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Nonalcoholic fatty liver disease (NAFLD) has become the most common chronic liver disease worldwide. A significant proportion of patients with NAFLD develop a progressive inflammatory condition termed nonalcoholic steatohepatitis (NASH), which may eventually advance to cirrhosis and hepatocellular carcinoma (HCC). NASH is characterized by steatosis, hepatocyte ballooning, and lobular inflammation. Heightened immune cell infiltration is a hallmark of NASH, yet the mechanisms whereby hepatic inflammation occurs in NASH and how it contributes to disease initiation and progression remain incompletely understood. Emerging evidence indicates that intrahepatic T cell immune mechanisms play an integral role in the pathogenesis of NASH and its transition to HCC. In this review, we summarize the current knowledge regarding the T cell-mediated mechanisms of inflammation in NASH. We highlight recent preclinical and human studies implicating various subsets of conventional and innate-like T cells in the onset and progression of NASH and HCC. Finally, we discuss the potential therapeutic strategies targeting T cell-mediated responses for the treatment of NASH.
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Introduction

The growing prevalence of obesity and type 2 diabetes worldwide is driving a proportional increase in the incidence of nonalcoholic fatty liver disease (NAFLD), a condition in which the liver accumulates excess fat unrelated to excessive alcohol consumption or secondary causes such as medication. NAFLD is strongly associated with risk factors such as obesity, type 2 diabetes, dyslipidemia, and hypertension, and is often considered the hepatic manifestation of the metabolic syndrome (1, 2). NAFLD affects approximately 25% of the world population and represents the most common chronic liver impairment, contributing to the burden of end-stage liver disease worldwide (3).

The umbrella term NAFLD comprises a wide array of manifestations ranging from relatively benign conditions such as fatty liver to more severe disorders including nonalcoholic steatohepatitis (NASH) and NASH-induced cirrhosis and hepatocellular carcinoma (HCC). Nonalcoholic fatty liver (NAFL), also known as steatosis, is characterized by the accumulation of triglycerides in large lipid droplets within the hepatocytes in the absence of liver inflammation (Figure 1). A more advanced condition termed NASH is characterized by liver steatosis, hepatocellular injury and ballooning, and lobular inflammation. Chronic liver inflammation in NASH promotes tissue remodeling and fibrogenesis, which manifests as perisinusoidal fibrosis that can progress to bridging fibrosis and cirrhosis. Notably, the presence of liver fibrosis is the main predictor of morbidity and mortality in patients with NASH (2). An estimated 20% of patients with NASH progress to cirrhosis over two to four decades (2, 4). NASH also increases the risk for the development of HCC independently of cirrhosis (5). Current treatment options for NASH are limited to weight loss and lifestyle modification (6). There are no currently approved therapies for the treatment of NASH, although several drugs and their combinations are at various stages of clinical development with suboptimal preliminary results (7). Since inflammation plays an integral role in the transition from NAFL to NASH, understanding the mechanisms triggering hepatic inflammation during NASH and its progression to fibrosis and hepatocarcinogenesis could guide the development of new therapies. Here, we review recent evidence supporting the role of T cell subsets and T cell-mediated responses in the pathogenesis of NASH and NASH-induced HCC. We focus on the mechanisms of activation and effector function of intrahepatic conventional and innate-like T cells. In addition, we discuss opportunities for targeting these pathways as potential NASH therapies.




Figure 1 | Nonalcoholic fatty liver disease (NAFLD). NAFLD encompasses a spectrum of hepatic manifestations such as nonalcoholic fatty liver (NAFL) and nonalcoholic steatohepatitis (NASH) that develop on the background of genetic and environmental factors including excess calories and sedentary lifestyle. NASH is a progressive condition that can advance to cirrhosis and hepatocellular carcinoma. (Created with BioRender.com).





Immune Mechanisms of Inflammation on NASH

Growing evidence indicates that innate and adaptive immune mechanisms are critical components of steatosis progression, insulin resistance, inflammation, and fibrosis during NASH (8). The healthy liver is a unique immunological site containing a large number of immune cells that tolerate harmless foreign antigens and maintain tissue homeostasis (9). In contrast, NASH is characterized by a substantial accumulation of innate and adaptive immune cells that become activated and promote inflammation (10) (Figure 2). Innate immune cells, particularly macrophages, have emerged as essential players in the progression of NASH and have been the focus of intensive research (11). In homeostatic conditions, the liver contains a population of tissue-resident macrophages known as Kupffer cells (KCs) that originate from yolk sac progenitors and are scarcely replaced by monocytes from hematopoietic origin (12). In the liver, the maintenance of KCs is shaped by the production of macrophage growth factors by neighboring cells, most notably hepatic stellate cells (HSCs) (13). During the initiation of NASH, KCs sense disturbances in the tissue, such as increased lipopolysaccharide and fatty acids, and initiate hepatic inflammation and fibrosis through the production of tumor necrosing factor (TNF)α (14) and interleukin (IL)-1β (15). KCs can also release chemokines that promote the infiltration of proinflammatory monocyte-derived macrophages (MoMFs) (16). Single-cell RNA sequencing studies have recently shown that NASH not only promotes an increased infiltration of MoMFs, but also a loss of embryonically derived KCs that are partially replenished by monocyte-derived KCs (17, 18). Although, the accumulation of macrophages during NASH is associated with the progression of the disease, a remarkable subset of macrophages expressing the lipid receptor Trem2 has been shown to promote tissue homeostasis by coordinating hepatocyte energy supply and mitochondrial function (19). In addition to macrophages, the liver contains a population of dendritic cells (DCs) comprised of diverse subsets of classical (cDCs) and plasmacytoid DCs that reside in the subcapsular space, between hepatocytes, and in the vasculature (20, 21). The role of DCs in NASH is less clear with conflicting results likely reflecting their heterogeneity and differences in mouse models of disease. For instance, studies using mouse models of NASH have proposed a role for cDCs in preventing fibrosis and inflammation (22, 23). In contrast, recent single-cell analysis has revealed that type 1 cDCs are conserved immunological instigators of NASH in mice and humans (24). The evidence for a role of neutrophils is less controversial as these cells have been reported to promote NASH through the secretion of elastase (25) and myeloperoxidase (26).




