviroc
TERN-201

Statins
WAY-362450
Praliciguat

L1-10
AAV9 with shRNA of LECT2 combined with recombinant
VEGF or bevacizumab

Mechanisms

ameliorating hepatic inflammation

reducing the recruitment of CCR2+ monocyte in the liver
inhibiting VAP-1 to control inflammation in NASH
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Injured Risk KC Number Replenished by BM or Functional KC KC Function Reference
self-renewal? Phenotype
Acute  APAP 1in48hours;  Self-renewal Al (a) Engulfing and clearing apoptotic cells; (14, 45, 47,
Recover after (b) Promoting hepatocyte regeneration; 104)
72 hours (c) Regulating ECM remodeling
HBV 1 - CD206"ESAM* Enhancing T cell mediated HBV kiling (30)
Vaccinia virus and murine 1 Both All - (51)
cytomegalovirus
Adenovirus 1 - Al Uptaking adenovirus (52)
Listeria monocytogenes 1 BM BM-KCs (a) Attenuating liver inflammation; (53)
(b) Promoting liver homeostasis
restoration
LIRI 1 in 6 hours; BM BM-KCs (TIM4") (a) Pro-inflammation; 6)
Recover at day (b) Attenuating LIRI resolution
3; Em-KCs and BM-  (a) Pro-inflammation; (6, 55-57)
1 at day7 KCs (b) Promoting inflammation resolution;
(c) Efferocytosis
CCly = = Al Promoting liver regeneration (114)
LPS = - Al Inducing inflammation and hepatocyte (69-61)
death;
Chronic  NASH lor Both Em-KCs (a) Triglyceride storage; (5, 66, 67)
Unchanged (b) Pro-inflammation;
BM-KCs Pro-inflammation; ()
CD206"ESAM* Aggravating liver injury (29
All Engulfing pathogens (68, 69)
BDL ¥ - All Promoting hepatocyte regeneration (72, 73)
Impaired KCs Relating to the bacterial infection (74, 75)
Primary Biliary Cholangitis 13 = = = (71)
CCly il Both Al (a) Pro-inflammation; (79, 80)
(b) Pro-fibrosis;
(c) Promoting HSC activation and survival;
(d) Attenuating fibrosis
Alcohol 1 = All Promoting the injury progressing to (81, 82)
hepatocellular carcinoma
HBV - - All (a) Attenuating the susceptibility of HBV (84-91)
infection;
(b) Regulating immune response
Human Biliary Atresia = - Impaired KCs MARCO and CD5L expression are down- (76)
regulated
Human Cirrhosis Unchanged - MARCO*CD163*  Up-regulating portal venous pressure (93, 101-103)
HCC CD163"D206" Maintaining the immunosuppressive (110)
FOLR2* micro-environment
Al (a) Promoting neutrophils mediated liver (107, 108,
toxicity; 111, 113)
(b) Attenuating T cell responses;
() Crosstalking with cancer cells
-, Need to study.

