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Innate-like T lymphocytes in
chronic liver disease

Maria Papanastasatou and Mihalis Verykokakis*

Biomedical Sciences Research Center Alexander Fleming, Institute for Fundamental Biomedical
Research, Vari, Greece

In addition to its metabolic activities, it is now clear that the liver hosts a number
of diverse immune cell types that control tissue homeostasis. Foremost among
these are innate-like T lymphocytes, including natural killer T (NKT) and mucosal-
associated innate T (MAIT) cells, which are a population of specialized T cells with
innate characteristics that express semi-invariant T cell receptors with non-
peptide antigen specificity. As primary liver residents, innate-like T cells have
been associated with immune tolerance in the liver, but also with a number of
hepatic diseases. Here, we focus on the biology of NKT and MAIT cells and how
they operate during the course of chronic inflammatory diseases that eventually
lead to hepatocellular carcinoma.
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1 Introduction

Traditionally, the liver is considered as the central metabolic organ of the body that
performs numerous functions, including carbohydrate metabolism, nutrient uptake and
storage, biosynthesis of various biochemical compounds, lipid metabolism, and
detoxification (1). In healthy individuals, the liver is constantly exposed to several gut-
derived foreign microbial and dietary antigens, which may be recognized by receptors
expressed on hepatic cells, thus initiating a pro-inflammatory response. However, this type
of response during homeostasis, if uncontrolled, would be devastating for the organism,
because it would eventually lead to liver injury and related pathologies (2). The liver has
developed a distinct immunological environment that enables constant screening of foreign
products without generating an excessive immune response. These tolerogenic properties
of the liver are tightly regulated by a complex network of liver-resident immune cells.
Failure to resolve inflammation is linked with the development of liver damage,
characterized initially by steatosis and hepatic fibrosis, which may progress to cirrhosis
and eventually to hepatocellular carcinoma (HCC) (3). Therefore, in addition to its major
metabolic functions, the adult liver exhibits essential immunological features, including
induction of immune tolerance, immuno-surveillance and innate and adaptive immune
cell residency.

The adult liver is populated by several cells with innate and adaptive immune
properties (4). Innate immune cells are of myeloid lineage that develop in the bone
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marrow, before migrating to the liver. These cells include Kuppfer
cells, granulocytes, and neutrophils, which express germline-
encoded receptors and respond quickly after microbial infection,
thus controlling the early phase of an immune response. Adaptive
immune cells are of lymphoid lineage and include B and T cells,
which derive from the bone marrow and the thymus, respectively.
These cells express a diverse repertoire of rearranged receptors that
recognize foreign antigens with great specificity, although, due to
clonal expansion, the adaptive immune response peaks several days
after pathogenic insult. Despite the developmental and functional
distinctions between innate and adaptive immune cells, there are
cells that cross these traditional boundaries (5). Innate lymphoid
cells (ILCs), including natural killer (NK) cells, develop from
common lymphoid progenitors, however they exist in a primed
state and recognize pathogens through germline encoded receptors.
In addition, innate-like T cells, including NKT, Mucosal-Associated
Innate T (MAIT) and yd T cells, are characterized by constitutive
expression of NK and activated T cell markers, and are
programmed to produce large amounts of cytokines quickly after
antigenic encounter. In this review, we focus on how innate-like T
cells function in inflammatory liver diseases.

2 Innate properties of
innate-like T cells

Our knowledge on the biology of innate-like T cells derives
mainly from Type I or invariant NKT (iNKT) cells, which have been
studied extensively in the past 30 years (6). Similar to conventional
T cells, iNKT cells develop in the thymus from common T
lymphocyte progenitors in a process that is dependent on antigen
receptor rearrangements and production of a functional T cell
receptor (TCR) (7, 8). However, their TCR is rather oligoclonal
and is activated by a range of lipid antigens, presented by the non-
classical major histocompatibility complex I (MHCI)-like molecule
CD1D, which is expressed in antigen-presenting cells, such as
Kuppfer cells, dendritic cells, and hepatocytes (9). In addition to
TCR expression, iNKT cells constitutively express several cytokine
receptors and Toll-like receptors at the steady state; as a
consequence, they have the potential to respond to danger signals
and/or cytokines produced by other cell types during liver damage,
even in the absence of TCR-CD1D-antigen interactions (10). iNKT
cells respond within hours after stimulation with the production of
a broad array of cytokines, including interleukin (IL)-4, IL-17, IL-
10, and interferon gamma (IFNY) (11), which in turn may stimulate
T and B cells or recruit neutrophils, monocytes, and myeloid cells in
the site of damage. Therefore, iNKT cells orchestrate the immune
response by bridging the functions of innate and adaptive
immune cells.