Figure 2 | Role of T cells in the pathogenesis of NASH and NASH-related HCC. Current evidence suggests that CD8 T cells, CD4 T helper cells, and γδ T cells contribute to NASH pathogenesis. The role of NKT cells, MAIT cells, and Tregs in NASH is incompletely understood. In NASH-related HCC, a subset of activated and exhausted CD8 T cells promote tumorigenesis while the role of CD4 T cells in this process warrants further investigation. (Created with BioRender.com).



Emerging evidence has implicated adaptive immunity involving T and B cells in the triggering and progression of NASH (27). Although limited, several studies using mouse models and observational studies in humans suggest that B cells have a pathogenic function in the progression of NASH (28). Indeed, patients with NASH show an increased number of intrahepatic B cells within T cell-rich aggregates and higher levels of circulatory IgG against oxidative stress-derived epitopes (29). Depletion of B2 cells in mice fed a western (30) or a methionine- and choline-deficient (MCD) (29) diet prevents hepatic inflammation and reduces T helper (Th)1 responses, suggesting a causative role for B cells in NASH progression. Mechanistically, NASH livers seem to accumulate B cells with elevated proinflammatory cytokine secretion and antigen-presentation ability following activation through the innate adaptor myeloid differentiation primary response protein 88 (28). Future research is needed to provide mechanistic insights into whether intrahepatic B cells are causative or consequential to NASH pathogenesis and their potential as key inducers of hepatic fibrosis.

T cells are lymphocytes that mature in the thymus and recognize antigen using a cell surface, highly variable T cell receptor (TCR). Conventional T cells can be broadly classified into CD8 and CD4 T cells, based on the expression of glycoproteins that serve as TCR co-receptors (Figure 3). Functionally, T cells can be divided into cytotoxic CD8 T cells, CD4 T helper cells, and CD4 regulatory T cells (31). CD8 T cells are important for killing cancerous or virally infected cells as they recognize antigen presented by major histocompatibility complex (MHC)-class-I molecules. Upon activation, naïve CD8 T cells differentiate into effector cells with cytolytic and cytokine-producing capacity or memory cells that provide an enhanced response when the same antigen is encountered again (32). Memory CD8 T cells were originally subclassified as either effector (rapid response) or central memory (slower response). However, a third population known as tissue-resident memory T (TRM) cells that mainly reside in non-lymphoid tissues and are ready to mount an immediate immune response has been recently identified (33). Naïve CD4 T cells develop in the thymus and are exported to peripheral lymphoid sites following positive selection of double-positive thymocytes expressing functional αβ TCRs that bind MHC-class-II molecules (34). Upon activation, clonal expansion, and differentiation into specific subsets, CD4 T cells play a major role in immune responses and tissue homeostasis (35). Naïve CD4 T cells (CD62L+ in mice and CD45RA+ in humans) become activated through TCR-mediated recognition of antigenic peptides presented by MHC-class-II-expressing antigen-presenting cells such as DCs that provide obligatory co-stimulatory signals including CD28 ligation (35). Depending primarily on the cytokine milieu and metabolic cues provided by the microenvironment, CD4 T cells differentiate into effector T helper (Th) cell subsets including Th1, Th2, and Th17 cells, or regulatory T cells (Tregs, Figure 3) (36). Effector T helper cells are generally short-lived, although a proportion of them can differentiate into memory T cells that participate in long-term immunity or rapid recall immune response (35). Tregs are important for self-tolerance and suppressing autoimmune and inflammatory reactions as evidenced by multi-organ autoimmune disease observed in humans and mice lacking functional forkhead box protein P3 (FOXP3) (37, 38). Besides the classical T cell subsets, there are several populations of innate-like T cells such as the natural killer T (NKT), gamma delta (γδ) T cells, or mucosal-associated invariant T (MAIT) cells. Invariant NKT (iNKT) cells exist in an effector state and, upon activation, can rapidly produce a variety of cytokines that can determine the milieu for subsequent immune responses (39, 40). Unlike most T cells, γδ T cells are enriched in peripheral tissues such as the intestines, lungs, and skin where they contribute to immune responses. Although their functions are still being uncovered, γδ T cells have been shown to play roles in homeostasis, including the regulation of adipose tissue thermogenesis, tissue repair, and synaptic plasticity in the central nervous system (41). MAIT cells are found primarily in the blood, lungs, liver, and mucosa where they participate in the defense against bacterial and viral infections. This review will focus on the specific roles of the T cell subsets in the liver during the pathogenesis of NASH.




Figure 3 | Main T cell subsets and their functions. Conventional T cells are broadly grouped into CD8 and CD4 T cell subsets with diverse functions during an immune response. In general, CD8 cytotoxic T cells directly kill cancerous or infected cells, while CD4 T cells regulate the immune response to a particular antigen. CD4 T cells can be classified as T helper (Th) cells or regulatory T cells (Tregs). Differentiated CD4 T cell subsets are marked by the expression of the lineage-specific transcription factors T-bet (Th1), GATA3 (Th2), RORγt (Th17), and FOXP3 (Tregs), which are critical for their differentiation and function. Innate-like T cells are a highly diverse group of cells including natural killer T (NKT) cells, gamma delta (γδ) T cells, or mucosal-associated invariant T (MAIT) cells. (Created with BioRender.com).





