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Abstract: Nonalcoholic fatty liver disease (NAFLD) is a condition characterized by hepatic accumu-
lation of excess lipids. T cells are commonly classified into various subsets based on their surface
markers including T cell receptors, type of antigen presentation and pathophysiological functions.
Several studies have implicated various T cell subsets and natural killer (NK) cells in the progression
of NAFLD. While NK cells are mainly components of the innate hepatic immune system, the majority
of T cell subsets can be part of both the adaptive and innate systems. Several studies have reported
that various stages of NAFLD are accompanied by the accumulation of distinct T cell subsets and NK
cells with different functions and phenotypes observed usually resulting in proinflammatory effects.
More importantly, the overall stimulation of the intrahepatic T cell subsets is directly influenced by
the homeostasis of the gut microbiota. Similarly, NK cells have been found to accumulate in the liver
in response to pathogens and tumors. In this review, we discussed the nature and pathophysiological
roles of T cell subsets including vy T cells, NKT cells, Mucosal-associated invariant T (MAIT) cells as
well as NK cells in NAFLD.

Keywords: antigen presenting cell; T cells; NK cells; MHC I; MHC II; nonalcoholic fatty liver disease;
gut microbiota

1. Introduction

Non-alcoholic fatty liver disease (NAFLD) is a liver impairment characterized by
the presence of excessive hepatic fat accumulation caused by factors mainly related to a
high fat diet. Moreover, existing data support that type 2 diabetes (T2D), hyperthyroidism
and obstructive sleep apnea are important contributing factors for the progression of
NAFLD [1-3]. A recent retrospective cohort study of women diagnosed with polycystic
ovarian syndrome (PCOS) also reported that PCOS is a risk factor associated with subse-
quent NAFLD occurrence [4]. Its progression comprises a wide spectrum, ranging from
simple hepatic steatosis to fibrosis and in extreme cases extending up to hepatocellular
carcinoma (HCC). It comes with all manifestations and complications in liver impairment
and is one of the major diseases with a global prevalence rate of 25% [5]. While the liver
is mainly a large metabolic organ, it is also the first line of interaction between the host
and external environment which makes it one of the primary targets for immunological
responses. Considering its structural organization has profound implications for the circu-
latory system, the liver is persistently exposed to blood-borne microbes, mainly derived
from the gut. Therefore, the liver is one of the most important immunological organs
with several cells from both the innate and adaptive immune systems involved [6,7]. In
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NAFLD, a variety of innate and adaptive immune cells including Kupffer cells, neutrophils,
T cells and natural killer (NK) cells have been indicated to be involved in the progression of
hepatic steatosis, inflammation, and fibrosis associated [8-10]. These complex repertoires
of non-parenchymal cells originating from both the lymphoid and non-lymphoid sources
play key roles in hepatic immunoregulation and defense mechanisms.

T cells and NK cells are among the most common hepatic immune cells that are dis-
tinct in frequency and phenotypes depending on the progression stages of NAFLD [11,12].
During the earlier stages of NAFLD, a high-fat diet is usually associated with alterations in
the composition of gut microbiota, changes in the metabolically active hepatic tissue, such
as fatty acid accumulation and oxidative stress which usually occurs in parallel. Here, fat
accumulation and dysregulation of the microbiome are the key participators in guiding
the subsequent functions and phenotypes of T cells and NK cells. The altered microbiome
stimulates the immune response through biosynthesis and hepatic translocation of ac-
tivating ligands while the fatty environment alerts and induces infiltration of immune
cells by increasing the production of chemically reactive radicals. Therefore, immune cell
recruitment and expansion are mainly induced by microbial products, such as peptides
and metabolites from the gut and chemotaxis molecules, such as chemokine C-C motif
ligand secreted from the fatty liver microenvironment. While the association of the most
common classes of immune cells with several cardiovascular and autoimmune diseases
is relatively well studied, the ambivalent roles of different subsets of intrahepatic T cells
and NK cells remain unexplained. In this review, we describe the nature of T cell subsets
and NK cells, as well as discuss their roles in the pathogenesis mechanisms of NAFLD
comprising the gut-liver axis.

2. T Cells as Part of the Innate and Adaptive Hepatic Inmune System

While the liver was biased for being unresponsive to the immune system, it is now
well established that it is capable of considerable immune responses that produce patho-
logical and protective impacts. Currently, it is well established that both the innate and
adaptive immune systems are involved in the pathophysiology of the liver. In NAFLD,
cells from each type of immune system alter liver physiology with different pathological
characteristics and cell phenotypes observed at different progression stages [13]. With
respect to the innate immune system, the most important players are Kupffer cells and
monocyte-derived macrophages [14]. During the earlier development of NAFLD which
is mainly characterized by simple steatosis, these cells secrete chemotaxis stimulating
molecules, such as C-C motif ligand 2 (CCL2) which results in hepatic accumulation of
macrophages originating from circulating monocytes [15,16]. This will then result in the
production of large amounts of proinflammatory cytokines, including interleukin (IL)-13
and tumor necrosis factor (TNF) & which in turn accelerate hepatic steatosis, inflammation,
and fibrosis. In addition to macrophages, NK cells and dendritic cells (DC) also contribute
to progression of NAFLD as part of the innate immune system.

When it comes to the adaptive immune system, T lymphocytes are particularly respon-
sible for the cellular immunity that is mediated by infected cells and subsequent effector
pathways, while B lymphocytes constitute the humoral component which is mediated
by the production and secretion of antibodies. The cellular component of the adaptive
immune response is stimulated through the identification of antigens presented on ma-
jor histocompatibility complex (MHC) class I or Il molecules on antigen-presenting cells
(APCs) (Figure 1) [17]. For classical MHC classification, any cell that can recognize a for-
eign antigen, break it into peptides, secrete the MHC molecule-antigenic peptide complex
into the cell membrane and interact with T cells is an APC. This interaction is facilitated
through specialized molecules known as T-cell receptors (TCR) on the surface of T cells
together with the co-receptor cluster of differentiation (CD) 3 [18]. TCRs are predomi-
nantly composed of o and (3 subunits capable of undergoing random rearrangements of
V (variable), D (diversity), and J (joining) gene segments depending on the specific T cell
subset enabling specific recognition of a broad range of antigens [19]. Therefore, T cells can
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express TCRs capable of recognizing diverse antigens from pathogens, tumors, and the
external environment while maintaining memory and self-tolerance [20].
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Figure 1. Mechanisms of antigen processing and T cell immune responses. (a) MHC class I antigen processing; (b) MHC
class II antigen processing; (¢) CD8 (Cytotoxic) T cell immune response; (d) CD4 (T helper) cell immune response.

Classification of T Cells

The presence of different types of protein subunits in TCRs is used for the charac-
terization and classification of T cells as a3 T cells and v6 T cells. While both types of T
cells develop from multipotent progenitor CD4~—-CD8~ double-negative thymocytes in
the thymus, about 95% of T cells in human peripheral blood express the x3TCR while the
remaining 5% express the YOTCR [21]. As all T cells express the CD3 co-receptor, it is used
as a specific marker during identification and characterization experiments. In addition
to the classification of T cells based on their TCR type, they are commonly classified into
several subsets according to other characteristics including the type of special co-receptors
usually used as surface markers, physiological functions, way of antigen presentation as
well as non-conventional characteristics. The most famous subsets are CD4* (T helper)
cells which recognize MHC class II molecules and CD8" (cytotoxic) T cells that recognize
MHC class I molecules (Table 1). CD4 cells are mature T cells expressing CD4 glycoprotein
on their surface while CD8 cells express CD8 glycoprotein. These glycoproteins are key
co-receptors that facilitate T cell activation by enhancing the binding of TCR to the MHC-
peptide antigen complex [22,23]. NKT cells are non-conventional T cells that recognize
lipid antigens presented by the MHC-like molecule CD1d rather than peptide antigens.
These cells also express the NK marker that makes them innate-like. Mucosal-associated
invariant T (MAIT) cells are another CD8* non-conventional T cells recognizing vitamin B2
metabolites presented by major histocompatibility complex class I-related (MR1) molecules
on APCs [24,25]. In this section, the roles of the above T cell subsets in different stages of
NAFLD progression are discussed.
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Table 1. Summary of antigen processing in T cell subsets.

T cells Subsets TCR Antigenpresentation Main Antigen Molecules
. CDA4 T cells «BTCR MHC-II Peptides (Bacterial & host)
Conventional CD8 T cells «BTCR MHC-I Peptides (Bacterial & host)
v T cells YOTCR MHC not necessary (Bacterial & host)
Non-conventional NKT cells «BTCR MHC-I like Lipids & peptides (Bacterial & host)
MAIT cells «BTCR MHC-I like Vit-B2 metabolites (Bacterial)

CD: Cluster of differentiation, NK: Natural killer, TCR: T cell receptor, MHC: major histocompatibility complex.