In addition, another population of CD1D-dependent NKT cells
with more diverse TCR usage, including non-canonical Vo3.2Jo9/
Vb8 and Va8/VP8 rearrangements has been described, albeit in
much less detail (12). These Type II or diverse NKTs (dNKT)
preferentially recognize sulfatide; sulfatide versus glycolipid
recognition is a critical distinguishing feature between these NKT
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subsets, and CD1D tetramers loaded with the protypical iNKT
ligand oGalactosylCeramide (0iGalCer) or aGalCer analogs (i.e
PBS57) are used to specifically detect iNKT cells (13, 14). Despite
their similarities, Type I and Type II NKT cells have distinct
functions and, in some cases, they suppress each other during an
immune response (15). Unfortunately, due to the lack of reagents
that specifically detect dNKT cells, studies regarding the functions
of this cell type have been limited.

The hybrid nature of iNKT cells is also reflected in their core
transcriptional program, which resembles both that of the adaptive
and innate immune cells (16). Interestingly, this innate-like
program is established during their distinct thymic development,
prior to foreign antigen encounter. iNKT cells arise from
CD4"CD8" (double positive, DP) precursors expressing the
characteristic iNKT TCRo (Vo14-Joel8 in mice, Vo24-Jol8 in
humans), after random genomic rearrangement of the Tcra locus,
which pairs with a limited number of VB chains (7). Positive iNKT
TCR selection is mediated by homotypic DP-DP interactions,
through TCR and SLAM receptor signaling (17). This unique
positive selection pathway leads to the induction of PLZF
expression, a transcription factor of the BTB-POZ family, which
is both required and sufficient to establish their innate properties to
iNKT cells (18, 19).

Concomitant with their development, committed iNKT cell
precursors undergo massive proliferative expansion and
differentiate intrathymically in three distinct subsets, defined
according to the expression of the T helper (Th) signature
transcription factors TBET, GATA3, and RORyt (20). Consistent
with their Thl-associated properties, NKT1 cells express and are
dependent on TBET; Th2-like NKT2 cells express high levels of
GATA3 while Th17-like NKT17 cells are RORyt". Notably, the
polarization of the iNKT effector subsets is not as absolute as that of
the conventional CD4 T cells, since iNKT cells have the unique
ability to produce both Thl and Th2-associated cytokines at the
single cell level.

Similar to iNKT cells, MAIT cells are characterized by a poised
effector state, which is pre-programmed during their step-wise
thymic development (21). MAIT cells express a semi-invariant
TCR, consisting of a canonical Va19-Jo33 chain in mice paired
with a limited number of VP chains, which is positively selected
through DP-DP interactions (22, 23). MAIT cells rely on the
expression of PLZF for their thymic maturation and acquisition
of their innate-like properties (24). In addition, they are enriched in
mucosal sites, particularly in the gut and the liver, although they are
also found in tissues where conventional T cell are present.
However, MAIT cells have significant differences compared to
iNKT cells. Foremost, they recognize microbial vitamin B
metabolites presented in the context of the highly conserved non-
polymorphic MHCI-like molecule MR1 (25, 26). While they exist in
very low numbers in mice, MAIT cells outnumber iNKT cells in
humans, where they may consist up to 50% of T cells in the liver and
10% in the blood. Functionally, the majority of MAIT cells
expresses RORyt and IL-17 (MAIT17), whereas only few MAIT
cells are TBET" expressing IFNy (MAIT1); MAIT2 cells are very
rare, if any in mice (21, 24). Recently, specific MR1-tetramers
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loaded with 5-OP-RU have been developed and revolutionized the
study of MAIT cells (27).

3 Innate-like T cells in liver diseases

Both iNKT and MAIT cells are enriched in the murine and
human liver compared to other anatomical locations. Given that
both these cell types sense dietary antigens and/or changes in
endogenous metabolic products, through their TCR, it is not
surprising that they regulate, either in a protective or harmful
manner, multiple functions in the liver, including, hepatic injury,
inflammation, fibrogenesis and tumorigenesis (28) associated with
chronic inflammation related to viral infection or metabolic
disorders. In this review, we attempt to delineate the complex
functions of innate-like T cells in liver inflammation, fibrosis
and cancer.