1, Increase : |, Reduction.
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M1 KCs CD86, INOS, CD80 (a) Highly expressing: IL1B, TNFa, IL8, IL12p70, CCL2, () Pro-inflammatory; 27, 28)
(Classically CCL4, CCL3, CCL11, CXCL1, CXCL2, CXCL3; (b) Antigen presentation;
Activated) (b) Transcription Factor: STAT1 (c) Th1 immune reaction;
(d) Pathogen elimination
M2 KCs ARG1, MRC1, MGL1, CD163  (a) Highly expressing: TGFB1, IL10, CCL17, CCL22; (a) Pro-resolution;
(Alternative (b) Transcription Factor: STAT6, STAT3 (b) Anti-inflammation;
Activated) (c) Th2 immune response;
(d) Phagocytosis;
Em-KCs CLECA4F, VSIG4, CLEC2, (a) Proliferation; (a) Phagocytosis; (21-26)
TIM4, CD5L (b) Compose the majority of healthy KC pool; (b) Removing apoptotic cells, senescent
(c) Dead upon liver injury erythrocyte, red blood cells, pathogens,
immune complexes;
(c) Lipid/iron metabolism;
(d) Immunosuppression;
(e) Antigen presentation;
(f) Responding to LPS and Leishmania
infection
BM-KCs CLECA4F, VSIG4, CLEC2, (a) Proliferation; (a) Phagocytosis; (4-6, 14,
TIM4, CD5L (b) Contributing to minor of healthy KC pool; (b) Low lipid storage®; 16)
(¢) In irradiation-exhausted KC mouse model: Lacking (¢) Pro-inflammation*;
42 genes of Em-KCs; (d) Stronger phagocytosis of N. meningitidis
(d) In CLs-depleted KC mouse model: Need 30 days to  and L. monocytogenes;
fully obtain KC genes (e) Clearing red blood cells;
() Responding to LPS and Leishmania
infection
Radioresistant Cakn1a" (a) Radioresistance; Radioresistance in lethal irradiation (15)
KCs (b) Embryo-derived
KC1 CD206° Occupy ~80% of Em-KCs (a) Phagocytosis; (29)
ESAM™ (b) Immune regulating
KC2 CD206" (a) Occupy ~20% of Em-KCs; (a) Phagocytosis; (29, 30)
ESAM* (b) Highly express EC genes (b) Regulating Metabolism
Human KCs CD163"MARCO*CD5L*TIM4* (a) Anti-inflammation; (31-33)
(b) Anti-tumor;
(c) Regulating immune response
Human KCs CD32MCD68*CD14* Regulating immune response (34)
Human Em-KCs CD49a* Highly expressing TNF, IL12 and IL10 and cannot be - (35)
CD68* up-regulated by LPS
VsIG4*
MARCO*
Human BM-KCs CD49a” TNF, IL12 and IL10 expression are increased by LPS -
CD68* stimuli
VSIG4*
MARCO*

*TIM4 BM-KCs functions; -, Need to study.
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Chronic
liver dis-
eases

HBV

HCV

Malaria
(Murine
study)

ATH

NAFLD
(Murine
study)

HCC

Phenotype

Clinical significance

CD69*CD103*CXCR3" CXCR6"CD39*PD1*BLIMPI"HOBIT*  Virus-specific liver Tyy cells control viral replication, and contribute to the

"*T_bet® EOMES IL2*TEN-y* perforin*

CD69*CD103* CXCR6"SIPR1KLF2"°granzyme B*

CD69*CD49a*LFA-1*CD101"CXCR3"
CX3CRIPKLRG1'°CD107a"T-bet' EOMESIFN-y TNF-
o' granzyme B*

CD69*CD103*CD49%a* CXCR3*CXCR6'PD1*BLIMP1"T-
bet°IL2*IL17*IFN-y" granzyme B*

CD69*CD103"
CXCR3'CXCR6'LAG3*CTLA4 " FasL'TOX"EOMES*

CD69*CD103*PD1*LAG3 " TIM3*CTLA4" T-bet "EOMES*

functional cure for HBV patients.
Liver Try cells persist in the liver and provide long-term viral control in
HBV patients.

Liver Tgy cells have specific activating and cytolytic potential for viral
eradication.

Liver Try cells can directly kill Plasmodium-infected cells, thereby
mediating protective immune responses.

Try-based vaccination strategies could hold remarkable promise in the
prevention and treatment of malaria.

Antigen-specific liver Ty cells infiltration may serve as a new biomarker
of pediatric acute liver failure (PALF) due to ATH.

Histological remission in ATH patients is accompanied by a reduction in
liver CD8" Tpyy cells, and liver Try cells may be an important factor in
relapse after steroid discontinuation.

Liver CD8" Ty cells promote fibrosis resolution by inducing apoptosis of
predisposed activated hepatic stellate cells (HSCs), and may perform a
protective role in resolving liver fibrosis of NASH.

Enrichment of liver Ty cells are associated with better prognosis in HCC
patients.

Reference

(17-22)

(23-27)

(16, 28-35)

(36-38)

(39)

(19, 40-42)
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Characteristic A group B group C group D group P value

HC (n=20) Pre (n=22) Postl (n=22) Post2(n=22) AvsB AvsC AvsD BvsC BvsD

Age 48.1 £9.1 46.2 £9.0 462 £9.0 472 +£9.0 ns.

Male/female 12/8 13/9 13/9 13/9 ns.