3. Roles of Different T Cell Subsets in Nonalcoholic Fatty Liver Disease (NAFLD)
3.1. ¥ T Cells

I'5 T cells can be considered as a bridge linking the innate and adaptive immune
systems. On one hand, their TCR can recognize conserved structures on pathogens and host
cells including non-peptide metabolites and heat shock proteins. On the other hand, they
are double negative (express neither CD4 nor CD8 co-receptors) which is of innate nature
and can recognize a lot of non-peptide ligands without the need for antigen presentation
by MHC molecules [26]. The fact that 6 T cells can be activated without TCR restriction
allows them to produce an immune response much faster than «f3 T cells. Additionally,
these cells have been found to be more enriched in the liver than in blood which makes
them interesting targets for a contribution to liver pathogenesis [27]. v6 T cells have
been reported to constitute about 2-10% of total T lymphocytes in the blood while they
account for 15-25% of the total hepatic T cell population [28]. Depending on disease types
and progression stages, yd T cells may have pathogenic or protective roles in the liver.
During NAFLD, they are recruited to the liver and have been implicated in exacerbating
steatohepatitis through regulating CD4" T cells and increased expression of interleukin
(IL)17 [29,30]. Equipped with pattern recognition patterns (PRRs), such as toll-like receptors
(TLRs) that can recognize microbial antigens, yd T cells are suggested to play central roles
in promoting intrahepatic inflammation [31,32]. Therefore, the accumulation of these cells
in the liver most likely aggravates NAFLD progression [33]. A study that investigated
the roles of yo T cells in a high-fat diet-induced (HFD) induced NAFLD mouse model
reported that they are major providers of IL-17A, a key pro-inflammatory cytokine in the
liver [34]. These cells are enriched in HFD induced NAFLD models as well as NAFLD
patients and their depletion was able to protect mice from the progression of NAFLD.
More, interestingly, it was shown that the gut microbiota maintains the homeostasis of
liver-resident y8T-17 cells in a lipid antigen/CD1d-dependent manner [34].

3.2. Cluster of Differentiation (CD)4* T Cells
3.2.1. CD4"* T Helper Cells

As discussed above, T cells undergo proliferation upon the first encounter of antigens
in the lymph nodes and acquire further differentiation markers which guide them for
distinct functions. The CD4* T cells are responsible for the generation, maintenance and
regulation of other immune cells through the production of cytokines, therefore, they are
termed helper cells [35]. Based on their functional capabilities and cytokines production,
T helper cells are subdivided into type 1 (Thl) and type 2 (Th2). Thl cells are usually
associated with inflammation and inducing cell-mediated immune responses through the
secretion of proinflammatory cytokines including interferon (IFN) v, IL-2, tumor necrosis
factor (TNF) o, IL-6, IL-8 and IL-1§3. On the contrary, Th2 cells produce anti-inflammatory
cytokines, such as IL-1ra, IL-4, IL-5 and IL-10 that induce a humoral immune response by
helping cells, such as B cells with antibody production [36,37]. CD4 cells have been mainly
associated with pathologic roles during NAFLD including in fibrosis and hepatocellular
carcinoma (HCC). A recent study that explored the effect of CD4 cells in HFD induced
NAFLD in humanized mice found out that they promote the development of fibrosis. In
this in vivo model, increased infiltration of CD4 T cells was observed, accompanied by
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an elevation in pro-inflammatory cytokines mainly IFNy, IL-6, IL-17A, and IL-18 [33].
While depleting CD4 cells in the HFD mice models could not prevent hepatic steatosis,
it significantly reduced liver immune infiltration and fibrosis. This suggests that CD4
cells promote NAFLD-induced inflammation and progression to fibrosis. In a different
perspective, dysregulation of lipid metabolism during NAFLD induces a selective loss in
intrahepatic CD4 T cells which in turn results in HCC [38]. Therefore, crosstalk between
inflammatory signaling and lipid metabolism in the liver may elucidate the mechanisms of
roles of CD4 T cells in NAFLD progression.

3.2.2. CD4" Regulatory T Cells

Another subset of T cells that account for 5-10% of the total number of CD4* T cells
in healthy humans are regulatory T cells (Tregs). As a T cell subpopulation, they are
produced in the thymus and express the transcription factor forkhead box P3 (Foxp3) of the
forkhead family [39]. Their importance in the development and pathogenesis of NAFLD
is poorly recognized. While little is known about the significance of intrahepatic Tregs
in NASH, it is well established that they support the homeostasis of immune response
by inhibiting proliferation and activation of cytotoxic T cells [40,41]. Tregs have been
confirmed to be involved in the prevention of autoreactive cell proliferation in autoimmune
hepatitis, and a negative control of the immune response in NASH and organ tolerance
during transplantation [42]. The induction of Tregs has been demonstrated to alleviate
insulin resistance thereby contributing to the amelioration of liver damage. A study
that investigated the effect of inducing Tregs using the immunosuppressant OKT3 in
NASH patients found that immune parameters and liver function were improved [43].
Another recent study that found increased intrahepatic Tregs in mice NASH models also
reported their detrimental roles [44]. However, further studies are required to elucidate the
detailed mechanisms for their roles which can help their applications in the immunotherapy
of NASH.

3.3. CD8* Cytotoxic T Cells

The transition from hepatic steatosis, the simplest form of NAFLD to nonalcoholic
steatohepatitis (NASH) is the key factor for the development of fibrosis and HCC [45,46].
A recent study that used a choline deficient high-fat diet has demonstrated that the pro-
gression of hepatic inflammation and transition to NASH is accelerated by CD8" cytotoxic
T cells [47]. A study that investigated obesity-related NAFLD found that CD8* T cells reg-
ulate obesity and hyperlipidemia-associated NASH through the production of cytokines,
such as IL-10 and TNF«, which drive the recruitment of macrophages and activation of
hepatic stellate cells (HSCs) [48]. HSCs are pericytes that reside in the liver sinusoid in
a quiescent state but serve as the major storage site for lipid droplets during a high-fat
diet. As the NAFLD condition progresses, these cells release their lipid droplets, differ-
entiate into myofibroblast-like cells and become activated, expressing «-smooth muscle
actin (x-SMA) and secreting large quantities of extracellular matrix proteins which re-
sults in fibrosis. CD8" T cells and «-SMA have also been reported to be elevated during
the progression of NAFLD in humans. Moreover, CD8" tissue-resident memory T cells
have been reported to promote liver fibrosis resolution by inducing the apoptosis of HSC
indicating their important roles in fibrosis resolution [49]. On the contrary, cytotoxic T
cells have been implicated for exerting protective effects where they were able to restrict
hepatic inflammation in mice with NASH accompanied by decreased plasma levels of
liver enzymes. Therefore, further exploration is required to reveal the differential roles of
CD8* cytotoxic T cells in different conditions of NAFLD [50]. Additionally, the underlying
mechanisms by which these immune cells are stimulated to infiltrate and proliferate in the
liver are also yet to be explored especially from the gut liver axis perspective.
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3.4. Natural Killer (NK)T Cells

After the presentation of lipid antigens, NKT cells immediately secret large amounts
of cytokines including IFNy and IL-4 to exhibit immunoprotective functions [51]. The
fact that these cells are activated by lipid antigens makes it an attractive hypothesis to
investigate their role in NAFLD, an impairment in fat homeostasis. Moreover, HSC have
been confirmed to be professional APCs including the ability to present lipid antigens to
NKT cells [42]. CD1d-restricted NKT cells are subdivided into two subsets namely Type
I and II. During liver damage, Type I cells predominantly play pro-inflammatory roles
while Type II cells suppress proinflammatory responses. Type I NKT cells are suggested
to influence NAFLD in similar ways to CD8 T cells where they play detrimental roles
in NASH progression. In mice fed a choline-deficient HFD, an increased infiltration of
Type I NKT cells was observed in the liver. While there is an increased progression of
NASH in the wild-type NAFLD model, Type I NKT cell-deficient (CD1d knockout) mice
are protected from NASH progression [47]. Moreover, Type I NKT cell-deficient mice
show reduced weight gain, lower plasma alanine transaminase (ALT) level, lower NAFLD
activity score (NAS), reduced macrophages infiltration in the liver and downregulation
of liver fibrosis markers including a-SMA, collagen type 1 alpha 1 (Collal), and collagen
type 1 alpha 2 (Colla2). On the other hand, Type II NKT cells are mainly involved in
immunoregulatory functions due to their ability to suppress inflammation. However, it is
mainly the Type I NKT cells that are rapidly activated and accumulated in the liver during
liver injury and the effect of type II NKT cells is poorly understood [52]. Further studies
are required to reveal their possible roles.

3.5. Mucosal-Associated Invariant T (MAIT) Cells

While the direct role of MAIT cells in NAFLD is still unknown, some studies have
investigated changes in their phenotype and immunological function. However, these
studies report ambivalent effects of MAIT cells in NAFLD. Li et al. detected an elevated
frequency of MAIT cells in the liver during NAFLD with a positive correlation with NAFLD
activity score and a protective effect was observed through the regulation of macrophage
polarization [53]. Another study that detected a decreased MAIT cell frequency in blood
and an increase in the liver of NAFLD patients demonstrated the opposite effects. MAIT
cell-enriched mice (V19 Tg) showed increased liver fibrosis and accumulation of hep-
atic fibrogenic cells, whereas MAIT cell-deficient mice (MR1 knockout) were relatively
resistant [54]. Therefore, further studies are required to understand their roles in different
progression stages and conditions of NAFLD.

4. T Cells and the Gut-Liver Axis

The liver is an organ with the nearest contact with the circulatory system that receives
blood from the portal vein which highly exposes it to bacterial components and metabolites
from the gut. Therefore, the hepatic immune system is substantially influenced by the
gut-liver axis. The most studied mechanism connecting the hepatic immune response
and the gut is the translocation of microbes and their components (Figure 2) known as
microbe-associated molecular patterns (MAMPS) to the liver [55]. These are the sources for
the antigens that can stimulate intrahepatic T cell subsets which substantially influences
their functions in liver pathophysiology. The composition of gut microbiota is greatly
altered during diet-induced NAFLD which makes it even a more important factor in
hepatic T cell responses.
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Figure 2. A simplified schematic representation of the gut-liver axis and T cell functions in fatty liver pathogenesis. IL,
Interleukin; CD, Cluster of differentiation; TNF, Tumor necrosis factor; IFN, Interferon; NKT, Natural killer T.