3.1 Hepatitis B virus and hepatitis C virus

Hepatitis B and hepatitis C viruses are the most common causes
for chronic viral hepatitis. HBV is a member of the Hepadnaviridae
family with a small DNA molecule and features similar to
retroviruses (29). While more than 2 million people are infected
with HBV wordwide (30), HBV infection may go undetected or with
mild illness, which resolves within a few weeks, for most patients.
However, in other people HBV may cause lifelong complications and
approximately 15-40% of untreated chronic HBV patients progress
to liver cirrhosis and may develop liver cancer (31). Importantly,
development of prophylactic vaccines for all ages against HBV have
helped to build immunity and reduce the incidence of hepatitis B
globally. Diagnosis of chronic HBV is based on histological and
biochemical features, measurement of HBs Ag and expression level of
HBV DNA. The treatment of chronic HBV infection must limit HBV
replication and liver inflammation, and prevent development of
cirrhosis and liver cancer. The most commonly used therapy
against chronic HBV is treatment with pegylated IFNo. (32). HCV
is an RNA virus (33) that belongs to the Flaviviridae family and
infects more than 71 million people in the West with high mortality
due to the ensuing cirrhosis and liver cancer (34). Detection of HCV
antibodies and measurement of HCV RNA are common methods to
diagnose HCV infection (35). The most effective therapy for chronic
HCV patients is application of IFN-free regiments according to stage
therapy (35), while direct-acting antivirals are used in late-stage
chronic HCV patients (36). Both HBV and HCV trigger strong
innate and adaptive immune responses accompanied by robust IFN
response, mediated in part by activation of liver resident NKT and
MAIT cells. However, activation of, at least, iNKT cells has been
linked to liver damage, while it is currently unclear whether iNKT
and MAIT cells directly recognize HBV and HCV ligands, either
through their TCRs or Toll-like receptors. Therefore, how innate-like
T cells collectively contribute to viral clearance in the liver is still

under intense investigation.
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3.1.1 MAIT cells in chronic HBV and HCV

The frequency and number of MAIT cells is significantly
decreased in the peripheral blood and the liver of patients with
chronic hepatitis B (37-42) and is associated with middle/late stages
of the disease compared to early stages. Notably, the decrease in
circulating MAIT cells indicates poor prognosis for patients with
chronic HBV (40). Peripheral MAIT cells express higher levels of
the activation markers CD69 (37), CD38 (37-39, 42), HLA-DR (37,
38) than intrahepatic MAIT cells (37) indicating that circulating
MAIT cells are more activated than MAIT cells in the liver. In
addition, blood and liver MAIT cells from patients express high
levels of PD1, compared to healthy individuals (39, 42), which is
directly associated with increased plasma levels of HBV-DNA (39),
indicating that PD1"MAIT cells are dysfunctional in patients with
chronic HBV infection. Consistent with that, MAIT cells from
chronically HBV infected patients produce lower amounts of IFNy,
TNFa, granzyme B, and perforin after ex vivo stimulation,
compared to healthy controls (37-39, 41). Importantly, the
frequency and the number of MAIT cells is restored after anti-
viral therapy in patients that survived compared to those that
succumbed to disease (40) (Figure 1). Consistent with these
findings, MAIT cells exhibit strong and direct cytotoxicity against
HBV-infected hepatocytes (41), rendering them potential targets in
anti-viral therapeutic strategies.

Similar to chronic HBV infection, the frequency and the
number of circulating and intrahepatic MAIT cells is reduced in
patients with chronic HCV infection (43-49), although MAIT cells
are enriched in the liver compared to the blood of chronic HCV
patients (46). This reduction in MAIT cell number is independent
of the disease stage (44). Peripheral MAIT cells are characterized by
an exhausted phenotype, as shown by the increased expression of
exhaustion markers PD1, CTLA4 and TIM3 (44, 45) and the
chronic activation marker CD38 (45, 48). In addition, MAIT cells
produced reduced levels of IFNYy, TNFa, and IL17 after E. coli
stimulation, although production of these cytokines was normal
after IL12/IL18 stimulation (44, 46), indicating impaired TCR-
dependent MAIT cell responses. The frequency of circulating
CD57" (senescence marker) MAIT cells is increased, providing
additional evidence that MAIT cells are dysfunctional in chronic
HCV patients (45). Activation/exhaustion of intrahepatic MAIT
cells is mediated through liver monocyte-derived cytokines in
patients with chronic HCV infection (46). In addition, MAIT
cells are more cytotoxic (46) due to the increased production of
granzyme B (44). IFN-free therapy against chronic HCV infection
leads to clearance of the virus, although the frequency of MAIT cells
does not recover (44), but the number of CD8" T and NK cells is
increased (50). IFNo-based therapies increase the frequency and
activation of MAIT cells in the liver (43) leading to partial
resolution of liver inflammation (46). Taken together, these data
suggest that the frequency and number of MAIT cells is inversely
correlated with liver inflammation and fibrosis in chronic HCV
infection (Figure 2), while the function of the remaining MAIT cells
is impaired. It is, thus, possible that this exhausted phenotype
contributes to the chronicity of viral infection, although studies
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The role of MAIT and iNKT cells in chronic HBV infection. Intrahepatic iINKT cells highly express the exhaustion markers PD1 and TIM3 while
expression of the activated marker CD28 is decreased. Inhibition of PD1 and activation of the CD28/CD38 signaling pathway in liver iNKT cells leads
to inhibition of HBV replication. Inhibition of TIM3 expression in liver INKT cells leads to increased production of IFNy, which increases production of
type | interferons, IFNa and IFNB, leading to reduction of HBs Ag levels. Although the number of circulating MAIT cells is decreased, the remaining
cells express the activation markers CD69 and HLA-DR, and the chronic activation marker CD38, while production of IFNy, TNFo. and Granzyme B is
decreased. The number of liver MAIT cells is lower in chronic HBV, and they are characterized by increased expression of PD1. PD1*MAIT cells are
associated with an increase in HBV-DNA levels. Antiviral therapy increased the frequency of MAIT cells in the liver and contributed to viral clearance.
purple arrows, increase; yellow arrows, decrease; brown arrows, inhibition; blue arrows, promotion.

that examine the function of MAIT cells in acute viral hepatitis are
currently lacking.