BMI (kg/mz) 221+13 220+12 214 £ 1.1 220+1.3 ns. n.s. ns. ns. n.s.
TB (uM/L) 10.7 + 3.0 257 £10.4 180 £9.1 16.7 + 6.6 il e * g i
ALT (IU/L) 232 +89 36.5 + 18.6 268 £17.6 311+ 127 G n.s. ns. * n.s.
AST (IU/L) 209 £5.0 41.1 £24.0 316 £ 14.6 385+ 14.1 i * o, ns. n.s.
Albumin (g/L) 435+ 44 363 £5.7 378 £5.7 420+ 4.3 ke ki ns. ns. b
PT (s) LE9E 1.1 133+ 1.6 120 £ 1.1 12114 e n.s. ns. h h
WBC (10°/L) 62+12 2209 7822 5.9:£2.1 L i ns. ant Ly
PLT (10°/L) 227.9 +30.2 360 £13.3 303.3 + 100.3 2332 +£69.9 hi bk ns. s b
Ascites (n, %) — 7 (31.8) 3(13.6) 2(9.1) — — — ns. n.s.
Child-Pugh score — 62+13 58+0.7 51+04 — — — ns. il
Child-Pugh class (A/B/C) — 14/8/0 19/3/0 22/0/0 — — - i g

BMI, body mass index; TB, Total bilirubin; ALT, alanine transaminase; AST, aspartate aminotransferase; PT, prothrombin time; WBC, white blood cell count; PLT, platelet count. *P < 0.05,
**P < 0.01, ***P < 0.001; n.s. represents no significant difference.
Data are expressed as mean + standard deviation. Numbers in parenthesis are %.
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Cell types Cell source

Macrophage ~Spleen

Macrophage ~ Spleen

Myeloid Spleen
cells

T cell Spleen
T cell Spleen

Lymphocyte ~ Gut

B cell Gut
ATM Adipose
tissue

Cell feature and fonction

CD68+F4/8ii+
Produce more TNF-a and IL-6

Promote CCL2 secretion by hepatic Mcp Establish an MI-dominant hepatic Mcp
phenotype

Promote hepatocellular carcinoma growth

Transform the cytokine balance into Th2 dominance

Bias the hepatic T cells toward Th2
CXCR3+ Tregs account for a considerable
proportion

Modify T helper cytokine balance

CCRY+

Drive hepatobiliary destruction in PSC
Reactive to commensal bacteria

Clear gut-derived antigens

Protect organs from pathogens

Promote insulin resistance and inflammatory

response

Mcp, macrophage; Th2, T helper 2; PSC, primary sclerosing cholangitis; ATM, adipose tissue macrophage.

Liver disease model

Mice/ Diet-induced NAFLD

Rat/ CCl4-induced liver
fibrosis

Mice/ Hepatocellular
carcinoma

under chronic restraint stress

Mice/ CCl4-induced liver
fibrosis

Mice, human/ Liver fibrosis
caused by Schistosoma
japonicum infection
Human/ Inflammatory bowel
disease

Mice, human/ Alcoholic liver

disease

Obese mice/ High-fat diet

Reference

(70)

71)

(72)

(73)

(74, 75)

(76, 77)

(78)

(79, 80)
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Cell subset Effect Mechanism References

Th1 cells Profibrotic IFN-y dependent manner (66, 69, 70)
Th2 cells Complicated Production of type 2 cytokines via IL-33 (71,72)
Th17 cells Profibrotic An IL-17-driven fibrotic process (73-75)
Th22 cells Bidirectional Production of IL-22 (76, 77)
Treg cells Antifibrotic(mainly) Immunosuppression by secretion of IL-10 (78, 79)

Different CD4" T cell subsets exhibit diverse effects on liver fibrosis. Th1 and Th17 cells are proinflammatory and profibrogenic while the role of Th2 cells in hepatic fibrosis is complicated.
Th22 and Treg cells may be both anti- and/or pro-fibrotic depending on disease setting and the stage of the disease.
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Abnormality in PBC PPARa PPARB/3 PPARY

Innate immune cells

Monocyte Hepatic monocytes and macrophages PPARa. activation promotes PPARB/3 PPARYy activation inhibits monocyte/

/Macrophage accumulation increase with more macrophage polarization from M1 to  activation macrophage accumulation and promotes M2

proinflammatory cytokines. M2. promotes M2 macrophage polarization.
macrophage
polarization.
Dendritic cell Myeloid dendritic cells infiltration increases ~ Evidence absence Evidence PPARYy activation increases self-tolerance of
(DC cell) and inhibit Th2-dominant immune absence dendritic cells and indirectly inhibits Th1
response. differentiation from naive T cells by reduction IL-
12 production of dendritic cells.