As components of the adaptive immune system, vd T cells through their y6TCR can
recognize bacterial lipid antigens presented by CD1d [56]. Considering their elevated infil-
tration of the liver in NAFLD conditions, their activation is a major factor for progression
depending on the homeostasis of the gut microbiota. Similarly, the CD4 and CDS8 cells
which are predominantly conventional «f3 T cells recognize microbial peptides presented
by the MHC class I and II discussed above. Alteration of the gut microbiota determines the
balance of translocation of the antigenic components thereby affecting the liver immune
system. For example, dysbiosis caused by a hepatic fibrosis model in mice can reset the
TCR immune repertoire (IR) and decrease their diversity that in turn reduces the number
of different antigens they can recognize [57]. Additionally, the balance of endotoxins and
exotoxins translocated to the liver can determine the immune response of the innate-like
nature of some T cell subsets. The overall stimulation of the intrahepatic immune system
is, therefore, directly influenced by the homeostasis of the gut microbiota. NKT cells and
MAIT cells are the non-conventional T cells that can recognize bacterial lipid antigens
presented by CD1d and metabolites produced during bacterial biosynthesis of vitamin
B2 (Riboflavin) presented by MR1, respectively. The stimulation of liver tissue-resident
MAIT cells is strictly correlated with the relative abundances of bacterial species capable of
biosynthesizing the above metabolite ligands which are in turn dependent on the presence
of functional rib genes in the species [58]. In murine models, the frequency, maturation
and phenotype of NKT cells have also been confirmed to be greatly impacted by the gut
microbiota [59]. In summary, the proliferation, recruitment, and phenotypes of all T cell
subsets are directly connected to the condition of the gut-liver axis mainly through the
translocation of microbial components.

5. NK Cells

NK cells are a major component of the innate immune cells and the first line of defense
against pathogens affecting the host by direct cytotoxic mechanisms or modulation of
other immune cells by secreting cytokines and chemokines [60]. NK cells in healthy adults
develop exclusively in the bone marrow and include 5-20% of the total lymphocytes in
the peripheral blood and approximately 30-55% of the total lymphocytes in the healthy
liver [61-63]. Phenotypic characterization of NK cells shows CD56 expression and lack
of CD3 expression. CD56 expression of NK cells is further divided by surface density:
CD56%™ and CD56P"i8t. However, the population ratio of CD564™ to CD56P18Mt varies
with the location, given the majority, almost 90% of CD564™CD16* account for circulating
NK cells in peripheral blood while CD56"8"*CD16~ are primarily located in secondary
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lymphoid organs and tissues [64,65]. Based on their functionality, the CD56%™CD16*
phenotype mediates cytotoxicity, whereas CD56°"8"CD16~ has an immunomodulatory
role by secretion of cytokines [66].

NK cells remain in a tolerogenic state under homeostasis with the assistance of in-
hibitory receptors (KIRs, NKG2) that recognize Human leukocyte antigens (HLA)-I on
autologous cells. Viral infection or tumor infiltration fails to express or downregulate
HLA-I, thus activating NK cells to perform cytotoxic functions mediated by activating
receptors (NKp46, CD16, NKG2D) [67-69]. NK cells can be broadly characterized into
two subsets: the regulatory CD56"' (stage 4) that produces cytokines and chemokines
upon stimulation and the cytotoxic CD564™ (stage 5) which accounts for 90% of the total
circulating NK cell population [70]. The cytotoxicity is mediated either by directed killing
or through the release of perforin and granzyme B as in pre-formed granular proteins.
These proteins can induce apoptosis in tumor or virus-infected cells [71]. CD56 subsets also
differ by several other NK cell receptor expressions. CD16* CD27~ expression is associated
with cytotoxic subset CD56%™ which was upregulated at stage 5 during the maturity of
NK cells [72,73].

5.1. Functional Competencies of NK Cells in NAFLD

NK cells populations are relatively high in the liver depending upon the species.
Humans and rats showed 30% to 50% while murine showed approximately 10% of total
hepatic lymphocyte populations [74]. However, liver resident NK cells and conventional
NK cells demonstrate substantial differences in progenitor origin, phenotype, gene ex-
pressions that require different transcription factors [75]. To differ the conventional NK
cells from liver resident NK cells, unique subsets CD49a*CD49b~ were identified [75-77].
Compared with conventional NK cells, liver resident NK cells express a high level of TNF-
related apoptosis-inducing ligands and granzymes or perforin and employ substantial
cytotoxicity against activated hepatic stellate cells and tumors cells [78,79].

Till now, the function and regulation of NK cells in NAFLD is debated. As an innate
immune organ, the liver is immune tolerant. However, in predisposing conditions, such as
chronic infections or tumorigenesis, cross-talk between liver resident antigen-presenting
cells and lymphocytes has been involved which plays a dual role of protective or pathogenic,
depending upon the microenvironment [80]. Various studies have provided evidence that
supports NK cell function in regulating liver fibrosis by killing directly activated hepatic
stellate cells through the activating receptors NKG2D and NKp46 and the p38/PI3K/AKT
pathway [81-83]. Other studies also suggest that during pathological conditions, NK cells
accumulate in the liver and showed enhanced responsiveness against pathogens or tumors
which can be beneficial in inhibiting disease progression [81,82]. This enhanced reactivity,
in turn, can induce hepatocellular damage and possibly inhibit liver regeneration which
may promote disease progression [84]. Therefore, regardless of the significant differences
between liver-resident NK cells and conventional NK cells, it is still unknown whether
these two subsets play a differential role in the pathogenesis of liver diseases.

In recent years, researchers have found that NK cells are increased in hepatic inflam-
mation associated with NASH patients. In contrary to this, NK cells in NAFLD patients
were reduced [85]. This decreased frequency was correlated with impaired functional ac-
tivity leading to less granzyme/perforin production and interferon-y, eventually reducing
cytotoxicity and tumor-killing [11,86]. Interestingly some contradictory studies also indi-
cate that NK cells potentially lose the cytotoxic activity during NASH which exacerbates
in NASH patients to later stages of liver diseases [87,88]. While most of the studies are in
support of NK cells’ recruitment to the liver during the NASH stage where they promote
antifibrotic effect [11,74,81-83]. Despite such promising avenues in the field of NK cells
aiming for NAFLD, care should be taken at the different stages of liver disease (Table 2).
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Table 2. Summary of NK cell subsets in non-alcoholic fatty liver disease.

Studies Major Findings Activation/Cytotoxicity =~ References
Increased CD49b+
NKp46+NK cells. They Immunoregulatory
Murine NASH play a role in polarizing depends on IFN-y, [89]
M¢ toward M1-like but not granzyme
phenotypes.
Decreased frequency of
Human NAFLD CD56 (dim)NK cells and Less NKG2D [90]
MAIT cells in PBMC
Adipose tissue NK cells
(or ILC1-like cells)
contribute to insulin Adipose CD49a+
resistance in mice express mixed ILCls
Human and murine CD49a. However, no link expressed the most
NAFLD between the presence and IFN-v, the least [91-93]
levels of adipose tissue granzyme B, and no
CD49a+ NK cells and the  TRAIL, unlike ILC1s
presence of insulin in liver.
resistance was noted in
the investigated patients.
Inhibition of NK
activity correlated
with decreased
NAFLD with F3-F4 expression of insulin
fibrosis scores exhibited receptors.
Human NAFLD elevated levels of mTOR/ERK [94]
circulating cytotoxic inhibition correlates
CD56(dim)CD16(+) cells  with decreased CD56
dim insulin receptor
expression and NK
impairment.
NK cells are activated
by both cytokines,
NK cells were shown to such as IL-12 and
have an important role in IL-18, and innate
regulating liver fibrosis immune stimuli, such
by directly killing as ligation of TLRs.
Human NAFLD activated hepatic stellate  The secretion of IL-18 [83]
cells via the receptors depends upon
NKG2D, NKp30 and activation of the
TRAIL the inflammasome,
p38/PI3K/AKT pathway whereas TLRs are
stimulated by

microbial products.

NAFLD, nonalcoholic fatty liver disease; NASH, nonalcoholic steatohepatitis; CD, co-receptor cluster of differ-
entiation; NK, natural killer; ILC, innate lymphoid cells; MAIT, mucosal-associated invariant T; TLR, toll like
receptor; IL, interleukin.

5.2. NK Cells and Gut-Liver Axis

Apart from critically serving as the first line of defense against pathogens or abnormal
cells by mediating cytotoxicity and recruiting other immune cells by secretion of cytokines,
NK cells require priming for activation through various released cytokines in the gut [95].
Liver-resident NK cells also maintain tolerability and provide protection against viral
infection or tumor and promote fibrosis regression by killing activated hepatic stellate
cells [83,96]. Some of the previous studies stated that there was almost no difference in the
cytotoxic functions of NK cells in germ-free and specific pathogen-free mice [97,98]. This
observation was further confirmed by a study where Ganal et al. found out that commensal
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bacteria do not have any effect on the percentage or absolute NK cell numbers in the spleen
and in accordance with this phenotypic change, splenic NK cells as well are not associated
with commensal bacteria. Conversely, loss of NK cell activity in mice infected with cy-
tomegalovirus and subsequent treatment with antibiotics and recolonization was reversed
indicating that NK cell activity can be dynamically modulated by commensal bacteria [99].
Thus, providing insights into possible immunomodulatory NK cell responsiveness through
the gut-liver axis.