Cytotoxic CD8 T Cells

At steady-state, the liver contains a distinct population of non-recirculating CD8 TRM cells that present an activated phenotype characterized by the expression of CD69 and are local immune sentinels (42). During inflammation or immune responses to pathogens, hepatic CD8 TRM cells can acquire an effector memory phenotype (CCR7- CD44+ CD62L-) that secretes interferon (IFN)γ or a central memory phenotype (CD44+ CCR7+ CD62L+) that is important for long-term immunity (43). This classification is based on the principle that effector memory T cells home to peripheral tissues while central memory T cells require CCR7 and CD62L to circulate between blood and secondary lymphoid tissues (44). Although CD8 T cell effector and memory subsets show a remarkable diversity of systemic and tissue-specific functions during immune responses to pathogens, the precise role of hepatic CD8 T cells in a chronic sterile inflammatory disease such as NASH remains incompletely understood. Recent advances in single-cell technologies, however, have provided mechanistic insights into the mechanisms of activation and effector functions of CD8 T cells in NASH.


Role of Cytotoxic CD8 T Cells in NASH

Growing evidence shows that CD8 T cells accumulate in the liver of patients with NASH (45–48) and mouse models of the disease (46, 49). In patients with NASH, the increased number CD8 T cells in the liver correlates with elevated frequency of blood CD8 T cells expressing perforin, IFNγ, and TNFα, raising the possibility of systemic activation or crosstalk with other tissues (50). Experimental depletion of total CD8 T cells in animal models ameliorates NASH (51) and subsequent transition to HCC (46), suggesting that CD8 T cells directly instigate disease progression. Indeed, improved NASH in CD8 T cell-deficient mice is accompanied by restored hepatic insulin sensitivity (52), decreased liver damage (46), and reduced fibrosis (49). Although not completely understood, recent studies have revealed several mechanisms by which CD8 T cells become activated leading to NASH initiation or progression. Early during the transition from steatosis to NASH, activation of cytotoxic CD8 T cells is supported by type I interferons, resulting in increased production of proinflammatory cytokines IFNγ and TNFα (52). In addition, intrahepatic CD8 T cells from obese-hyperlipidemic mice with NASH express increased expression of IL-10 and show an ability to directly activate HSCs ex vivo (47). Although the existing evidence is consistent with the notion that total CD8 T cells are pathogenic in the development of NASH, the use of single-cell genomics reveals functionally distinct subsets of CD8 T cells. In healthy human livers, the majority of CD8 T cells are conventional αβ TCR+ T cells with enriched expression of CD69 and a tissue-resident memory phenotype (42). During established NASH, a subset of CXCR6+ CD8 T cells accumulate in the liver of patients and mice where they show features of short-lived tissue-resident effector cells. Functionally, CXCR6+ CD8 T cells express granzyme, TNFα, IFNγ, and programmed cell death protein 1 (PD-1), suggesting an activated exhausted phenotype during NASH. In a sequential process triggered by IL-15, metabolic signals, such as acetate and extracellular ATP activate CXCR6+ CD8 T cells that promote non-specific killing of hepatocytes and instigates disease progression (45). Importantly, the progressive accumulation of exhausted PD-1+ CD8 T cells during NASH is not limited to causing tissue damage but can lead to impaired immune surveillance and the development of NASH-driven HCC (48). Despite the growing evidence supporting a pathogenic role for CD8 T cells in NASH through their production of cytokines and auto-aggressive ability, a protective role for CD8 T cell-derived perforin in preventing hepatic inflammation in NASH has been proposed in mice (53). In addition, recent evidence suggests that CD8 T cells are required for the resolution of inflammation and fibrosis in a mouse model of NASH resolution driven by a switch from a NASH-inducing to a normal chow diet that fully reverses the disease (54). During the resolution phase in this model, CD8 T cells show a tissue-resident memory phenotype and can inhibit liver inflammation and fibrosis upon transfer into NASH mice (54). Overall, evidence from human and mouse studies suggests that CD8 T cells instigate NASH progression through secretion of proinflammatory molecules and non-specific killing of hepatocytes. However, CD8 T cells may use specific effector functions, such as perforin, to limit inflammation during NASH. Intriguingly, tissue-resident CD8 T cells are required for the resolution of murine NASH suggesting a potential dichotomous role during disease progression and resolution.




CD4 T Cells

The balance between the functions of Th effector and Treg CD4 T cell subsets plays an important role in maintaining tissue homeostasis. While Th cells can instigate immune responses against pathogens, allergens, and tumors, Tregs promote immune tolerance and facilitate tissue repair and wound healing. Indeed, loss of the balance between T cell effector and regulatory functions can lead to autoimmune and inflammatory disease. CD4 T cell subsets can be identified by the expression of subset-specific transcription factors (T-bet for Th1; GATA3 for Th2; RORγt for Th17; FOXP3 for Tregs) (36). T cell lineage-defining transcription factors, cytokine signaling, and metabolic and epigenetic cues orchestrate the development and function of CD4 T cells. Furthermore, CD4 T cell subsets exhibit some degree of heterogeneity and plasticity between phenotypes (55). Classical Th and Treg cell subsets are characterized by the secretion of specific cytokines that can influence immune and non-immune cells (36). Th1 cells mainly secrete IFNγ, IL-2, TNFα, and lymphotoxin-α and are involved in eliminating intracellular pathogens and tumor cells (56). Th1 differentiation is mainly driven by IL-12 and IFNγ produced by DCs (56). Th2 cells orchestrate protective type 2 immune responses against helminth parasites through the secretion of IL-4, IL-5, and IL-13, which are also involved in asthma and allergic disease (56). Immune cell-derived IL-4 and epithelial-derived IL-25 and IL-33 regulate Th2 cell development (56). Th17 cells produce IL-17A, IL-17F, and IL-21, and their development is governed by IL-6, TGF-β, IL-1β, and IL-23 (57). Although Th17 cells show protective functions against bacteria and fungi infections, excessive release of Th17 cytokines has been implicated in chronic inflammation (58). Tregs express FOXP3 and CD25 (IL-2 receptor alpha) and can be classified into natural Tregs, that derive from the thymus via TCR-mediated recognition of self-antigens, and Tregs induced in the periphery in the presence of IL-2 and TGF-β (59). Treg instability, plasticity, or transdifferentiation have been reported to regulate tissue homeostasis and mediate intestinal inflammation (60–62). Overall, a precise understanding of the molecular mechanisms that regulate the differentiation and effector or regulatory functions of CD4 T cells will have implications in the treatment of infections and immune-mediated diseases.