3.1.2 iNKT cells in chronic HBV and HCV

iNKT cell number is significantly increased in the liver of HBV
transgenic mice with acute hepatitis. HBV-infected hepatocytes
presented lipid antigens to liver iNKT cells, through CD1D
presentation, thus leading to their activation and immediate
production of anti-viral IFNy (51). IFNY inhibited proliferation of
infected hepatocytes and enhanced innate and adaptive immune
responses, including the activity of cytolytic cells (51, 52).
Importantly, oGalCer-activated iNKT cells directly inhibited
HBV replication in the liver of HBV-transgenic mice (53),
eventually limiting HBV infection through various mechanisms.
Although iNKT cells contribute to the control of acute HBV
infection, their functionality and number are compromised in
patients and HBV transgenic mice with chronic HBV infection,
as indicated by PD1 upregulation and CD28 downregulation, and
their impaired ability to produce IFNy (54, 55). Inhibition of PD1
and activation of the CD28/CD80 pathway in iNKT cells inhibited
HBYV replication (54). iNKT cells expressed high levels of TIM3 in
HBYV transgenic mice and inhibition of TIM3 restored production
of IFNy and TNFa, resulting in a reduction of serum HBs Ag and
inhibition of HBV replication (56) (Figure 1).

Although the number of blood iNKT cells is reduced in patients
with chronic HBV-related cirrhosis, circulating iNKT cells are
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hyperactive during transition from chronic HBV to cirrhosis, as
shown by increased expression of CD25 and several cytokines (57).
This reduction in blood iNKT cell number was probably due to
iNKT migration to the liver, because proliferation or apoptosis
remained unaffected. Isolated peripheral iNKT cells from these
patients were able to activate an HSC cell line in vitro and
promoted proliferation of hepatocytes, indicating that in a
chronic HBV inflammatory background, iNKT cells may
eventually contribute to progression to liver cirrhosis (57,
58) (Figure 1).

The frequency of iNKT cells was significantly reduced in the
blood of HCV-seropositive patients (59, 60), while their frequency
increased in the liver (61), possibly indicating that iNKT cells
migrate from the periphery to the liver. Hepatic iNKT cells from
patients with chronic HCV infection produced high levels of IFNY,
while they did not produce Th2-related cytokines, such as IL4 or
IL13. Interestingly, iNKT cells from patients with HCV-related
cirrhosis showed a marked increase in the production of pro-
fibrotic IL4 and IL13, suggesting that iNKT cell effector functions
are modified during progression of chronic viral hepatitis to
cirrhosis. In addition, expression of CD1D is upregulated in
cirrhotic livers, which indicates that continuous lipid presentation
may induce a switch in cytokine production from iNKT cells during
the course of chronic viral hepatitis that contributes to the
development of hepatic cirrhosis (61). Nonetheless, in a
humanized mouse model of HCV infection, IFNa. treatment
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triggered production of IFNy by iNKT cells, which lead to inhibition
of HCV replication (62) (Figure 2).

3.2 NAFLD-NASH

Non-alcoholic fatty liver disease (NAFLD) is a heterogeneous
condition characterized by a build-up of extra fat in the liver, which
is not caused by alcohol consumption (63, 64). Histologically,
NAFLD is classified in two types: non-alcoholic fatty liver
(NAFL), characterized by simple hepatic steatosis and it is not
accompanied by hepatic inflammation, and non-alcoholic
steatohepatitis (NASH), which is more severe than NAFL and is
accompanied by hepatocyte damage and chronic inflammation that
may eventually lead to cirrhosis and hepatocellular carcinoma (65,
66). Although the background of steatosis increases the risk of
NASH development, NAFL does not necessarily transition to
NASH (67). People that develop NASH are usually overweight or
have been diagnosed with diabetes or obesity. While the exact
etiology of NASH is unclear, it is currently acknowledged that
multiple triggers, including, de novo lipogenesis, hepatocyte death
and the ensuing liver injury, and inflammation may contribute to
NASH onset, fibrosis, and NASH/HCC transition (68). However,
NASH may develop due to other causes, such as high cholesterol, fat
accumulation, and metabolic syndrome (69). Importantly, patients
with NASH may be asymptomatic for years before progressing to
fibrosis and cirrhosis, which challenges timely diagnosis and
treatment (70). Unfortunately, although limiting NAFLD and
identifying patients at risk to develop NASH/HCC are major
health challenges, currently there are no approved therapies
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against NASH (70), whereas reliable predictive biomarkers of
disease progression are also lacking. The undoubtful role of
inflammation in the pathogenetic processes of NAFLD indicates
that liver-resident immune cells that recognize dietary metabolites,
such as MAIT and iNKT cells, may modulate development and
progression of NAFLD (4).