Compelling evidence suggests that the composition of gut microbiota shapes the
tolerability responsiveness of hepatic immune cells [100]. In light of this, studies are point-
ing to a role for the commensal microbiome in influencing the immune environment of
liver disease and promotes different approaches, such as fecal microbial transplantation,
probiotics, prebiotics, or bacterial consortium for compositional changes in microbiota,
suggesting potential therapeutic benefits in modulating immune responses. Intriguingly,
some studies showed that probiotics exert negative immunomodulation. In an in vitro
study, Johansson et al., cocultured Lactobacillus rhamnosus GG (L. rhamnosus GG) and
Lactobacillus reuteri DSM 17,938 with Staphylococcus aureus stimulated peripheral mononu-
clear cells. NK cells and T cells proliferated under the stimulus and produced IFN-v,
however, this lymphocyte activation was inhibited by the L. rhamnosus GG and L. reuteri
suggesting the regression of microbial-induced immune activation. On the contrary, cocul-
turing with Lactobacillus plantarum in IL-22 stimulated NK cells, exhibited high cytotoxic
receptor expression. In addition to this, in another study feeding with Bacillus subtilis BS02
and BS04, enhanced NK cell cytotoxicity implying probiotics exhibit different functions
under various factors and conditions in the diseased state.

Up to now, the importance of commensal bacteria in the regulation of hepatic NK
cell functions remains largely unexplored. Host-microorganism interactions and their
mechanism has been largely investigated by the use of modern analytical methods that
have uncovered a critical role of gut microbiota in host health by generating metabolites
that act both locally as well as systemically to influence human normal physiology and
pathophysiology [101,102]. The most extensively studied metabolites are SCFAs, such as
propionate, butyrate and acetate, primary and secondary bile acids and tryptophan-derived
metabolites [103,104]. Additionally, with the advanced techniques, refining the biological
functions pertaining to these metabolites is still ongoing. A valuable new insight relating
to metabolic inter-communication between the host and gut microbiota, aryl hydrocarbon
receptor (AHR) has caught researchers worldwide since many microbial metabolites can
modulate AHR activity [105,106]. According to recent studies, tryptophan metabolites
which are potent AHR ligands, have been found to activate AHR, subsequently reducing
inflammation and increasing metabolic activity by downregulating de novo lipogenic
genes thus ameliorating NAFLD [107,108]. Intriguingly, liver-specific knockout of AHR
worsened the high-fat diet induced steatosis, and inflammatory responses in the liver
simultaneously causing lipotoxicity to non-adipose tissues. The mechanism underlying
bidirectional AHR-microbes communication is multi-faceted, involving intestinal barrier
integrity and homeostasis [109,110], immune response modulations and tolerance [111],
and carcinogenesis as well [112]. Because the gut and liver are so intertwined, given the
anatomical location, AHR might be involved in the maturation and cytotoxic functions
of NK cells in the liver. There is no direct evidence supporting the fact that tryptophan
metabolites released from the gut could be parts of the key factors for NK cell maturation
and cytotoxic activity. However, a study of innate lymphoid cells (ILCs) using AHR
knockout mice suggested a distinct CD49a+TRAIL+CXCR6+DX5—NK1.1+ ILC/NK cell
subtype residing in the liver which failed to perform its cytotoxic functions. From this
study, it was anticipated that gut microbiota-derived AHR ligands might originally drive
systematic immunity changes and subsequently affect liver resident ILC/NK cells [113].
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6. Concluding Remarks and Future Perspectives

In this review, we discussed how different subsets of T cells and NK cells impact the
hepatic immune system during the progression of NAFLD. It is now well established that
hepatic immune response is directly related to the communication between the liver and
gut during high-fat diet-induced liver impairment. However, the differential functional
and phenotypical responses of T cells and NK cells depending on the type and progression
stages of NAFLD are not well understood yet. Therefore, more information is required
on the specific nature and signaling mechanisms of altered immune responses during
liver diseases. A detailed understanding of the relationship between the dynamics of each
immune cell type and particular ligands and metabolites from gut microbes, as well as the
impaired liver microenvironment, should be established. This can be achieved through
conducting genomic, transcriptomic and metabolomic exploration tools. This will provide
further insights into NAFLD physiopathology and help identify therapeutic targets that
can lead to designing translational immunotherapy.

Author Contributions: Conceptualizing, Y.A.G., H.G., HS.K,, K.T.S,; Literature Resources, ] A.E.,
GHK., EP,]J-]]., S-MW, SPS., R.G,; Funding acquisition, D.] K., K.T.S; Original draft preparation,
Y.A.G,, K.TS.; Writing and editing, Y.A.G., H.G., H.S.K; Revising, D.]. K., K.T.S. All authors have read
and agreed to the published version of the manuscript.

Funding: This research was supported by Hallym University Research Fund, the Basic Science
Research Program through the National Research Foundation of Korea funded by the Ministry of
Education, Science and Technology (NRF-2018M3A9F3020956, NRF-2019R111A3A01060447, NRF-
2020R111A3073530 and NRF-2020R1A6A1A03043026).

Institutional Review Board Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Filip, R,; Radzki, R.P; Bienko, M. Novel insights into the relationship between nonalcoholic fatty liver disease and osteoporosis.
Clin. Interv. Aging 2018, 13, 1879-1891. [CrossRef] [PubMed]

2. Gastaldelli, A.; Cusi, K. From NASH to diabetes and from diabetes to NASH: Mechanisms and treatment options. JHEP Rep.
2019, 1, 312-328. [CrossRef] [PubMed]

3. Mirrakhimov, A.E.; Polotsky, V.Y. Obstructive sleep apnea and non-alcoholic Fatty liver disease: Is the liver another target? Front.
Neurol. 2012, 3, 149. [CrossRef]

4. Vassilatou, E. Nonalcoholic fatty liver disease and polycystic ovary syndrome. World ]. Gastroenterol. 2014, 20, 8351-8363. [CrossRef]

5. Younossi, Z.M.; Koenig, A.B.; Abdelatif, D.; Fazel, Y.; Henry, L.; Wymer, M. Global epidemiology of nonalcoholic fatty liver
disease-Meta-analytic assessment of prevalence, incidence, and outcomes. Hepatology 2016, 64, 73-84. [CrossRef] [PubMed]

6. Heymann, E; Tacke, F. Immunology in the liver-from homeostasis to disease. Nat. Rev. Gastroenterol. Hepatol. 2016, 13, 88-110.
[CrossRef] [PubMed]

7. Jenne, C.N.; Kubes, P. Immune surveillance by the liver. Nat. Immunol. 2013, 14, 996-1006. [CrossRef]

8.  Meli, R.; Mattace Raso, G.; Calignano, A. Role of innate immune response in non-alcoholic Fatty liver disease: Metabolic
complications and therapeutic tools. Front. Immunol. 2014, 5, 177. [CrossRef]

9.  Lanthier, N.; Molendi-Coste, O.; Cani, P.D.; van Rooijen, N.; Horsmans, Y.; Leclercq, I.A. Kupffer cell depletion prevents but has
no therapeutic effect on metabolic and inflammatory changes induced by a high-fat diet. FASEB ]. 2011, 25, 4301-4311. [CrossRef]

10. Syn, WK.,; Oo, Y.H.; Pereira, T.A.; Karaca, G.F; Jung, Y.; Omenetti, A.; Witek, R.P,; Choi, S.S.; Guy, C.D.; Fearing, C.M.;
et al. Accumulation of natural killer T cells in progressive nonalcoholic fatty liver disease. Hepatology 2010, 51, 1998-2007.
[CrossRef] [PubMed]

11.  Martinez-Chantar, M.L.; Delgado, T.C.; Beraza, N. Revisiting the Role of Natural Killer Cells in Non-Alcoholic Fatty Liver Disease.
Front. Immunol. 2021, 12, 322. [CrossRef]

12.  Van Herck, M.A.; Weyler, ].; Kwanten, W.].; Dirinck, E.L.; De Winter, B.Y.; Francque, S.M.; Vonghia, L. The Differential Roles of T
Cells in Non-alcoholic Fatty Liver Disease and Obesity. Front. Immunol. 2019, 10, 82. [CrossRef]

13. Bluher, M. Adipose tissue inflammation: A cause or consequence of obesity-related insulin resistance? Clin. Sci. 2016, 130,
1603-1614. [CrossRef]

14. Vonghia, L.; Michielsen, P; Francque, S. Inmunological mechanisms in the pathophysiology of non-alcoholic steatohepatitis. Int.

J. Mol. Sci. 2013, 14, 19867-19890. [CrossRef] [PubMed]


http://doi.org/10.2147/CIA.S170533
http://www.ncbi.nlm.nih.gov/pubmed/30323574
http://doi.org/10.1016/j.jhepr.2019.07.002
http://www.ncbi.nlm.nih.gov/pubmed/32039382
http://doi.org/10.3389/fneur.2012.00149
http://doi.org/10.3748/wjg.v20.i26.8351
http://doi.org/10.1002/hep.28431
http://www.ncbi.nlm.nih.gov/pubmed/26707365
http://doi.org/10.1038/nrgastro.2015.200
http://www.ncbi.nlm.nih.gov/pubmed/26758786
http://doi.org/10.1038/ni.2691
http://doi.org/10.3389/fimmu.2014.00177
http://doi.org/10.1096/fj.11-189472
http://doi.org/10.1002/hep.23599
http://www.ncbi.nlm.nih.gov/pubmed/20512988
http://doi.org/10.3389/fimmu.2021.640869
http://doi.org/10.3389/fimmu.2019.00082
http://doi.org/10.1042/CS20160005
http://doi.org/10.3390/ijms141019867
http://www.ncbi.nlm.nih.gov/pubmed/24084730

Int. J. Mol. Sci. 2021, 22, 12190 12 of 15

15.

16.

17.
18.

19.