Natural killer Frequency of natural killer cells increases Evidences absence Evidences PPARYy activation reduces IFNy production of

cell with increased IFNy production. absence NK cells

(NK cell)

Natural killer Activated NKT cells aggravates bile PPARo. activation negatively Evidences PPARYy activation indirectly enhances invariant

T cell epithelial cells damage and promotes regulates ifng gene transcription. absence NKT cell expansion via upregulation of CD1d

(NKT cell) primary biliary cholangitis progression. expression in DCs.

Adaptive immune cells

T helper Th1 and Th17 dominant immune Expression of PPARo. of CD4* Tin ~ PPARS activation PPARy activation promotes Th1 phenotypic

cells response, with increased production of male is higher than that in female. inhibits IFNyand  conversion to Th2 and inhibits Th17

IFNyand IL-17. IL-17 production.  polarization.
PPARo. activation inhibits Th1 and
Th17 differentiation.

Follicular Frequency of CD4+CXCR5+ Tth cells Evidences absence. Evidences PPARYy agonist inhibits Tfh cell response.

helper increases in PBC patients. Reduction of absence.

T cell Tfh cells indicates adequate response to

(Tth cell) UDCA treatment.

Regulatory T Relative number of CD4*CD25" Treg cells  PPARo. agonist promotes Evidences PPARYy agonist promotes Foxp3 expression and

cells and Foxp3 expressing Tregs reduce in Foxp3*regulatory T cells absence increases hepatic CD4*CD25*Foxp3* Treg cells

(Treg cell) PBC patients. differentiation. percentage.

B cell IgM-producing plasma cells increases Bezafibrate inhibits B cell maturation  Evidences Down-regulation of PPARYy is responsible for
by down-regulation of B cell absence proliferation and antigen-specific immune
activating factor. response of B cells.

Bile epithelial Toll like receptor 4 in BECs recognize Evidences absence Evidences PPARY activation inhibits NF-xB pathway and

cell pathogen-associated molecular patterns in absence maintain immune tolerance of BECs to

(BEC) bile and NF-xB and MAPK pathways are pathogen-associated molecular patterns.

activated subsequently.
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Sex/sex-
related
hormone
and their
agonists/
antagonists

Androgen

Androgen
receptor
agonist
Androgen
receptor
antagonism
Estrogen

Estrogen
receptor
agonist
Estrogen
receptor
antagonism
Progesterone

Progesterone
antagonists
GnRH

GnRH agonist
LHRH agonist
FSH

Prolactin

Perspectives

Reducing the levels of ALT, AST, body weight, BMI and waist size; Improving lipid
profiles; Providing a potential new target for NAFLD treatment; A potential
therapeutic target of HCC

Reducing atherosclerosis, subcutaneous fat mass, and cholesterol levels in
ovariectomized female mice

Inhibiting HCC; Improving the efficacy of HCC immune-therapy to PD-L1 inhibitor

Reducing hepatic susceptibility to steatosis; Reducing hepatic lipid accumulation
and oxidative stress; Increasing the expression of hepatic apolipoprotein; Inhibiting
liver inflammation; Amelioration of liver fibrosis and cirrhosis; Decreasing the
deposition of type | and lll collagen protein, the total hepatic collagen content and
MDA; Reversing liver cell destruction, macrophage accumulation and hepatic
stellate cell activation; Reducing portal pressure and increasing hepatic blood flow;
Inhibiting HCC

Improving lipopolysaccharide-induced acute liver Injury; Ameliorating liver cirrhosis in
rats by inhibiting the activation and proliferation of hepatic stellate cells; Ameliorating
hepatic steatosis; Ameliorating liver fibrosis and intrahepatic vascular resistance
Unknown

Regulating lipophagy to improve steatosis

Improving steatosis, insulin sensitivity, and adipocyte ballooning in NAFLD mice
Alleviating acute hepatic porphyria

Unknown

Increasing HDL content; Inhibiting HCC

Maintaining the growth of bile duct cells

Ameliorating hepatic steatosis; Alleviating injury of the liver and possibly other
ethanol-targeted tissues; Restraining HCC growth