Several mouse models and diets have been developed to
experimentally study NAFLD and NASH. The most commonly
used diet is methionine/choline-deficient diet (MCD diet) that
contains high sucrose and fat but lacks methionine and choline,
which are necessary for mitochondrial oxidation and low-density
lipoprotein synthesis. MCD leads to oxidative stress, liposynthesis
and eventually, to hepatic steatosis (71). Choline-deficient diet
(CDD), which is another dietary scheme used to study liver
disease, induces fat accumulation in the liver (72) without
affecting the adipose tissue (73) and it does not cause severe
steatohepatitis (73). In addition, another diet that is used to study
NAFLD is high-fat diet (HF). Mice fed with HF become obese and
develop hyperinsulinemia, hyperglycemia, hypertension, and liver
damage, a phenotype that is similar with the phenotype of NAFLD
patients (74, 75). Combination diets, such as CDD with HF (CD-
HED) are also popular, because the added fat helps to maintain
euglycemia and mitigate weight loss in mice (76). Finally, the high-
trans fatty acid and high-carbohydrate diet (HFHC) closely
recapitulates human NASH development following a similar
process to liver fibrosis (77).

Liver fibrosis may also be induced with the use of chemical
compounds, which act as hepatotoxic factors. Administration of
carbon tetrachloride (CCL,) through various routes (intraperitoneal,
inhalation, etc) is commonly used to promote hepatotoxicity.

HCV

$iFNg ————_ H
Replication

The role of MAIT and iNKT cells in chronic HCV infection. The number of circulating iNKT cells is lower compared to that of hepatic iINKTs in
chronic HBV, possibly indicating that peripheral iNKT cells migrate from the circulation to the liver and produce increased amounts of IFNy during
transition to cirrhosis. Liver iNKT cells show increased production of type | interferons, IFNa and IFN, through increased production of IFNy and,
thus, inhibit HCV replication in the acute phase of the disease. Circulating MAIT cells are decreased, and express the exhaustion markers PD1, CTLA4
and the chronic activation marker CD38. However, they produce lower amounts of IFNy, TNFo, and IL17. Liver MAIT cells are decreased, while the
remaining MAIT cells are activated and inhibit chronic HCV infection. Hepatic MAIT cells are activated by monocytes. purple arrows, increase; yellow
arrows, decrease; brown arrows, inhibition; blue arrows, promotion, Black arrow, progression of the disease.
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Cytochrome P450 superfamily members metabolize CCL, into the
active ingredient trichloromethyl radical (CCL;*) that impairs
multiple cellular processes due to its reaction with proteins, nucleic
acids, and lipids leading to fatty regeneration and steatosis (78). CCL,-
induced NAFLD is initially characterized by hepatic damage
including inflammation and fibrosis, which may develop to
cirrhosis and finally, HCC (adducts in DNA and causes
mutations) (78).

3.2.1 MAIT cells in NAFLD and NASH

MAIT cells recognize antigens presented by a molecule called
MRI, which is expressed in antigen presenting cells (APCs) (79).
The frequency of MAIT cells was increased in patients’ NAFLD
livers (80), whereas it was decreased in patients’ blood (80-82);
interestingly, patients with cirrhosis showed decreased MAIT cell
frequency in the liver (81), indicating that MAIT cell accumulation
in the liver may depend on the stage of the disease. Notably, in
cirrhotic livers, MAIT cells were relocated from the sinusoids to the
fibrotic septa, possibly indicating interactions of MAIT cells with
fibrogenic cells. Indeed, activated MAIT cells increased
proliferation of hepatic myofibroblasts, which accumulate in sites
of liver injury, in an MRI1-dependent way, while they also
stimulated secretion of pro-inflammatory cytokines by hepatic
fibrogenic cells and macrophages through TNFo (81). MAIT cells
from blood samples showed enhanced activation, according to the
expression of the activation markers CD69 and CD25, and
increased expression of the chemokine receptor CXCR6 (80, 81).
CXCR6 is involved in the recruitment of immune cells in the liver
(83) and the increased levels of CXCR6 in MAIT cells suggest that
circulating MAIT cells may migrate to the liver in patients
with NAFLD.