Role of CD4 T Cells in NASH

Dysregulation of CD4 T cell function is emerging as a factor involved in NAFLD and NASH progression. Profiling of peripheral and intrahepatic leukocytes has revealed an increase in the accumulation of inflammatory Th1 and Th17 cells during NASH in humans and mouse models of disease (27, 63, 64). To better understand human-relevant T cell responses during NASH progression, intrahepatic T cells were characterized in a humanized mouse model in which irradiated NOD-scid IL2rgnull mice were engrafted with human immune cells and fed a high-fat, high-carbohydrate (HFHC) diet (64). These humanized mice displayed a progressive increase in the frequency of human peripheral central memory and effector memory CD4 T cells during HFHC diet feeding. More importantly, antibody-mediated depletion of total CD4 T cells reduced the amounts of hepatic inflammatory cytokines, NAFLD activity score, and fibrosis in these humanized NASH mice, suggesting that disease development is a CD4 T cell-dependent process (64). Supporting a potential role for CD4 T cells in promoting NASH through the release of proinflammatory cytokines, whole-body IFNγ deficiency attenuates disease progression in mice fed an MCD-high-fat diet including a reduced activation and infiltration of intrahepatic macrophages (65). In agreement, a higher frequency of CD4 T cells expressing IFNγ and IL-4 has been reported in the peripheral blood of patients with NASH compared with healthy individuals (63). Although the mechanisms responsible for the expansion of CD4 T cells in NASH are unclear, recent evidence suggests that their recruitment into the liver through an integrin-ligand interaction is an important step in NASH progression. CD4 T cell recruitment into inflamed tissues involves the interaction between the T cell integrin α4β7 and its ligand, the mucosal addressin cell adhesion molecule 1 (MAdCAM-1) expressed on the liver endothelium and colonic mucosa (66). Mice with NASH, induced by genetic deletion of the junctional adhesion molecule A, show an increased number of peripheral, intestinal, and intrahepatic CD4 T cells expressing the integrin α4β7 (67). Importantly, blockade of α4β7 or MAdCAM-1 reduces the recruitment of CD4 T cells into the intestine and NASH liver and attenuates hepatic inflammation and fibrosis (67). Thus, these data emphasize the role of intestinal barrier disruption in CD4 T cell-mediated NASH pathogenesis through α4β7-MAdCAM−1 interaction. Despite the evidence showing that the accumulation of Th1 and Th17 cells promotes NASH, other studies suggest that dysregulation of lipid metabolism during NAFL and NASH causes a selective loss of CD4 T cells that leads to impaired anti-tumor surveillance in mouse models and human samples (68, 69). Future research is needed to clarify the factors that trigger the accumulation of proinflammatory Th1 cells and promote NASH progression and reconcile them with the data showing a loss of CD4 T cells during disease.

An increased Th17 cell accumulation has been observed in the liver of patients with NASH, relative to those with NAFL, suggesting that intrahepatic Th17 cells or IL-17 may not only promote disease progression but also help discriminate between NAFL and NASH (63). Indeed, inhibition of IL-17 and its receptor protected mice against NASH induced by a high-fat or MCD diet (70–72). Despite the important function of Tregs in preventing the excessive activation of pathogenic immune cells, very few studies have focused on the specific role of Tregs during NASH progression. A lower frequency of resting Tregs and a higher percentage of IFNγ- and IL-4-expressing Tregs were observed in the peripheral blood of patients with NAFL and NASH (63). Similarly, the liver of patients with NASH displayed a trend towards a lower frequency of resting Tregs and an upward trend in activated Tregs compared to NAFL patients (63). Mice with NASH induced by feeding a high-fat diet and challenged with endotoxin showed a depletion of Tregs in the liver while their adoptive transfer attenuated liver injury and inflammation, suggesting a direct role for Tregs in preventing disease progression (73). However, a recent report showed that Tregs increase in the liver during NASH, and that their depletion inhibits the progression from NASH to HCC in a mouse model of choline-deficient, high-fat diet feeding and diethylnitrosamine injection (74). These conflicting findings regarding the role of Tregs in NASH could be explained by the different mouse models of disease used in these studies or the possibility that Tregs have opposite functions in early and late NASH with the subsequent carcinogenesis.