20.

21.

22.

23.

24.

25.
26.

27.

28.

29.

30.

31.

32.

33.

34.

35.
36.

37.

38.

39.

40.
41.

42.

43.

Narayanan, S.; Surette, F.A.; Hahn, Y.S. The Immune Landscape in Nonalcoholic Steatohepatitis. Immune. Netw. 2016, 16, 147-158.
[CrossRef] [PubMed]

Davies, L.C.; Jenkins, S.J.; Allen, J.E.; Taylor, PR. Tissue-resident macrophages. Nat. Immunol. 2013, 14, 986-995.
[CrossRef] [PubMed]

Viret, C.; Janeway, C.A., Jr. MHC and T cell development. Rev. Immunogenet. 1999, 1, 91-104. [PubMed]

Rossjohn, J.; Gras, S.; Miles, ].J.; Turner, S.J.; Godfrey, D.I.; McCluskey, J. T cell antigen receptor recognition of antigen-presenting
molecules. Annu. Rev. Immunol. 2015, 33, 169-200. [CrossRef] [PubMed]

Scaviner, D.; Lefranc, M.P. The human T cell receptor alpha variable (TRAV) genes. Exp. Clin. Immunogenet. 2000, 17,
83-96. [CrossRef]

Bhati, M.; Cole, D.K.; McCluskey, J.; Sewell, A.K.; Rossjohn, J. The versatility of the alphabeta T-cell antigen receptor. Protein. Sci.
2014, 23, 260-272. [CrossRef]

Vantourout, P.; Hayday, A. Six-of-the-best: Unique contributions of gammadelta T cells to immunology. Nat. Rev. Immunol. 2013,
13, 88-100. [CrossRef]

Li, QJ.; Dinner, A.R.; Qi, S.; Irvine, D.J.; Huppa, J.B.; Davis, M.M.; Chakraborty, A.K. CD4 enhances T cell sensitivity to antigen by
coordinating Lck accumulation at the immunological synapse. Nat. Immunol. 2004, 5, 791-799. [CrossRef]

Holler, P.D.; Kranz, D.M. Quantitative analysis of the contribution of TCR/pepMHC affinity and CD8 to T cell activation.
Immunity 2003, 18, 255-264. [CrossRef]

Treiner, E.; Duban, L.; Bahram, S.; Radosavljevic, M.; Wanner, V.; Tilloy, F.; Affaticati, P.; Gilfillan, S.; Lantz, O. Selection of
evolutionarily conserved mucosal-associated invariant T cells by MR1. Nature 2003, 422, 164-169. [CrossRef] [PubMed]

Fabbri, M.; Smart, C.; Pardi, R. T lymphocytes. Int. |. Biochem. Cell Biol. 2003, 35, 1004-1008. [CrossRef]

Hayday, A.C. y5 cells: A right time and a right place for a conserved third way of protection. Annu. Rev. Immunol. 2000, 18,
975-1026. [CrossRef]

Kenna, T.; Golden-Mason, L.; Norris, S.; Hegarty, J.E.; O’Farrelly, C.; Doherty, D.G. Distinct subpopulations of gamma delta T
cells are present in normal and tumor-bearing human liver. Clin. Immunol. 2004, 113, 56-63. [CrossRef]

Gao, B.; Jeong, W.I; Tian, Z. Liver: An organ with predominant innate immunity. Hepatology 2008, 47, 729-736. [CrossRef]
Torres-Hernandez, A.; Wang, W.; Nikiforov, Y.; Tejada, K.; Torres, L.; Kalabin, A.; Adam, S.; Wu, J.; Lu, L.; Chen, R;; et al.
gammadelta T Cells Promote Steatohepatitis by Orchestrating Innate and Adaptive Immune Programming. Hepatology 2020, 71,
477-494. [CrossRef] [PubMed]

Castano-Rodriguez, N.; Mitchell, H.M.; Kaakoush, N.O. NAFLD, Helicobacter species and the intestinal microbiome. Best Pract.
Res. Clin. Gastroenterol. 2017, 31, 657-668. [CrossRef] [PubMed]

Ribeiro, S.T.; Ribot, ]J.C.; Silva-Santos, B. Five Layers of Receptor Signaling in gammadelta T-Cell Differentiation and Activation.
Front. Immunol. 2015, 6, 15. [CrossRef]

Lombes, A.; Durand, A.; Charvet, C.; Riviere, M.; Bonilla, N.; Auffray, C.; Lucas, B.; Martin, B. Adaptive Immune-like
gamma/delta T Lymphocytes Share Many Common Features with Their alpha/beta T Cell Counterparts. J. Immunol. 2015, 195,
1449-1458. [CrossRef]

Her, Z.; Tan, JH.L,; Lim, Y.S.; Tan, S.Y.; Chan, X.Y.; Tan, WW.S; Liu, M.; Yong, K.S.M.; Lai, E; Ceccarello, E.; et al. CD4(+) T Cells
Mediate the Development of Liver Fibrosis in High Fat Diet-Induced NAFLD in Humanized Mice. Front. Immunol. 2020, 11,
580968. [CrossRef]

Li, F.; Hao, X.; Chen, Y.; Bai, L.; Gao, X.; Lian, Z.; Wei, H.; Sun, R.; Tian, Z. The microbiota maintain homeostasis of liver-resident
gammadeltaT-17 cells in a lipid antigen/CD1d-dependent manner. Nat. Commun. 2017, 7, 13839. [CrossRef]

Dutton, R.W,; Bradley, L.M.; Swain, S.L. T cell memory. Annu. Rev. Immunol. 1998, 16, 201-223. [CrossRef]

Raphael, I.; Nalawade, S.; Eagar, T.N.; Forsthuber, T.G. T cell subsets and their signature cytokines in autoimmune and
inflammatory diseases. Cytokine 2015, 74, 5-17. [CrossRef]

Shinkai, K.; Mohrs, M.; Locksley, RM. Helper T cells regulate type-2 innate immunity in vivo. Nature 2002, 420, 825-829.
[CrossRef] [PubMed]

Ma, C.; Kesarwala, A.H.; Eggert, T.; Medina-Echeverz, J.; Kleiner, D.E.; Jin, P.; Stroncek, D.E,; Terabe, M.; Kapoor, V.; EIGindi,
M.; et al. NAFLD causes selective CD4(+) T lymphocyte loss and promotes hepatocarcinogenesis. Nature 2016, 531, 253-257.
[CrossRef] [PubMed]

Schmidt, A.M.; Lu, W,; Sindhava, V.J.; Huang, Y.; Burkhardt, ].K.; Yang, E.; Riese, M.].; Maltzman, J.S.; Jordan, M.S.; Kambayashi,
T. Regulatory T cells require TCR signaling for their suppressive function. J. Immunol. 2015, 194, 4362-4370. [CrossRef] [PubMed]
Barbi, J.; Pardoll, D.; Pan, E. Metabolic control of the Treg/Th17 axis. Immunol. Rev. 2013, 252, 52-77. [CrossRef]

Dowling, M.R.; Kan, A.; Heinzel, S.; Marchingo, ].M.; Hodgkin, P.D.; Hawkins, E.D. Regulatory T Cells Suppress Effector T Cell
Proliferation by Limiting Division Destiny. Front. Immunol. 2018, 9, 2461. [CrossRef] [PubMed]

Mehrfeld, C.; Zenner, S.; Kornek, M.; Lukacs-Kornek, V. The Contribution of Non-Professional Antigen-Presenting Cells to
Immunity and Tolerance in the Liver. Front. Immunol. 2018, 9, 635. [CrossRef] [PubMed]

Lalazar, G.; Mizrahi, M.; Turgeman, I.; Adar, T.; Ben Ya’acov, A.; Shabat, Y.; Nimer, A.; Hemed, N.; Zolotarovya, L.; Lichtenstein,
Y.; et al. Oral Administration of OKT3 MAD to Patients with NASH, Promotes Regulatory T-cell Induction, and Alleviates Insulin
Resistance: Results of a Phase Ila Blinded Placebo-Controlled Trial. J. Clin. Immunol. 2015, 35, 399—407. [CrossRef]


http://doi.org/10.4110/in.2016.16.3.147
http://www.ncbi.nlm.nih.gov/pubmed/27340383
http://doi.org/10.1038/ni.2705
http://www.ncbi.nlm.nih.gov/pubmed/24048120
http://www.ncbi.nlm.nih.gov/pubmed/11256575
http://doi.org/10.1146/annurev-immunol-032414-112334
http://www.ncbi.nlm.nih.gov/pubmed/25493333
http://doi.org/10.1159/000019128
http://doi.org/10.1002/pro.2412
http://doi.org/10.1038/nri3384
http://doi.org/10.1038/ni1095
http://doi.org/10.1016/S1074-7613(03)00019-0
http://doi.org/10.1038/nature01433
http://www.ncbi.nlm.nih.gov/pubmed/12634786
http://doi.org/10.1016/S1357-2725(03)00037-2
http://doi.org/10.1146/annurev.immunol.18.1.975
http://doi.org/10.1016/j.clim.2004.05.003
http://doi.org/10.1002/hep.22034
http://doi.org/10.1002/hep.30952
http://www.ncbi.nlm.nih.gov/pubmed/31529720
http://doi.org/10.1016/j.bpg.2017.09.008
http://www.ncbi.nlm.nih.gov/pubmed/29566909
http://doi.org/10.3389/fimmu.2015.00015
http://doi.org/10.4049/jimmunol.1500375
http://doi.org/10.3389/fimmu.2020.580968
http://doi.org/10.1038/ncomms13839
http://doi.org/10.1146/annurev.immunol.16.1.201
http://doi.org/10.1016/j.cyto.2014.09.011
http://doi.org/10.1038/nature01202
http://www.ncbi.nlm.nih.gov/pubmed/12490951
http://doi.org/10.1038/nature16969
http://www.ncbi.nlm.nih.gov/pubmed/26934227
http://doi.org/10.4049/jimmunol.1402384
http://www.ncbi.nlm.nih.gov/pubmed/25821220
http://doi.org/10.1111/imr.12029
http://doi.org/10.3389/fimmu.2018.02461
http://www.ncbi.nlm.nih.gov/pubmed/30425712
http://doi.org/10.3389/fimmu.2018.00635
http://www.ncbi.nlm.nih.gov/pubmed/29643856
http://doi.org/10.1007/s10875-015-0160-6

Int. J. Mol. Sci. 2021, 22, 12190 13 of 15

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.
70.