MAIT cells from the liver of mice with MCD-induced NAFLD
stimulated with Phorbol 12-myristate 13-acetate (PMA) and
ionomycin produced increased levels of anti-inflammatory
cytokines, such as IL4 and IL10, and lower levels of the pro-
inflammatory cytokines IFNy and TNFa (80, 84, 85), indicating a
switch to Th2 cytokine production. Mr1~'~ mice that lack MAIT
cells, developed NAFLD with more severe hepatic steatosis and
increased lipid accumulation (80), accompanied with increased
gene expression of pro-inflammatory cytokines, such as TNFa,
and increased number of M1 macrophages (80). However, Mrl /=
mice were protected from CCLy-induced liver fibrosis, although
liver damage was comparable to their WT counteparts (81). M1
macrophage polarization was enhanced by pro-inflammatory
cytokines (IFN7y, TNFa), while anti-inflammatory cytokines (IL4,
IL10) lead to differentiation of M2 macrophages (86). M2
macrophages are associated with reduced liver damage in mice
and humans with NAFLD (66) and M2 differentiation is reduced in
Mr1™~ mice (80, 84), while MAIT cells isolated from human
NAFLD patients promoted M2 polarization, probably through
IL4 production (80, 84). Taken together, these results indicate
that MAIT cells regulate the fate of macrophages and contribute
to the resolution of early inflammation during NAFLD
development, although they may promote liver fibrosis when
disease progresses to cirrhosis (Figure 3).
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3.2.2 iINKT cells in NAFLD and NASH

Similar to MAIT cells, an accumulation of iNKT cells in the
liver (87) and reduction of iNKT cells in patients’ blood (82, 88) has
been observed in patients with NAFLD. The frequency of hepatic
iNKT cells is positively correlated with steatosis severity (89).
Hepatic iNKT cells from NAFLD patients are in an activated
status, according to the increased expression of CD69 (87).
Isolation of human hepatic iNKT cells from patients with NAFLD
and stimulation with o-GalCer (89) in vitro showed increased
production of IFNy (87, 89) compared to healthy individuals.
Increased hepatic expression of CDI1d has been observed in
NAFLD patients (87, 88), indicating that presentation of lipid
antigens to iNKT cells may be enhanced, leading to increased
activation of iNKT cells.

Murine models of obesity and NAFLD using the leptin-deficient
mice ob/ob, showed that development and progression of NAFLD
was associated with a reduction in iNKT cell number (90). Adoptive
transfer of INKT cells in ob/ob mice led to decreased hepatic
steatosis and improved glucose tolerance (91). Administration of
choline-deficient diet (CDD) in mice, which contributes to NAFLD
development, promoted steatosis characterized by loss of iNKT cells
(84). In addition, in a high-fat (HF) diet murine model, mice
developed NAFLD and the frequency of iNKT cells decreased
specifically in the liver (85, 92), probably due to increased
apoptosis; however, the remaining iNKT cells showed increased
production of IFNy and TNFo (92). In the HF diet model, the
increased apoptosis of iNKT cells contributed to insulin resistance
and hepatic steatosis (92). A possible mechanism that leads to iINKT
cell apoptosis is through the Tim-3/Galectin-9 signaling pathway.
Tim-3 expression was significantly increased in iNKT cells, and the
upregulation of Tim-3 was correlated with progression of steatosis
(93). Interestingly, Tim-3" iNKT cells were more prone to apoptosis
compared to Tim-3" iNKT cells.

iNKT cell number was increased in the liver of mice with
NASH. iNKT cells expanded in mice fed with MCD diet (94),
characterized by an increased production of IFNYy, OPN, and IL15
(94, 95). Although the early phase of steatohepatitis is associated
with lower frequency of iNKT cells (84, 92), iNKT cell expansion
with concomitant up-regulation of IL15 indicates advanced NASH
(84, 94). In addition, in MCD-fed mice, progression of NASH was
associated with activation of the Hh pathway (96), which lead to the
production of Hh-regulated fibrogenic factors (OPN) and the
chemokine CXCL16 (iNKT cell chemoattractant) (97), resulting
in the recruitment and accumulation of iNKT cells in the liver (87,
88). Administration of MCD diet in CDId~~ mice that lack iNKT
cells, showed significant attenuation of fibrogenesis and iNKT cell
depletion rescued from fibrosis and NASH (88). In CD-HFD-fed
mice, the increased number of iNKT cells was associated with
enhanced uptake of fat by hepatocytes, activation of hepatic stellate
cells (HSC) and induced steatosis (98). Increased numbers and
activation of T cells (CD4", CD8") was observed in CD-HFD mice
with enhanced secretion of IL17 by CD4" T cells and TNFo. by
CDS8" T cells (98). ﬂ2m7/ ~ mice, which lack CD8" and NKT cells,
fed with CD-HFD showed no liver damage, fibrosis and NASH and
lower levels of cholesterol and triglyceride compared to CD-HFD-
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fed WT mice. Depletion of CD8" T cells using anti-CD8 rescued
from CD-HFD-induced liver damage with no change in cholesterol
levels (98), but iNKT cells were not affected and promoted fat
uptake from hepatocytes. light signaling in hepatocytes promotes
lipid uptake and Light”~ CD-HFD-fed mice showed reduced liver
damage. Interestingly, iNKT cells were decreased in Light”~ CD-
HFD-fed mice, while the number of CD8" T cells was not affected
(98) compared with CD-HFD-fed WT mice. Blocking LTBR
signaling in CD-HFD-fed WT mice did not rescue from liver
damage. The phenotype of CD-HFD-fed Light™™ mice was
associated with reduction of iNKT cell number. Therefore, iNKT
cells contribute to initiation of liver damage, interact with CD8" T
cells through light and encumber liver damage in CD-HFD mice.
CDI1d™’~ mice fed with HFHC were protected from NASH, did not
gain weight, had normal levels of ALT (liver damage marker),
fasting glucose, a-SMA (fibrosis marker) and lower or no steatosis
(99). Importantly, iNKT cells were enriched in patients with NASH
(88, 98,). Therefore, all this evidence supports that iNKT cells
promote initiation and progression of liver fibrosis (Figure 3).