The mechanisms underlying the activation of CD4 T cells and subsequent effector functions in NASH are largely underexplored. However, the liver microenvironment and cellular metabolism may govern the acquisition of distinct phenotypes by CD4 T cell subsets. For example, the inflammatory and highly glycolytic CXCR3+ Th17 (ihTh17) cells have been recently implicated in obesity and NAFLD pathogenesis (75). In contrast to conventional Th17 cells, ihTh17 cells display increased chromatin accessibility as well as a transcriptomic profile indicative of enhanced glycolytic capacity, CXCR3 activation, and production of inflammatory IFNγ, TNFα, and IL-17A (75). As a result, glycolysis inhibition, ihTh17 cell-specific ablation of IFNγ, or modulation of CXCR3-CXCL9/10 axis conferred protection against hepatocellular damage and hepatic accumulation of ihTh17 cells in murine models of NASH (75). These findings highlight how the liver microenvironment and metabolism can dictate the function of Th17 cells during NAFLD pathogenesis. Additional studies are needed to identify the triggers of CD4 T cell activation and differentiation into Th1 and Th17 subsets that promote liver inflammation during NASH.




Innate-Like T Cells

Innate-like T lymphocytes are a diverse group of immune cells that share features of both innate and adaptive immune systems and do not fit into the traditional innate or adaptive classification. Hepatic innate-like T lymphocytes, such as natural killer T (NKT) cells, γδ T cells, and mucosal-associated invariant T cells (MAITs), have been implicated in the pathogenesis of NASH in humans and mice (76).


Natural Killer T Cells

Invariant natural killer T cells (iNKT) express a semi-variant TCR, which is composed of Vα14-Jα18 and Vβ2, Vβ7, or Vβ8.2 in mice or Vα24-Jα18 coupled with Vβ11 in humans (77, 78). Unlike αβ T cells that recognize peptide antigens, iNKT cells exclusively recognize lipid antigens presented by CD1d molecules (77, 78), allowing their detection using a CD1d tetramer loaded with cognate lipid antigen (79, 80). iNKT cells are widely distributed throughout tissues but only represent a relatively small population (0.1% - 1%) of total immune cells (39). In the steady-state, iNKT cells are highly abundant in the liver, accounting for up to 30% of total intrahepatic lymphocytes in mice (39) and 3 - 5% of T cells in humans (81). Because of this property, iNKT cells are identified as innate-like T cells along with other specialized T cell subsets, such as MAIT cells (82). The majority (75 - 80%) of iNKT cells in the liver express the chemokine receptor CXCR6, which is required for their local enrichment and retention (83). Intravital fluorescence microscopy imaging of CXCR6-reporter mice has shown that iNKT cells are motile and actively patrol liver sinusoids, suggesting that iNKT participate in the intravascular immune surveillance in the liver (83).


Role of Cytotoxic iNKT Cells in NASH

Several studies have reported that the number of hepatic iNKT cells decreases in steatotic livers in mouse models of NAFL (84–87). Such loss of iNKT cells has been attributed to increased apoptosis induced by IL-12 derived from Kupffer cells (88) and enhanced Tim-3/Gal-9 signaling (89). Supporting a direct role of iNKT cells in NAFLD, mice lacking iNKT cells show higher susceptibility to developing fatty liver, enhanced weight gain, and insulin resistance following high-fat diet feeding, while adoptive transfer or activation of iNKT cells with a cognate lipid antigen (αGalCer) reverses this phenotype (84). The protective role of iNKT cells against fatty liver disease and metabolic disturbances seems to persist during the transition from fatty liver to NASH (90, 91). Nonetheless, conflicting data have suggested a pathogenic role for iNKT cells in mouse models of NASH. For instance, iNKT cells have been shown to promote fibrosis during NASH using CD1d-deficient mice fed an MCD diet (92). Similarly, in db/db mice or animals fed a choline-deficient L-amino acid–defined diet, iNKT cell deficiency ameliorates tissue inflammation, hepatic steatosis, and fibrosis (87, 93). Moreover, a recent study using a choline-deficient, high-fat diet (CD-HFD) NASH mouse model showed that the number and frequency of iNKT cells did not change in NASH but Ja18- and CD1d-deficient mice that lack iNKT cells had more severe NASH comparable to wild-type controls (45). These contradictory findings can be attributed to the differences in mouse models used to promote NASH. In addition, iNKT subsets with diverse functions may have opposite roles in regulating disease progression. Despite being monospecific, iNKT cells are a heterogeneous population composed of multiple functionally distinct subsets such as NKT1, NKT2, NKT17, NKTFH, and NKT10, defined by the expression of key transcription factors and cytokine production (77, 78). Although most iNKT cells in the mouse liver are NKT1 cells that express T-bet and can secrete IFNγ following activation (39, 94), iNKT subsets can be prone to polarization and are plastic in adopting cell fates based on the environmental cues (95).




Gamma Delta (γδ) T Cells

The ‘unconventional’ γδ T cells are T cells that express a distinct heterodimeric TCR composed of an γ chain and δ chain and are considered part of the innate immune system due to their innate-like characteristics. Unlike conventional αβ T cells, γδ T cells recognize a broad range of antigens without the presence of MHC molecules and thus can be activated without the help of antigen-presenting cells. Upon antigen recognition, γδ T-cell functional responses include cytotoxic activity on target cells, production of IL−17 and IFNγ, as well as activation of other immune cells, leading to pathogen clearance, tissue inflammation or homeostasis (96). Intrahepatic γδ T cells are estimated to represent 3–5% of murine and 8-15% of human lymphocytes in the liver, which is a several-fold higher frequency than in other tissues (97). In mice, the microbiota appears to control the number of hepatic-resident γδ T cells and their homeostasis in a lipid antigen-CD1d-dependent manner (98). Intrahepatic γδ T cells, similar to adipose tissue γδ T cells (99), are a significant source of proinflammatory cytokine IL-17, which can be rapidly secreted upon stimulation (98).