Possible side-effects

Worsening sleep apnea; Causing acne and skin
reaction; Stimulating noncancerous prostate growth
and existing prostate cancer; Inducing hepatic insulin
resistance in female mice

Reducing the estrogen-induced up-regulation of
LDLR; Increasing HCC cell growth and apoptotic
resistance

Causing a temporary hepatotoxic effect

Causing hepatotoxicity such as intrahepatic
cholestasis in susceptible females during pregnancy;
Inducing acute hepatic porphyrias

Unknown

Increasing portal pressure and decreased hepatic
blood flow

Inducing metabolic liver injury; Increasing hepatic
glucose production via the modulation of
gluconeogenesis; Inducing DILI in females;
Enhancing hepatitis E virus replication; Increasing risk
of ICP; Inducing abnormal proliferation and mitosis in
liver cells; Contribution of the development and
chemoresistance of liver cancer

Potential liver toxicity (increased levels of
corticosterone and transaminase)

Promoting liver fibrosis; Leading to elevated
circulating LDL-C levels

Elevating serum liver injury-related enzyme; Reducing
liver growth in PLD;

Reactivating hepatitis B virus

A negative impact on blood lipid levels; Increasing
cholesterol accumulation; Increasing the risk of
NAFLD; Leading to the fasting hyperglycemia
Inducing abnormal drug metabolism and causing
DILI

References

(41,44, 47,
106, 194,
195)

(196-198)

(48, 49,
198)

(53-56, 59—
68, 70-73,
199)

(200-203)

67)

(80-92,
204)

(205-207)

(108, 114,
124, 199)
(148, 208,
209)
(210-212)
(122, 124,
126, 127,
213)
(137, 141,
143, 144)

ALT, alanine aminotransferase; AST, aspartate aminotransferase; DILI, drug-induced liver injury; FSH, follicle-stimulating hormone; GnRH, gonadotrophin-releasing hormone; HCC,
hepatocellular carcinoma; HDL, high-density lipoprotein; ICP, intrahepatic cholestasis of pregnancy; LHRH, luteinizing-hormone releasing hormone; PD-L1, programmed death-ligand 1;
PLD, polycystic liver disease.
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Number of
patients
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150
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Administration
time

6m
52w
24m

3m

8y
6.1+ 3.4y

21d
24m
38m
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>1y
>15y
40y
21d

Sy
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8w
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Mean 7.23m
48w
11m
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>1y
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3y

3m
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16w
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Results

21 showed a significant reduction in ALP and y-GTP levels and IgM levels of
17 patients decreased after 6m.

1. BZ monotherapy was as effective as UDCA;2. BZ combined with UDCA
reduced ALP in PBC patients refractory to UDCA

80% patients refractory to UDCA achieved normal ALP and IgM within 12m

ALT, AST, ALP, GGT, IgM, cholesterol, triglyceride significantly reduced

ALP, GGT, cholesterol and triglyceride reduced, pruritus improved and lower
liver stiffness.

ALP and Mayo risk score were lower, creatinine was higher than UDCA
monotherapy, side effects included muscle pain and renal dysfunction
Bezafibrate improve biochemical response and long-term outcome in
asymptomatic patient refractory to UDCA

Bezafibrate was effective to treat cholestatic pruritus

Normal ALP in 67% patients; pruritus, fatigue, and liver stiffness were
improved

54% patients had normalized ALP and lower jaundice, pruritus and liver
stifness

Pruritis was relieved

ALP normalization was higher and cirrhosis risk was lower.

BF plus UDCA improved GLOBE and UK-PBC scores and long-term
prognosis

ALP, y-GT, IgM normalization rates were higher; normalization of IgM was a
good predictor of long-term prognosis

Bezafibrate combination therapy reduces mortality and the need for liver
transplantation

Bezafibrate reduced ALP and relieved pruritus

Regression of fibrosis was attained in 48% of patients, and combination
therapy decreased inflammatory histological scores

Addition of BZ to UDCA was associated with improved transplant-free
survival

NCT05239468, recruiting

NCT04751188, recruiting

NCT04594694, recruiting

NCT02937012, recruiting

NCT02701168, recruiting

ALP, y-GT, ALT, cholesterol, triglyceride significantly reduced

ALP, ALT, IgM, IL-1, IL-6 significantly reduced

68% of patients reached normal ALP level; y-GT, ALT, AST significantly
reduced
ALP, y-GT, and IgM significantly reduced

Fenofibrate was associated with ALP reduction, decompensation-free and
transplant-free survival in PBC patient refractory to UDCA.