3.3 Hepatocellular carcinoma

Liver cancer is a main leading cause of death in the West (100),
mainly due to the fact that there are no biomarkers that allow for
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early diagnosis of this disease (101). HCC is the most common type
of liver cancer, which accounts for ~80% of cases (102, 103). A
variety of immune cells are associated with HCC such as iNKT cells,
cytotoxic CD8 T cells, helper CD4 T cells, regulatory T cells (Treg),
myeloid-derived suppressor cells (MDSC), natural killer cells (NK),
and dendritic cells (DCs) (104). Interestingly, the ability of DCs to
become activated and present antigens to T cells is reduced in HCC,
due to impaired cytokine production and reduced HLA expression,
thus leading to weak T cell responses (105, 106). In addition,
MDSCs play an important role in the development of HCC, as
they suppress functions of immune cells (107) and promote
expansion of Tregs (108, 109). In HCC, Tregs suppress secretion
of IFNY by T cells, thus negatively affecting T cell proliferation (110)
as well as responses from NK cells (111). Additionally, CD8 T cells
have normal cytotoxic functions, but they are dysfunctional to a
large extent, while at the same time the number of CD4 T cells is
significantly reduced (111). However, the role of MAIT and iNKT
cells in HCC is not well understood.

3.3.1 MAIT cells in HCC

Studies using human blood and HCC samples showed that
MAIT cells were significantly decreased in HCC compared with
adjacent tissue (112, 113). Circulating MAIT cells from the blood
expressed higher levels of the exhaustion marker PD-1, suggesting a
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function of NK cells. However, HCC cells may suppress this anti-oncogenic function of iINKT cells through production of TGFf and long-chain
acylcarnitines, which are directly recognized by iNKT cells, thus leading to impaired secretion of IFNy and TNFo. Therefore, iINKT cells may promote
initiation of liver tumorigenesis through NAFLD and NASH development, while they may be able to fight established tumors. MAIT cells contribute to
the resolution of NAFLD through IL4 and IL10 production, which drive M2 polarization in macrophages. However, MAIT cell number is lower in HCC,
and these cells are dysfunctional, because they produce lower amounts of Granzyme B, Perforin, and IFNy. It is still unclear how iINKT and MAIT cells
interact with each other in the liver, during homeostasis or disease. All figures were created in BioRender.com. purple arrows, increase; yellow
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deficiency of MAIT cells in HCC patients (114). Normally, MAIT
cells produce Thl- and Thl7-related cytokines (112, 115, 116).
Stimulation of MAIT cells isolated from HCC samples and blood
with IL-2/IL-18 and PMA/ionomycin for 24 hours, showed an
increased production of IL-6 and decreased IFNY, indicating that
the function of MAIT cells is impaired (114). In addition,
stimulation of HCC MAIT cells with PMA/ionomycin for 5
hours, showed an increased production of IL-8 (117), a cytokine
that promotes tumor progression and angiogenesis. MAIT cells,
normally, are able to kill target cells (118), but in HCC, their ability
to produce granzyme B and perforin is decreased (117). Infiltration
of MAIT cells in HCC is reduced due to the lower expression of the
chemokine receptors, CXCR6, CCR6, and CCR9 (117). The reduced
presence of MAIT cells in the tumor microenvironment is, also,
associated with apoptosis. Single-cell analysis from HCC samples
revealed that MAIT cells express genes related to apoptotic
pathways (114). Therefore, the number of MAIT cells is reduced
and the remaining MAIT cells are dysfunctional in HCC (Figure 3).