Role of Hepatic γδ T Cells in NASH

The number of intrahepatic γδ T cells and IL-17-producing γδ T cells are substantially increased after high-fat diet feeding in mice (52, 98). Despite no changes in obesity, TCR δ knockout (Tcrd-/-) mice that lack γδ T cells display reduced liver injury and lobular inflammation following high-fat or HFHC diet feeding, suggesting that γδ T cells promote NASH (98). IL-17 secretion by γδ T cells has been proposed to be the instigating factor as Tcrd-/- mice reconstituted with hepatic Il17a-deficient γδ T cells show ameliorated NASH, compared with those receiving WT γδ T cells (98). Similarly, Tcrd-/- mice fed an MCD diet displayed attenuated liver steatosis, injury, and hepatic leukocyte infiltration, including a decreased influx of inflammatory monocytes (100). In this model, however, the pathogenic role of γδ T cells was independent of IL-17, likely reflecting the disparities in disease pathogenesis induced by the different NASH-inducing diets. An outstanding question is whether γδ T cells influence the development of fibrosis. Nevertheless, the available data support the notion that intrahepatic γδ T cells contribute to the pathogenesis of NASH.




Mucosal-Associated Invariant T Cells

MAIT cells are a unique T cell subset with innate-like features. MAIT cells express high levels of CD161 and an evolutionarily conserved semi-invariant TCR repertoire that recognizes microbial-derived non-peptide antigens presented by the MHC class-1 like molecule MR1. When activated by microbial antigens or cytokines, MAIT cells rapidly secrete proinflammatory factors, such as TNFα, IFNγ, and IL-17, or exert cytotoxic activity on target cells (101). In humans, MAIT cells are enriched in the liver, compared with peripheral blood, and reside in the portal tracts close to bile ducts (102). Interestingly, MAIT cells are substantially less abundant in mice than in humans in several tissues including the liver (97).


Role of Hepatic MAIT Cells in NASH

The frequency of circulating MAIT cells is decreased in several chronic inflammatory liver diseases including NAFLD (102–104). In patients with NASH, MAIT cells show an activated phenotype with increased cytotoxic activity but a decreased expression of TNFα and IFNγ (101, 103). In the liver of patients with NAFLD, the number of MAIT cells was found to be increased and correlated with the disease activity score (103). The role of MAIT cells in NASH has been investigated using mice deficient in the MHC-I-like molecule Mr1, which lack MAIT cells (103). Compared to wild-type controls, MCD-fed Mr1-deficient mice had increased liver injury, steatosis, and NAFLD activity score. Such aggravated NASH progression in Mr1-deficient mice was accompanied by increased frequency of proinflammatory macrophages and decreased frequency of alternatively activated macrophages. In vitro co-culture experiments showed that activated MAIT cells could directly promote monocyte/macrophage polarization towards the alternatively activated phenotype (103). Overall, this study suggests that MAIT cells prevent NASH progression through indirect effects on macrophage polarization. Notably, MAIT cells have been shown to promote proinflammatory responses and HSC activation with consequent liver fibrogenesis in chronic and autoimmune liver disease (104, 105). Future studies are needed to clarify whether MAIT cells may play a role in NASH-associated fibrogenesis.





T Cells in NASH-Associated Hepatocellular Carcinoma

HCC accounts for 70-80% of liver cancers and is the fourth-leading cause of cancer-related mortality worldwide (106). In recent years, there has been a substantial increase in HCC as a consequence of NASH, which is becoming one of the fastest-growing causes of HCC (107). Indeed, NASH-driven HCC accounts for 10 to 34% of the known etiologies of liver cancer (108). Although the pathophysiology of NASH-driven HCC is poorly understood, obesity and insulin resistance can promote chronic inflammation, dysregulation of lipid metabolism, and establishment of the carcinogenic microenvironment preceding HCC (109). Notably, NASH-driven HCC affects older individuals regardless of cirrhosis (5, 110). Over the past few years, a key role for adaptive immune cells in NASH-driven HCC development has emerged. Several reports have described increased recruitment of T cells in murine and human NASH-HCC and have revealed several mechanisms by which T cells regulate HCC development. As the role of immune cells in HCC has been recently reviewed elsewhere (111), here we focus on immune mechanisms that are specific to NASH as an underlying cause of HCC.

Activation of intrahepatic CD44- and CD69-expressing CD8 T cells has been reported to promote NASH and HCC through interactions with hepatocytes and by inducing liver damage in mice fed a CD-HFD (46). Under this feeding regimen, mice develop metabolic syndrome with liver steatosis, inflammation, fibrosis, and HCC. CD-HFD-fed Rag1-/- mice, which lack mature T and B cells, are completely protected against NASH and HCC development (46). Similarly, β2 microglubulin knockout (β2m-/-) mice that have a severe deficiency of CD8 T cells are protected from CD-HFD-induced liver damage and tumorigenesis, suggesting that CD8 T cells promote HCC (46). In a diet-induced NASH-HCC murine model, CD8 T cells not only lacked effective immune surveillance functions but also promoted HCC development (48). In humans, whole-exome sequencing of NASH-driven HCC liver shows an increased hepatic T cell accumulation and an enrichment of gene signatures associated with T lymphocytes (112). In this study, the cirrhotic NASH-driven HCC cases displayed common features of immune exhaustion, a state of dysfunction commonly associated with chronic T cell stimulation by tumor antigens (112). Mechanistically, it has been shown that inactivation of T cell protein tyrosine phosphatase (TCPTP) in hepatocytes can drive STAT-1 and STAT-3-dependent gene expression of T cell chemoattractants such as CXCL9 that promote T cell recruitment (113). However, the recruitment of T cells and subsequent NASH were not essential for the development of HCC during obesity. In contrast, inhibition of STAT-3 expression prevented HCC development but did ameliorate NASH and fibrosis (113). Despite the earlier evidence suggesting that they promote HCC, CD8 T cells were also shown to mediate immunosurveillance against NASH-HCC in high-fat diet-fed MUP-uPA mice that overexpress urokinase plasminogen activator in hepatocytes causing endoplasmic reticulum stress (114). In this study, IgA-producing cells were shown to interfere with the protective role of anti-tumor cytotoxic CD8 T cells leading to HCC. Notably, the ablation of CD8 T cells in IgA-deficient mice restored HCC development, suggesting that IgA-producing cells promote tumorigenesis directly through inhibition of CD8 T cells (114).