Long-term fenofibrate treatment improves ALP level but not UK-PBC risk
score

Fenofibrate add-on therapy could improve ALP and y-GT, but not UK-PBC
risk and GLOBE score

Addition of fenofibrate significantly reduced ALP, ALT and AST levels

Fenofibrate add-on therapy improves GLOBE, UK-PBC scores, liver fibrosis
and ductular injury of liver

NCT02823353, recruiting

NCT02823366, recruiting

ALP, y-GT reduced; serum plasma lipid, ALT, AST and liver fibrosis marker
had no difference

ALP, GGT and IgM decreased significantly; pemafibrate had beneficial
effects on renal function

Pemafibrate was efficient in reducing ALP and GGT and in improving eGFR
and Cr

Elafibranor was safe and tolerated and significantly reduced ALP, bilirubin.

NCT04526665, recruiting
Saroglitazar significantly reduced ALP with 50% decrease

Rapid and sustained improvement in ALP was observed

NCT05133336, recruiting

ALP levels were normalized in patients who completed 12 weeks of
treatment

Seladelpar treatment improved pruritus, fatigue, and sleep disturbance in
PBC patients

Seladelpar was effective in reducing ALP and pruritus

Seladelpar was effective in reducing ALP and pruritus
NCT04620733, recruiting

NCTO03301508, recruiting
NCTO04950764, recruiting
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Morphologies
Markers
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Kupfter cells

Derived from yolk sac, fetal liver and embryonic
hematopoetic stem cells

Tissue resident, self-renewal

Periportal and mid zones (mouse);
Mid zones (human)

Stellate

Mouse: CD45"F4/80" CD11b"™ CLECAF TIMD4"
VSIG4'FOLR2*STAB2";

Human: CD68" TIMD4'VSIG4*
FOLR2*CD163"CD169*

KC1: CD206°ESAM" (major);
KC2: CD206"ESAM" (minor);
Radioresistant KCs: CDKN1a";
NASH-associated KCs: Trem2*

Main phagocytic macrophages;
Regulation of iron and lipid metabolism;
Immune tolerance

Monocyte derived macrophages

Originated from CX3CR1'CD117"Lin” bone marrow derived
progenitors

Circulating, with a half-life of 2 days or 20 hours

Portal zones (Ly6C"i/Ly6C'°Ms, healthy LAMs);
Hepatic capsule (LCMs);
Portal, periportal and mid zones (steatosis LAMs)

Circular

Mouse:

CCR2™CX3CRI1®CD62L" or CCR2°CX3CRI™ CD11b"F4/
80“\(-1(»;

Human:

CX3CR1"CD14*CD11b"CD11¢*CD62L'CD16™ or
CX3CRIMCD14°CD16"CD11b*CD11cM

Ly6C"Ms: CCR2"CX3CR1°CD62L";
Ly6C°Ms: CCR2°CX3CR1™;

LAMs: GPNMB'SPP1"; Trem2';
Bile duct LAMs: GPNMB';

LCMs: CD207'CX3CR1*

Major immune response orchestrators;
Inflammatory capacity, angiogenic and fibrogenic activity;
Immune-suppressive functions
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Drug

Effects on lipid
metabolism

Salubrinal

Obeticholic acid
Rapamycin (117)
Matrine
Empagliflozin

Vitamin E (121)

Liraglutide (123)

Other treatments

Sivelestat

Mechanism of action

=Selective inhibition of eIF20. dephosphorylation (24)

~Inhibition of ER stress and reminder of autophagy
through eIF2c. signaling (25)

=An agonist of the FXR (116)

=Selectively inhibition of mTOR
~Inhibition of ER stress

~Competitive inhibition of the SERCA (118)

~Reduced expression of adipogenic genes
and endoplasmic reticulum stress-related genes (119)

-An antioxidant

-Inhibiting the late maturation of SREBP-1c to reduce
hepatic new lipogenesis

=A synthetic long-acting glucagon-like peptide 1 (GLP-1)
receptor agonist

=An inhibitor of neutrophil elastase

Functions

-Attenuates hepatic steatosis and fat deposition

=Decreases hepatic lipogenesis, steatosis, and insulin resistance
=Inhibits inflammatory and fibrogenic responses in NASH patients