Dywicki, J.; Buitrago-Molina, L.E.; Noyan, F; Davalos-Misslitz, A.C.; Hupa-Breier, K.L.; Lieber, M.; Hapke, M.; Schlue, J.;
Falk, C.S.; Raha, S.; et al. The Detrimental Role of Regulatory T Cells in Nonalcoholic Steatohepatitis. Hepatol. Commun.
2021. [CrossRef]

Liu, X.; Zhang, P.; Martin, R.C.; Cui, G.; Wang, G.; Tan, Y.; Cai, L.; Lv, G.; Li, Y. Lack of fibroblast growth factor 21 accelerates
metabolic liver injury characterized by steatohepatities in mice. Am. J. Cancer Res. 2016, 6, 1011-1025. [PubMed]

Bonora, E.; Targher, G. Increased risk of cardiovascular disease and chronic kidney disease in NAFLD. Nat. Rev. Gastroenterol.
Hepatol. 2012, 9, 372-381. [CrossRef] [PubMed]

Bhattacharjee, J.; Kirby, M.; Softic, S.; Miles, L.; Salazar-Gonzalez, R.M.; Shivakumar, P.; Kohli, R. Hepatic Natural Killer T-cell and
CD8+ T-cell Signatures in Mice with Nonalcoholic Steatohepatitis. Hepatol. Commun. 2017, 1, 299-310. [CrossRef]

Breuer, D.A.; Pacheco, M.C.; Washington, M.K.; Montgomery, S.A.; Hasty, A.H.; Kennedy, A.J. CD8(+) T cells regulate liver injury
in obesity-related nonalcoholic fatty liver disease. Am. J. Physiol. Gastrointest. Liver Physiol. 2020, 318, G211-G224. [CrossRef]
Koda, Y,; Teratani, T.; Chu, P.S.; Hagihara, Y.; Mikami, Y.; Harada, Y.; Tsujikawa, H.; Miyamoto, K.; Suzuki, T.; Taniki, N.; et al.
CD8(+) tissue-resident memory T cells promote liver fibrosis resolution by inducing apoptosis of hepatic stellate cells. Nat.
Commun. 2021, 12, 4474. [CrossRef]

Wang, T.; Sun, G.; Wang, Y.; Li, S.; Zhao, X.; Zhang, C.; Jin, H,; Tian, D.; Liu, K,; Shi, W.; et al. The immunoregulatory effects of
CD8 T-cell-derived perforin on diet-induced nonalcoholic steatohepatitis. FASEB J. 2019, 33, 8490-8503. [CrossRef] [PubMed]
Winau, F; Hegasy, G.; Weiskirchen, R.; Weber, S.; Cassan, C.; Sieling, P.A.; Modlin, R.L.; Liblau, R.S.; Gressner, A.M.; Kaufmann,
S.H. Ito cells are liver-resident antigen-presenting cells for activating T cell responses. Immunity 2007, 26, 117-129. [CrossRef]
Maricic, I; Sheng, H.; Marrero, 1; Seki, E.; Kisseleva, T.; Chaturvedi, S.; Molle, N.; Mathews, S.A.; Gao, B.; Kumar, V. Inhibition
of type I natural killer T cells by retinoids or following sulfatide-mediated activation of type II natural killer T cells attenuates
alcoholic liver disease in mice. Hepatology 2015, 61, 1357-1369. [CrossRef]

Li, Y.; Huang, B,; Jiang, X.; Chen, W.; Zhang, J.; Wei, Y; Chen, Y.; Lian, M.; Bian, Z.; Miao, Q.; et al. Mucosal-Associated Invariant
T Cells Improve Nonalcoholic Fatty Liver Disease Through Regulating Macrophage Polarization. Front. Immunol. 2018, 9,
1994. [CrossRef]

Hegde, P.; Weiss, E.; Paradis, V.; Wan, ].; Mabire, M.; Sukriti, S.; Rautou, P.E.; Albuquerque, M.; Picq, O.; Gupta, A.C.; et al.
Mucosal-associated invariant T cells are a profibrogenic immune cell population in the liver. Nat. Commun. 2018, 9, 2146.
[CrossRef] [PubMed]

Chassaing, B.; Etienne-Mesmin, L.; Gewirtz, A.T. Microbiota-liver axis in hepatic disease. Hepatology 2014, 59, 328-339. [CrossRef]
Luoma, AM.; Castro, C.D.; Adams, E.J. gammadelta T cell surveillance via CD1 molecules. Trends Immunol. 2014, 35,
613-621. [CrossRef]

Liang, Q.; Zhang, M.; Hu, Y.; Zhang, W.; Zhu, P,; Chen, Y.; Xue, P; Li, Q.; Wang, K. Gut Microbiome Contributes to Liver Fibrosis
Impact on T Cell Receptor Immune Repertoire. Front. Microbiol. 2020, 11, 571847. [CrossRef] [PubMed]

Gebruy, Y.A.; Choi, M.R;; Raja, G.; Gupta, H.; Sharma, S.P.; Choi, Y.R; Kim, H.S.; Yoon, S.J.; Kim, D.J.; Suk, K.T. Pathophysiological
Roles of Mucosal-Associated Invariant T Cells in the Context of Gut Microbiota-Liver Axis. Microorganisms 2021, 9, 296. [CrossRef]
Marrero, I.; Maricic, I.; Feldstein, A.E.; Loomba, R.; Schnabl, B.; Rivera-Nieves, J.; Eckmann, L.; Kumar, V. Complex Network of
NKT Cell Subsets Controls Immune Homeostasis in Liver and Gut. Front. Immunol. 2018, 9, 2082. [CrossRef] [PubMed]

Spits, H.; Artis, D.; Colonna, M.; Diefenbach, A.; Di Santo, ].P,; Eberl, G.; Koyasu, S.; Locksley, R.M.; McKenzie, A.N.].; Mebius,
R.E.; et al. Innate lymphoid cells—A proposal for uniform nomenclature. Nat. Rev. Immunol. 2013, 13, 145-149. [CrossRef]
Harmon, C.; Robinson, M.W.; Fahey, R.; Whelan, S.; Houlihan, D.D.; Geoghegan, J.; O’Farrelly, C. Tissue-resident Eomes(hi)
T-bet(lo) CD56(bright) NK cells with reduced proinflammatory potential are enriched in the adult human liver. Eur. J. Immunol.
2016, 46, 2111-2120. [CrossRef]

Moretta, L.; Montaldo, E.; Vacca, P.; Del Zotto, G.; Moretta, F.; Merli, P.; Locatelli, F.; Mingari, M.C. Human natural killer cells:
Origin, receptors, function, and clinical applications. Int. Arch. Allergy Immunol. 2014, 164, 253-264. [CrossRef] [PubMed]
Norris, S.; Collins, C.; Doherty, D.G.; Smith, E; McEntee, G.; Traynor, O.; Nolan, N.; Hegarty, J.; O’'Farrelly, C. Resident human
hepatic lymphocytes are phenotypically different from circulating lymphocytes. J. Hepatol. 1998, 28, 84-90. [CrossRef]

Sarhan, D.; Miller, J.S. Natural Killer Cells: What Have We Learned? In Cell and Gene Therapies; Perales, M.-A., Abutalib, S.A.,
Bollard, C., Eds.; Springer International Publishing: Cham, Switzerland, 2019; pp. 181-200.

Cooper, M.A.; Fehniger, T.A.; Caligiuri, M.A. The biology of human natural killer-cell subsets. Trends Immunol. 2001, 22,
633-640. [CrossRef]

Stabile, H.; Fionda, C.; Gismondi, A.; Santoni, A. Role of Distinct Natural Killer Cell Subsets in Anticancer Response. Front.
Immunol. 2017, 8, 293. [CrossRef] [PubMed]

Sivori, S.; Vitale, M.; Bottino, C.; Marcenaro, E.; Sanseverino, L.; Parolini, S.; Moretta, L.; Moretta, A. CD94 functions as a natural
killer cell inhibitory receptor for different HLA class I alleles: Identification of the inhibitory form of CD94 by the use of novel
monoclonal antibodies. Eur. . Immunol. 1996, 26, 2487-2492. [CrossRef]

Moretta, L.; Moretta, A. Unravelling natural killer cell function: Triggering and inhibitory human NK receptors. EMBO ]. 2004,
23,255-259. [CrossRef]

Kérre, K. Natural killer cell recognition of missing self. Nat. Immunol. 2008, 9, 477-480. [CrossRef]