In a recent study, administration of anti-PD-1 immunotherapy to CD-HFD-fed mice increased the number of PD−1+ CD8 but not PD-1+ CD4 T cells, aggravated liver damage, and paradoxically augmented the incidence of liver cancer, independently of the degree of liver fibrosis (48). Consistently, the effects of PD-1 therapeutic blockade on liver cancer incidence were confirmed in a genetic model lacking PD-1 (48). Despite the large availability of cancer CD8 T cells upon therapeutic PD-1 or PD-L1-related immunotherapy, no signs of NASH-driven HCC regression were observed, demonstrating that PD-1+ CD8 T cell-mediated tissue damage leads to HCC development (48). Given that excessive hepatocyte apoptosis promotes HCC in NASH and CXCR6+ CD8 T cells cause non-specific hepatocyte killing (45, 115), CD8 T cells likely fueled the liver carcinogenesis in the CD-HFD model. Further investigation of NASH-derived CD8 T and PD-1+ CD8 T cells at single-cell transcriptomic level revealed that the latter expressed higher levels of markers of effector function (TNFα, IFNγ, granzyme), exhaustion (Eomes, PD-1, Ki67low), and liver residency (CXCR6, CD44) (48). Based on these findings, it has been postulated that anti-PD-1 immunotherapy leads to increased abundance specifically of liver resident PD-1+ CD8 T cells rather than extrahepatic T cell populations (48).

A loss of CD4 T cells but not CD8 T cells has been reported in the liver of NASH mice induced by the MCD diet and a choline-deficient L-amino acid-defined diet (69). Such loss of CD4 T cells was observed in both tumor-free and tumor-bearing environments, suggesting a tumor-independent regulation of intrahepatic T cells promoted by fatty liver. In turn, depletion of CD4 T cells in MCD diet-fed mice bearing MYC oncogene-driven HCC promotes hepatic carcinogenesis. Interestingly, CD4 T cells from MCD diet-fed mice were more susceptible to fatty acid accumulation, with a particular enrichment of linoleic acid uptake. In vitro, linoleic acid enhanced CD4 T cell, but not CD8 T cell, apoptosis due to incremented mitochondrial reactive oxygen species generation and activation of caspases (69). Together, these findings seem to indicate that hepatic T cell loss or exhaustion observed in this NASH model might compromise hepatic antitumor surveillance, thus increasing the susceptibility to NASH-induced transition to HCC development. Although hepatic CD4 T cells decline in NASH-HCC, the frequency of Th17 cells that support cancer development increase (114). Indeed, the up-regulation of the hepatic unconventional prefoldin RPB5 interactor (URI) by nutrient overload leads to DNA damage and NASH-HCC via the recruitment of Th17 cells and increased production of IL-17A (116). Importantly, blocking IL-17A signaling reduces liver injury and prevents HCC development (116). In contrast to CD8 T cells, depletion of CD4 T cells and anti-PD-1 immunotherapy failed to reduce the incidence of NAFLD-HCC (48). Interestingly, in mice that prophylactically received anti-PD-1 therapy along with CD-HFD, CD4 T cell immunodepletion reduced the tumor burden per liver and decreased the size of tumor nodules, suggesting CD4 T cell control tumor size. Furthermore, this study suggests that the depletion of CD4 T cells or regulatory T cells might contribute to tumor inhibition rather than development (48). The conflicting results regarding the role of CD4 T cells in experimental NASH-HCC models underscore the importance of the dietary interventions and emphasize the need for improved animal models of NASH-induced HCC that closely mimic human disease (117).

Taken together, these findings indicate that chronic liver inflammation sets the basis for the development of HCC. Recent studies suggest that anti-PD-1 treatment fails to restore exhausted PD-1+ CD8 T cells to execute anti-tumor surveillance and instead, anti-PD-1 promotes the expansion of this subset of CD8 T cells with enhanced HCC-inducing potential. As immunotherapy can reinvigorate antitumor immune responses to promote cancer regression, a careful stratification of HCC patients will be required to identify responders and non-responders in NASH-associated HCC