3.3.2 iNKT cells in HCC

iNKT cell number is reduced in late stages of HCC (stages III,
IV) in tissue (119) and blood samples (120, 121) from HCC
patients. Expression of inhibitory receptors in iNKT cells, such as
TIM3, CTLA4, PDLL, is increased and PD1* iNKT cells produce
lower amounts of IFNy showing an exhausted phenotype and
impaired function (121, 122). This impaired function may happen
due to chronic TCR stimulus; Indeed, there is a recent study
showing that long-chain Acylcarnitines (LCACs) derived from
tumor cells can lead to impaired function of iNKT cells through
TCR signalling (122). Blocking the PD1/PDL1 pathway using anti-
PDI1 blockade improved production of cytokines (IFNYy, TNFar)
from iNKT cells after PMA/ionomycin stimulation (121). Patients
with increased presence of iNKT cells had a better overall survival
(OS) compared to those with lower numbers of iNKT cells (123,
124). Radiotherapy in patients with HCC, increased the number of
iNKT cells after 3 months and patients with increased iNKT cell
number achieved higher 2-year OS (125). Adoptive transfer of in
vitro expanded autologous iNKT cells in patients with HCC
reduced the expression level of the HCC marker a-fetoprotein; in
addition, both overall and progression-free survival increased in
four out of ten patients, while one patient survived without tumor
recurrence, indicating that therapy using iNKT cells is promising
and safe and may be combined with other therapies against
HCC (126).

In mouse cancer models, iNKT cells promote liver damage,
although the mechanisms related to HCC development are not clear
(127). Murine studies using an orthotopic HCC mouse model
showed that activation of iNKT cells with aGalCer suppressed
tumor development, while the NK cell cytotoxic activity increased
(128). In the transgenic L-type pyruvate kinase Lpk-myc" HCC
mouse model, depletion of iNKT cells using anti-NK1.1 accelerated
progression of liver tumors induced by B-catenin (129). Adoptive
transfer of ex vivo activated iNKT cells suppressed HCC
development in mice (130). In FkbpSf/ ~ mice treated with DEN,
progression of HCC was inhibited and T cells, including iNKT cells,
were significantly increased compared to WT (131). Hepatic iNKT,

Frontiers in Immunology

10.3389/fimmu.2023.1114605

NK, and T cells express CXCR6 (83, 132). Cxcr6 /~ mice, which are
characterized by a reduced number of hepatic iNKT cells, treated
short-term with CCL, or fed with MCD diet were protected from
fibrosis (83)., while adoptive transfer of iINKT cells but conventional
CD4" T cells enhanced fibrogenesis (83). However, Cxcr6”'~ mice
treated with DEN developed more tumors than WT mice, while the
number of iNKT cells and their ability to produce IFNy was
decreased (133). Adoptive transfer of CD4" T or iNKT cells in
Cxcr6”~ DEN mice reduced the number of senescent cells,
indicating that during HCC development, CD4" and iNKT cells
participate in the surveillance of senescent cells (133). Surveillance
of senescent cells is associated with increased amounts of IFNy and
TNFo produced by iNKT cells (134, 135). Treatment with aGalCer
reduced the number of senescent hepatocytes (133). Importantly,
HCC cells produced TGFP and suppressed the anti-oncogenic
functions of iNKT cells and T cells (136). In contrast, in CD-
HFD fed mice, iNKT cells contributed to NASH and HCC
development through production of Light and enhanced lipid
uptake from hepatocytes. Light™~ mice were protected from
NASH and HCC with no increase in ALT and cholesterol levels
and no change in the number and activation of CD8" and iNKT
cells (98). Importantly, CD-HFD causes severe steatosis and fibrosis
before HCC, whereas DEN-mediated HCC does not involve
fibrogenesis. Taken together, these results indicate that iNKT cells
contribute to HCC tumorigenesis through promotion of hepatic
fibrosis; however, iNKT cells may have anti-oncogenic functions in
established HCC tumors (Figure 3).

4 Conclusions

The liver is enriched in tissue-resident innate-like T cells,
including NKT and MAIT cells, thus suggesting that these
cellular types may be potentially important for the hepatic
immunity. Importantly, the distinct ability of NKT and MAIT
cells to recognize non-peptide antigens, such as lipids and
microbial metabolites, through their TCRs renders them potential
early sensors of altered liver function; in addition, they respond
early during viral infection through TCR-independent mechanisms
of activation, thus potentially serving as early biomarkers and
predictors of hepatic diseases. However, understanding how they
operate during chronic liver diseases is intrinsically complicated,
because their functions change depending on the stage of the disease
and the mode and degree of their activation. As a consequence, the
range of the cytokines and chemokines secreted by innate-like T
cells is skewed, thus influencing the function of bystander immune
cells. Therefore, delineation of the molecular interactions involved
in the cross-talk between innate-like T cells and the surrounding
immune cell microenvironment will contribute to understanding
how hepatic immune tolerance is maintained. This is particularly
important, because current immune cell-based therapies focusing
on NKT cells in humans have shown promising results; however,
most of the current knowledge on NKT and MAIT cell functions
comes mainly from studies in mouse models, which may not
reliably recapitulate the human condition. Therefore, additional
clinical studies will shed light on the potential therapeutic
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applications of innate-like T cells against liver diseases. The
availability of reagents that unambiguously identify these unique
immunological subsets and distinguish them from other
lymphocytes enables specific monitoring of their functions during
hepatic homeostasis and disease.
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