Di Vito, C.; Mikulak, J.; Mavilio, D. On the Way to Become a Natural Killer Cell. Front. Immunol. 2019, 10, 1812. [CrossRef]


http://doi.org/10.1002/hep4.1807
http://www.ncbi.nlm.nih.gov/pubmed/27293995
http://doi.org/10.1038/nrgastro.2012.79
http://www.ncbi.nlm.nih.gov/pubmed/22565095
http://doi.org/10.1002/hep4.1041
http://doi.org/10.1152/ajpgi.00040.2019
http://doi.org/10.1038/s41467-021-24734-0
http://doi.org/10.1096/fj.201802534RR
http://www.ncbi.nlm.nih.gov/pubmed/30951375
http://doi.org/10.1016/j.immuni.2006.11.011
http://doi.org/10.1002/hep.27632
http://doi.org/10.3389/fimmu.2018.01994
http://doi.org/10.1038/s41467-018-04450-y
http://www.ncbi.nlm.nih.gov/pubmed/29858567
http://doi.org/10.1002/hep.26494
http://doi.org/10.1016/j.it.2014.09.003
http://doi.org/10.3389/fmicb.2020.571847
http://www.ncbi.nlm.nih.gov/pubmed/33329430
http://doi.org/10.3390/microorganisms9020296
http://doi.org/10.3389/fimmu.2018.02082
http://www.ncbi.nlm.nih.gov/pubmed/30254647
http://doi.org/10.1038/nri3365
http://doi.org/10.1002/eji.201646559
http://doi.org/10.1159/000365632
http://www.ncbi.nlm.nih.gov/pubmed/25323661
http://doi.org/10.1016/S0168-8278(98)80206-7
http://doi.org/10.1016/S1471-4906(01)02060-9
http://doi.org/10.3389/fimmu.2017.00293
http://www.ncbi.nlm.nih.gov/pubmed/28360915
http://doi.org/10.1002/eji.1830261032
http://doi.org/10.1038/sj.emboj.7600019
http://doi.org/10.1038/ni0508-477
http://doi.org/10.3389/fimmu.2019.01812

Int. J. Mol. Sci. 2021, 22, 12190 14 of 15

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

Trapani, J.A.; Smyth, M.]. Functional significance of the perforin/granzyme cell death pathway. Nat. Rev. Immunol. 2002, 2,
735-747. [CrossRef]

Romee, R.; Foley, B.; Lenvik, T.; Wang, Y.; Zhang, B.; Ankarlo, D.; Luo, X.; Cooley, S.; Verneris, M.; Walcheck, B.; et al. NK
cell CD16 surface expression and function is regulated by a disintegrin and metalloprotease-17 (ADAM17). Blood 2013, 121,
3599-3608. [CrossRef]

Vossen, M.T.M.; Matmati, M.; Hertoghs, KM.L.; Baars, P.A.; Gent, M.-R.; Leclercq, G.; Hamann, J.; Kuijpers, TW.; van Lier, R. A.W.
CD27 Defines Phenotypically and Functionally Different Human NK Cell Subsets. J. Immunol. 2008, 180, 3739. [CrossRef]

Gao, B.; Radaeva, S.; Jeong, W.I. Activation of natural killer cells inhibits liver fibrosis: A novel strategy to treat liver fibrosis.
Expert. Rev. Gastroenterol. Hepatol. 2007, 1, 173-180. [CrossRef]

Peng, H.; Jiang, X.; Chen, Y.; Sojka, D.K.; Wei, H.; Gao, X.; Sun, R.; Yokoyama, W.M.; Tian, Z. Liver-resident NK cells confer
adaptive immunity in skin-contact inflammation. J. Clin. Investig. 2013, 123, 1444-1456. [CrossRef]

Zhou, J.; Peng, H.; Li, K;; Qu, K,; Wang, B.; Wu, Y.; Ye, L.; Dong, Z.; Wei, H.; Sun, R.; et al. Liver-Resident NK Cells Control
Antiviral Activity of Hepatic T Cells via the PD-1-PD-L1 Axis. Immunity 2019, 50, 403-417.e404. [CrossRef] [PubMed]

Sojka, D.K,; Plougastel-Douglas, B.; Yang, L.; Pak-Wittel, M.A.; Artyomov, M.N.; Ivanova, Y.; Zhong, C.; Chase, ].M.; Rothman,
PB.; Yu, ].; et al. Tissue-resident natural killer (NK) cells are cell lineages distinct from thymic and conventional splenic NK cells.
eLife 2014, 3, e01659. [CrossRef]

Vermijlen, D.; Luo, D.; Froelich, C.J.; Medema, ].P.; Kummer, J.A.; Willems, E.; Braet, F.; Wisse, E. Hepatic natural killer cells
exclusively kill splenic/blood natural killer-resistant tumor cells by the perforin/granzyme pathway. J. Leukoc. Biol. 2002, 72,
668-676. [PubMed]

Jin, H.; Jia, Y,; Yao, Z.; Huang, J.; Hao, M.; Yao, S.; Lian, N.; Zhang, F.; Zhang, C.; Chen, X.; et al. Hepatic stellate cell interferes with
NK cell regulation of fibrogenesis via curcumin induced senescence of hepatic stellate cell. Cell. Signal. 2017, 33, 79-85. [CrossRef]
Peng, H.; Sun, R. Liver-resident NK cells and their potential functions. Cell. Mol. Immunol. 2017, 14, 890-894. [CrossRef] [PubMed]
Radaeva, S.; Sun, R,; Jaruga, B.; Nguyen, V.T; Tian, Z.; Gao, B. Natural killer cells ameliorate liver fibrosis by killing activated stel-
late cells in NKG2D-dependent and tumor necrosis factor-related apoptosis-inducing ligand-dependent manners. Gastroenterology
2006, 130, 435-452. [CrossRef]

Gur, C.; Doron, S.; Kfir-Erenfeld, S.; Horwitz, E.; Abu-Tair, L.; Safadi, R.; Mandelboim, O. NKp46-mediated killing of human and
mouse hepatic stellate cells attenuates liver fibrosis. Gut 2012, 61, 885-893. [CrossRef]

Li, T; Yang, Y.; Song, H.; Li, H.; Cui, A,; Liu, Y,; Su, L.; Crispe, LN.; Tu, Z. Activated NK cells kill hepatic stellate cells via p38/PI3K
signaling in a TRAIL-involved degranulation manner. J. Leukoc. Biol. 2019, 105, 695-704. [CrossRef] [PubMed]

Tian, Z.; Chen, Y.; Gao, B. Natural killer cells in liver disease. Hepatology 2013, 57, 1654-1662. [CrossRef]

Kahraman, A.; Schlattjan, M.; Kocabayoglu, P; Yildiz-Meziletoglu, S.; Schlensak, M.; Fingas, C.D.; Wedemeyer, 1.; Marquitan, G.;
Gieseler, RK,; Baba, H.A; et al. Major histocompatibility complex class I-related chains A and B (MIC A/B): A novel role in
nonalcoholic steatohepatitis. Hepatology 2010, 51, 92-102. [CrossRef]

Michelet, X.; Dyck, L.; Hogan, A.; Loftus, RM.; Duquette, D.; Wei, K.; Beyaz, S.; Tavakkoli, A.; Foley, C.; Donnelly, R.;
et al. Metabolic reprogramming of natural killer cells in obesity limits antitumor responses. Nat. Immunol. 2018, 19,
1330-1340. [CrossRef]

Cuff, A.O; Sillito, F; Dertschnig, S.; Hall, A.; Luong, T.V.; Chakraverty, R.; Male, V. The Obese Liver Environment Mediates
Conversion of NK Cells to a Less Cytotoxic ILC1-Like Phenotype. Front. Immunol. 2019, 10, 2180. [CrossRef] [PubMed]

Viel, S.; Besson, L.; Charrier, E.; Marcais, A.; Disse, E.; Bienvenu, J.; Walzer, T.; Dumontet, C. Alteration of Natural Killer cell
phenotype and function in obese individuals. Clin. Immunol. 2017, 177, 12-17. [CrossRef]

Tosello-Trampont, A.C.; Krueger, P.; Narayanan, S.; Landes, S.G.; Leitinger, N.; Hahn, Y.S. NKp46(+) natural killer cells attenuate
metabolism-induced hepatic fibrosis by regulating macrophage activation in mice. Hepatology 2016, 63, 799-812. [CrossRef]
Diedrich, T.; Kummer, S.; Galante, A.; Drolz, A.; Schlicker, V.; Lohse, A.W.; Kluwe, J.; Eberhard, J.M.; Schulze Zur Wiesch, J.
Characterization of the immune cell landscape of patients with NAFLD. PLoS ONE 2020, 15, e0230307. [CrossRef] [PubMed]
Stiglund, N.; Strand, K.; Cornillet, M.; Stal, P.; Thorell, A.; Zimmer, C.L.; Naslund, E.; Karlgren, S.; Nilsson, H.; Mellgren, G.; et al.
Retained NK Cell Phenotype and Functionality in Non-alcoholic Fatty Liver Disease. Front. Immunol. 2019, 10, 1255. [CrossRef]
Boulenouar, S.; Michelet, X.; Duquette, D.; Alvarez, D.; Hogan, A.E.; Dold, C.; O’Connor, D.; Stutte, S.; Tavakkoli, A.; Winters, D.;
et al. Adipose Type One Innate Lymphoid Cells Regulate Macrophage Homeostasis through Targeted Cytotoxicity. Immunity
2017, 46, 273-286. [CrossRef]

Lee, B.C.; Kim, M.S,; Pae, M.; Yamamoto, Y.; Eberle, D.; Shimada, T.; Kamei, N.; Park, H.S.; Sasorith, S.; Woo, ].R.; et al. Adipose
Natural Killer Cells Regulate Adipose Tissue Macrophages to Promote Insulin Resistance in Obesity. Cell Metab. 2016, 23, 685-698.
[CrossRef] [PubMed]