Therapeutic Opportunities for Targeting T Cells in NASH

Given the role of T cells in the pathogenesis of NASH, it is conceivable that T-cell–directed therapies can prevent disease development. The possible approaches may include the depletion of specific pathogenic T cell subsets, inhibition of T cell recruitment into the liver, targeting of T cell-mediated cytotoxicity and proinflammatory factors, inhibition of T cell survival and proliferation, modulation of TCR signaling, and immunization. Several potential approaches have been tested in preclinical settings, including the inhibition of pathogenic CD4 T cell recruitment using a neutralizing monoclonal antibody against α4β7 that was successful at preventing binding of α4β7-bearing CD4 T cells to MAdCAM-1 in the liver and intestine and resulted in attenuated liver inflammation and fibrosis (67). Indeed, the anti-​α4β7 monoclonal antibody vedolizumab is approved for the treatment of inflammatory bowel disease, while an anti-MAdCAM-1 antibody is in clinical trials for the same indication. To target T cell pathogenic function, an improved understanding of the mechanisms instigating the pathogenic cytotoxic activity and effector functions is needed. Considering the evidence implicating the IL-17 axis in NAFLD and NASH, pharmacological inhibition of IL-17 signaling could be such a strategy as shown in a pre-clinical mouse model of alcohol-induced liver injury (118). In addition, targeting T cell metabolic programs may represent a therapeutic strategy to dampen their inflammatory function during NASH. For example, CD8 T cell auto-aggression toward hepatocytes is promoted by extracellular ATP, which can be prevented by using inhibitors of purinergic receptors or pannexin 1 (the ATP release channel) (45). Indeed, antagonists of purinergic receptors have been developed for clinical use and are currently being tested as a treatment for a variety of immune-mediated diseases (119). As NASH is characterized by the accumulation of exhausted CD8 T cells in the liver, reactivating exhausted CD8 T cells through manipulation of cellular metabolism such as restoring glycolytic pathways (120), holds the potential to reduce their inflammatory function and enhance their anti-tumor activity in NASH-driven HCC. Furthermore, clarification of the role of Tregs in NASH and HCC is needed as targeting Tregs to improve cancer immunotherapy and to treat autoimmune disease is being intensively evaluated (121). Finally, it is important to recognize that although T cell targeting therapies might ameliorate NASH progression, unwanted side effects may involve immunosuppression and toxicity. Therefore, targeting T cells will need to be carefully designed to specifically target pathogenic processes without interfering with T cell homeostatic functions.



Concluding Remarks and Future Directions

NAFLD is a heterogeneous liver disease with a spectrum ranging from simple lipid accumulation to inflammation, liver injury, fibrosis, and HCC. Activation of the adaptive immune system during NASH is emerging as a key event in the pathogenesis of the disease. Substantial evidence, especially from preclinical research, indicates that several T cell subsets play a pathogenic role in NASH evolution (Figure 4). Cytotoxic CD8 T cells seem to promote liver injury and hepatocyte death in NASH, leading to NASH-related HCC. Recent work has revealed that the NASH liver accumulates a higher number of activated PD-1-expressing CD8 T cells that further expand following anti-PD1 treatment but fail to prevent HCC (48). Future work is needed to clarify how NASH increases the risk of HCC following anti-PD-1/PDL-1 therapy and the mechanisms by which activated CXCR6+ CD8 T cells promote carcinogenesis. CD4 T helper subsets, such as Th1 and Th17 cells, likely contribute to NASH pathogenesis through the secretion of effector cytokines. More studies are required to better understand the role of Tregs and innate-like T cells in the progression of NASH. There is also a substantial number of seemingly contradictory or variable results regarding the role of specific T cell subtypes. Several factors may contribute to these disparate findings, including differences in animal models used and heterogeneity of immune cell types. NASH preclinical research employs a great variety of mouse models, which differ significantly in the mechanisms by which they drive the disease pathogenesis (122). Certain models such as the MCD diet cause severe fibrotic NASH phenotype in the absence of obesity, adipose tissue inflammation, and insulin resistance. In contrast, NASH models involving western diet feeding cause obesity, adipose tissue inflammation, and insulin resistance and, therefore, are expected to have distinct metabolic and immune perturbations. The use of animal models with high fidelity to human etiology and pathogenesis is key for obtaining relevant insights into human disease pathogenesis.




Figure 4 | Mechanisms by which T cells can promote NASH and HCC pathogenesis. Hepatic CD8 T cells in NASH secrete cytokines that promote hepatic stellate cell (HSC) activation and tissue inflammation. NASH-associated CD8 T cells can also cause non-specific (antigen-independent) cell death of hepatocytes. T helper cells, Th17 and Th1, and γδ T cells secrete effector cytokines during NASH, contributing to inflammatory tissue milieu. Loss of T cell protein tyrosine phosphatase (TCPTP) in hepatocytes leads to STAT-3-dependent secretion of CXCL9 and liver tumorigenesis. Programmed cell death protein 1 (PD-1)+ CD8 T cells, Tregs, and cytokine IL-17 promote HCC development, while CD4 T cells overall may decrease tumor burden and control tumor size. (Created with BioRender.com).



Although identifying the factors that trigger inflammation in the transition from NAFL to NASH is a primary goal of the field (123), limited research has been conducted to determine the intrinsic and extrinsic mechanisms of T cell activation. So far, activation of CD8 T cells during NAFL and NASH has been attributed to type I interferons (52), IL-15, and metabolic signals such as acetate and extracellular ATP (45). In Th17 cells, modulation of cell-intrinsic glycolysis has been shown to decrease their inflammatory function during NAFLD (75), highlighting the need to determine how cellular metabolism in T cell development, activation, differentiation, and function during NASH. Additional studies are also needed to clarify if T cell activation in the liver during NASH is antigen-dependent and the identity of the antigenic stimuli. As changes in the microbiota can influence intestinal T cells through innate immune mechanisms (124), an interesting possibility is that antigens translocated from a gut into the liver due to increased intestinal permeability can directly stimulate T cell responses during NASH.

Current experimental approaches that target entire T cell subsets such as total CD4 and CD8 depletions do not take into consideration the heterogeneity of these cells. The use of single-cell technologies such as scRNA-seq and mass cytometry offers greater insight into the role of specific T cell populations that will help target NASH-associated pathogenic cells with more specificity. Future studies are also expected to determine whether T cells interact with other liver immune cells such as B cells and macrophages, as well as non-immune cells including hepatocytes and HSCs. For example, the pro-fibrotic or anti-fibrotic roles and potential mechanisms of HSC activation by the different T cell subsets in NASH are poorly understood. As there are important differences between the murine and human immune systems, future studies should account for these variations to help translate preclinical data to the treatment of human disease. Finally, a better understanding of the role of newly discovered T cell subsets and phenotypes, their effector functions, and mechanisms of activation can be exploited for designing future targeted therapies for NASH without compromising the efficacy of T cell homeostatic functions.
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