~Improves hepatic steatosis

~Improves the ER stress state to reduces lipid metabolism disorders, mitochondrial
dysfunction and inflammatory responses

=Reduces adipogenesis and endoplasmic reticulum stress (120)

=Mediates the reduction of hepatic new lipogenesis (122)

~Improves lobular inflammation and no increase in fibrosis

-Be effective in weight loss, resolution of steatohepatitis and less progression of
fibrosis (124)

=Inhibits the infiltration and activation of neutrophils and apoptosis and reduces
proinflammatory factor





OPS/images/fimmu.2022.968879/crossmark.jpg
©

2

i

|





OPS/images/fimmu.2022.968879/fimmu-13-968879-g001.jpg
Hepatocytes

Cholangiocytes

LSECs

Initiation

oo ©)

Kupffer cells
nt monocytes
monocytes ;

Notch, TLR - Restorative
Kupffer cells

JNK, NF-kB
JAK-STAT

Phagocytosis, CX3CL1?  Ly6CP
Notch macrophages

PDGF Notch
ky TRAL Wt
e —
)~ Proliferation MMPs
Quiescent Activated HSC-derived Apoptotic
HSCs myofibroblasts myofibroblasts

Collagens

=%

ECM deposition






OPS/images/fimmu.2022.918445/fimmu-13-918445-g006.jpg
50

Expression Level

Alcohol
Hepatocyte
Hepatocyte
Fibroblast
Monocyte
PlasmaB{ ©
© CD4+ memory T
o NK
wicooT Zz  Endothelal
® CDI6+Monocyte &
Boel =2 Beel|
© Endothelial
© Phsmab D16+ Monacyte:
© Monocyte
® Fibroblast
" o cos+T{ @
NK
Fioroblast - .
Endothelial CD4+memory T{ @
50 25 0 25 S0 25 0 25 5 25 0 2
SNE_1 D
cpap 1001
cosA
| cota
co3D
coes coea
co14
co9A cDes
co79A
cote0 cD160
FOGRIA § o501
FoorsA [ iGHo1  ©
VW
N 1GHG1 ASGR2
TPM2
VW
oz
ASGR2
M2

Features

&S E

x‘ﬁv,gc’f},g‘g

Average Expression
25
20
15
10
05
0.0
05
Percent Expressed

-

I o memn T

o~
[

Alcohol

NAFLD
Sample

PBC





OPS/images/fimmu.2022.951406/crossmark.jpg
©

2

i

|





OPS/images/fimmu.2022.951406/fimmu-13-951406-g001.jpg
Bip g protein @ ‘ -
$ [Bip &

4
XBP1 mRNA l l T A=
JAVAVAVAVAVAVAVAVAY m Fle ™\
XBP1s mRNA l S1P
JAVAVAVAVAVAN S2P
|





OPS/images/fimmu.2022.951406/fimmu-13-951406-g002.jpg
Healthy Liver NAFLD/NASH Liver Fibrosis/Cirrhosis

//
~— Hepatocytes

NK cells )
* attenuation
«:.
collagenal™

IL-1B 1lp Amps

TGF-B TNF-a
IL-1B IL-6
TNF-a
L& P> oo D)
v et D
\ “\m\"o‘\ \_/ A
\\‘ Dendritic cells M - activation / e
\\\\\\ % /////

U -





OPS/images/fimmu.2022.918445/fimmu-13-918445-g005.jpg
-log10(Pvalue)

Frequency

logFC cutoff 0.8

Up-regulated gene 50'{
Down-regulated gene 399
H

5
Auc
6 03
8 [Endothelial 02
pud
& . o1
] [Fibroblast |
T fo 3 ] B o
UMAP_1
Hepatocyte .
Fibroblast
Monocyte L] . o
Percent Expressed
Plasma B { ° . © 25
® 50
e 75
2 Endothelial { U
aE) Average Expression
b1 B cell . . . . 2
1
CD16+ Monocyte . . . o
-1
NK . 0 . .
CD4+ memory T . . .
cD8+ T . ' £
IRF8 NR4A2 1KZF3 REL

Features