Amer, ].; Salhab, A.; Noureddin, M.; Doron, S.; Abu-Tair, L.; Ghantous, R.; Mahamid, M.; Safadi, R. Insulin signaling as a potential
natural killer cell checkpoint in fatty liver disease. Hepatol. Commun. 2018, 2, 285-298. [CrossRef] [PubMed]

Sanos, S.L.; Diefenbach, A. Isolation of NK cells and NK-like cells from the intestinal lamina propria. Methods Mol. Biol. 2010, 612,
505-517. [CrossRef]

Wu, X,; Tian, Z. Gut-liver axis: Gut microbiota in shaping hepatic innate immunity. Sci. China Life Sci. 2017, 60,
1191-1196. [CrossRef]


http://doi.org/10.1038/nri911
http://doi.org/10.1182/blood-2012-04-425397
http://doi.org/10.4049/jimmunol.180.6.3739
http://doi.org/10.1586/17474124.1.1.173
http://doi.org/10.1172/JCI66381
http://doi.org/10.1016/j.immuni.2018.12.024
http://www.ncbi.nlm.nih.gov/pubmed/30709740
http://doi.org/10.7554/eLife.01659
http://www.ncbi.nlm.nih.gov/pubmed/12377935
http://doi.org/10.1016/j.cellsig.2017.02.006
http://doi.org/10.1038/cmi.2017.72
http://www.ncbi.nlm.nih.gov/pubmed/28920584
http://doi.org/10.1053/j.gastro.2005.10.055
http://doi.org/10.1136/gutjnl-2011-301400
http://doi.org/10.1002/JLB.2A0118-031RR
http://www.ncbi.nlm.nih.gov/pubmed/30748035
http://doi.org/10.1002/hep.26115
http://doi.org/10.1002/hep.23253
http://doi.org/10.1038/s41590-018-0251-7
http://doi.org/10.3389/fimmu.2019.02180
http://www.ncbi.nlm.nih.gov/pubmed/31572388
http://doi.org/10.1016/j.clim.2016.01.007
http://doi.org/10.1002/hep.28389
http://doi.org/10.1371/journal.pone.0230307
http://www.ncbi.nlm.nih.gov/pubmed/32168345
http://doi.org/10.3389/fimmu.2019.01255
http://doi.org/10.1016/j.immuni.2017.01.008
http://doi.org/10.1016/j.cmet.2016.03.002
http://www.ncbi.nlm.nih.gov/pubmed/27050305
http://doi.org/10.1002/hep4.1146
http://www.ncbi.nlm.nih.gov/pubmed/29507903
http://doi.org/10.1007/978-1-60761-362-6_32
http://doi.org/10.1007/s11427-017-9128-3

Int. J. Mol. Sci. 2021, 22, 12190 15 of 15

97.

98.

99.

100.

101.

102.

103.
104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

Froelich, C.J.; Bankhurst, A.D. Natural killing and antibody-dependent cellular cytotoxicity: Characterization of effector cells by
E-rosetting and monoclonal antibodies. Cell. Immunol. 1983, 78, 33—42. [CrossRef]

Herberman, R.B.; Nunn, M.E.; Lavrin, D.H. Natural cytotoxic reactivity of mouse lymphoid cells against syngeneic acid allogeneic
tumors. I. Distribution of reactivity and specificity. Int. J. Cancer 1975, 16, 216-229. [CrossRef]

Ganal, S.C.; Sanos, S.L.; Kallfass, C.; Oberle, K.; Johner, C.; Kirschning, C.; Lienenklaus, S.; Weiss, S.; Staeheli, P.; Aichele, P.; et al.
Priming of natural killer cells by nonmucosal mononuclear phagocytes requires instructive signals from commensal microbiota.
Immunity 2012, 37, 171-186. [CrossRef]

Yang, X.; Lu, D.; Zhuo, J.; Lin, Z.; Yang, M.; Xu, X. The Gut-liver Axis in Immune Remodeling: New insight into Liver Diseases.
Int. J. Biol. Sci. 2020, 16, 2357-2366. [CrossRef]

Dorrestein, P.C.; Mazmanian, S.K.; Knight, R. Finding the missing links among metabolites, microbes, and the host. Immunity
2014, 40, 824-832. [CrossRef]

Nicholson, J.K.; Holmes, E.; Kinross, J.; Burcelin, R.; Gibson, G.; Jia, W.; Pettersson, S. Host-gut microbiota metabolic interactions.
Science 2012, 336, 1262-1267. [CrossRef]

Roager, HM.; Licht, T.R. Microbial tryptophan catabolites in health and disease. Nat. Commun. 2018, 9, 3294. [CrossRef]
Blacher, E.; Levy, M.; Tatirovsky, E.; Elinav, E. Microbiome-Modulated Metabolites at the Interface of Host Immunity. J. Immunol.
2017, 198, 572-580. [CrossRef] [PubMed]

Korecka, A.; Dona, A.; Lahiri, S.; Tett, A.J.; Al-Asmakh, M.; Braniste, V.; D’Arienzo, R.; Abbaspour, A.; Reichardt, N.; Fujii-
Kuriyama, Y.; et al. Bidirectional communication between the Aryl hydrocarbon Receptor (AhR) and the microbiome tunes host
metabolism. NPJ Biofilms Microbiomes 2016, 2, 16014. [CrossRef]

Muku, G.E.; Murray, I.A.; Perdew, G.H. Activation of the Ah Receptor Modulates Gastrointestinal Homeostasis and the Intestinal
Microbiome. Curr. Pharmacol. Rep. 2019, 5, 319-331. [CrossRef]

Krishnan, S.; Ding, Y.; Saedi, N.; Choi, M.; Sridharan, G.V.; Sherr, D.H.; Yarmush, M.L.; Alaniz, R.C.; Jayaraman, A.; Lee, K. Gut
Microbiota-Derived Tryptophan Metabolites Modulate Inflammatory Response in Hepatocytes and Macrophages. Cell Rep. 2018,
23,1099-1111. [CrossRef] [PubMed]

Shi, Z.; Lei, H.; Chen, G.; Yuan, P.; Cao, Z.; Ser, H.-L.; Zhu, X.; Wu, E; Liu, C.; Dong, M.; et al. Impaired Intestinal Akkermansia
muciniphila and Aryl Hydrocarbon Receptor Ligands Contribute to Nonalcoholic Fatty Liver Disease in Mice. mSystems 2021, 6,
€00985-20. [CrossRef] [PubMed]

Esser, C.; Rannug, A. The Aryl Hydrocarbon Receptor in Barrier Organ Physiology, Immunology, and Toxicology. Pharmacol. Rev.
2015, 67, 259-279. [CrossRef]

Qiu, J.; Heller, ].J.; Guo, X,; Chen, Z.-M.E ; Fish, K; Fu, Y.-X,; Zhou, L. The Aryl Hydrocarbon Receptor Regulates Gut Immunity
through Modulation of Innate Lymphoid Cells. Immunity 2012, 36, 92-104. [CrossRef]

Gutiérrez-Vazquez, C.; Quintana, FJ. Regulation of the Inmune Response by the Aryl Hydrocarbon Receptor. Immunity 2018, 48,
19-33. [CrossRef]

Murray, I.A.; Patterson, A.D.; Perdew, G.H. Aryl hydrocarbon receptor ligands in cancer: Friend and foe. Nat. Rev. Cancer 2014,
14, 801-814. [CrossRef] [PubMed]

Zhang, L.H.; Shin, ].H.; Haggadone, M.D.; Sunwoo, J.B. The aryl hydrocarbon receptor is required for the maintenance of
liver-resident natural killer cells. J. Exp. Med. 2016, 213, 2249-2257. [CrossRef] [PubMed]


http://doi.org/10.1016/0008-8749(83)90257-5
http://doi.org/10.1002/ijc.2910160204
http://doi.org/10.1016/j.immuni.2012.05.020
http://doi.org/10.7150/ijbs.46405
http://doi.org/10.1016/j.immuni.2014.05.015
http://doi.org/10.1126/science.1223813
http://doi.org/10.1038/s41467-018-05470-4
http://doi.org/10.4049/jimmunol.1601247
http://www.ncbi.nlm.nih.gov/pubmed/28069752
http://doi.org/10.1038/npjbiofilms.2016.14
http://doi.org/10.1007/s40495-019-00197-2
http://doi.org/10.1016/j.celrep.2018.03.109
http://www.ncbi.nlm.nih.gov/pubmed/29694888
http://doi.org/10.1128/mSystems.00985-20
http://www.ncbi.nlm.nih.gov/pubmed/33622853
http://doi.org/10.1124/pr.114.009001
http://doi.org/10.1016/j.immuni.2011.11.011
http://doi.org/10.1016/j.immuni.2017.12.012
http://doi.org/10.1038/nrc3846
http://www.ncbi.nlm.nih.gov/pubmed/25568920
http://doi.org/10.1084/jem.20151998
http://www.ncbi.nlm.nih.gov/pubmed/27670593

	Introduction 
	T Cells as Part of the Innate and Adaptive Hepatic Immune System 
	Roles of Different T Cell Subsets in Nonalcoholic Fatty Liver Disease (NAFLD) 
	 T Cells 
	Cluster of Differentiation (CD)4+ T Cells 
	CD4+ T Helper Cells 
	CD4+ Regulatory T Cells 

	CD8+ Cytotoxic T Cells 
	Natural Killer (NK)T Cells 
	Mucosal-Associated Invariant T (MAIT) Cells 

	T Cells and the Gut-Liver Axis 
	NK Cells 
	Functional Competencies of NK Cells in NAFLD 
	NK Cells and Gut-Liver Axis 

	Concluding Remarks and Future Perspectives 
	References

