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Abstract

Non-alcoholic fatty liver disease (NAFLD), which is considered a liver phenotype of metabolic diseases, is
becoming a major cause of chronic liver disease. Multiple factors influence and interact with each other in a
complex manner to form this pathological condition. As evidenced by low-grade chronic inflammation in obesity,
which is a basic pathological feature of NAFLD, immune cell infiltration can occur in various organs, and immune
cell infiltration into the liver plays an important role in the development of steatohepatitis. In recent years, an
increasing number of reports indicate the involvement of innate immunity and adaptive immunity in the
pathogenesis of NAFLD. CD4" T-cells, which serve as an essential and complex element of the immune system and
major regulators of host health and disease, are differentiated into functional T helper 1 (Th1), Th2, Th9, Th17,
Th22, T follicular helper, and regulatory T-cells upon antigen stimulation in a special cytokine environment. In
NAFLD patients, various pathological conditions such as obesity, diabetes, dyslipidemia, and adipose tissue
inflammation coexist. Hence, T-cells can be affected by each of these pathological conditions. This review covers
and discusses the reports on NAFLD and its associated pathologies as well as their effects on CD4" T-cells.
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INTRODUCTION

The number of patients with non-alcoholic fatty liver disease (NAFLD) has increased along with an increase
in the obese population, exhibiting an approximate frequency of 25% worldwide. NAFLD is associated
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with metabolic syndrome>” as well as diseases associated with lifestyle such as cardiovascular disease'”, type
2 diabetes (T2DM)", and dyslipidemia'. It is a major cause of chronic liver disease and becoming an
increasingly important cause of hepatocellular carcinoma (HCC)"\. Furthermore, it is becoming a common
indication for liver transplantation in the United States'”’. It also has a large impact on social costs, which are
expressed as medical expenses'*'”. Therefore, NAFLD is considered an important public health disease.

NAFLD includes various phases such as simple steatosis, steatohepatitis, liver fibrosis, cirrhosis, and
HCC™!, Multiple factors such as oxidative stress, adipokine, lipid peroxidation, insulin resistance, diet,
intestinal bacteria, and genetic factors associate with each other, resulting in the pathology of the disease"”.
The liver is the central organ of glucose/protein/lipid metabolism that maintains homeostasis in the body by
sensing biological stress, inflammation, overnutrition, organ-derived humoral factors, and dynamically
changing gene expression"”. In contrast, approximately 15% of the cells that compose the liver are immune
cells!"". The liver also plays an important role as an immune organ owing to the anatomical characteristics
that require immediate reaction to foreign antigens derived from the portal blood flow""". As such,
hepatocyte injury and the influence of immune cells in the surrounding microenvironment must be
considered in liver disease.

In general, innate immune responses dominate the initial response to liver injury; however, adaptive
immune responses play a vital role in the persistence of inflammation for chronic liver injury"®. Liver
inflammation is considered to increase the recruitment of lymphocytes to the liver, and the type and
distribution of these infiltrating cells determine the nature of inflammation"?,

Recently, there have been several reports on the involvement of adaptive immunity in NAFLD
pathology”**". Antigens from oxidative stress trigger the adaptive immune response””. Additionally, the in
vivo cluster of differentiation for positive (CD4") T-cell depletion reduces inflammation and fibrosis in the
liver of immunocompromised mice transplanted with human immune cells that have been fed a high-fat,
high-calorie diet””. These studies provide evidence that CD4" T-cells play an important role in the
pathology of NAFLD.

A review discussing the relationship between obesity and T2DM in NAFLD" and a review discussing the
role of T-cells and B-cells in inflammation and fibrosis in NAFLD™ have previously been published.
However, the regulatory mechanism of T-cells with effector function is complex, and there is an incomplete
understanding of the significance and role of T-cells in the pathophysiology of NAFLD. This review
discusses the dynamics of CD4" T-cells with effector function in the peripheral blood and liver tissue and of
their related cytokines in NAFLD patients and mouse models. It also summarizes the association between
factors related to metabolic syndrome that underlie NAFLD and CD4" T-cells. This review also discusses
changes in CD4" T-cells associated with therapeutic intervention for NAFLD, the effects of
immunometabolism on immune cells in NAFLD, and the association between HCC and T-cells. Finally, we
explore the role of CD4" T-cells in the pathophysiology of NAFLD along with some future issues.

EVALUATING THE DEGREE OF IMMUNE CELL INFILTRATION IS ESSENTIAL FOR
UNDERSTANDING THE PATHOLOGY OF NAFLD

Pathological features such as steatosis, lobular and portal inflammation, and hepatocellular ballooning are
characteristic of non-alcoholic steatohepatitis (NASH)®. In the Matteoni classification™, Brunt
classification™’, and NAFLD activity score (NAS)””, which are known as the methods for the classification
of pathological conditions or disease states based on the pathological findings, the degree of infiltration by
inflammatory cells is an important component of the type, grading, and scoring. These scoring systems
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demonstrate that hepatic inflammation with infiltration of various immune cell subsets is essential for
progression from fatty liver to NASH"¥ and that the immune cells play an important role in the pathology
of NAFLD™,

HEPATOCYTES ARE ANATOMICALLY EASIER TO CONTACT WITH IMMUNE CELLS AND
ARE INVOLVED IN IMMUNOMODULATION

The liver receives an abundance of blood flow. Approximately 30% of the whole blood passes through the
liver every minute", carrying approximately 10® peripheral blood lymphocytes through the liver in 24 h"*".
In addition, nearly 10" lymphocytes, such as T-cells, B-cells, and natural kicker (NK) cells, reside in the
liver, which weighs 1.5 kg***.. The cells are distributed not only in the vessels but also in the liver
parenchyma.

Circulating T-cells pass through sinusoids in the liver and interact with Kupffer cells, liver sinusoidal
endothelial cells, resident dendritic cells, and hepatocytes. The diameter of sinusoids (6-15 pm) is smaller
than that of lymphocytes (7-12 um)"*. Therefore, when the lymphocytes pass through the sinusoid, the
blood flow becomes slower, increasing the contact time between the lymphocytes and the antigen-
presenting cells (APCs). Similarly, a fenestrated endothelium and the lack of basement membrane facilitate
extravasation of lymphocytes, and the unique access of lymphocytes to hepatocytes directly or indirectly
primes them". Thus, the anatomical location of the liver makes communication with immune cells
convenient.

Antigen recognition in the liver causes T-cells to undergo activation, suppression, immune escape leading
to differentiation into a regulatory phenotype, or apoptosis*’. In addition, the liver induces the apoptosis of
activated T-cells in a non-antigen-specific manner to regulate the immune response’®”.

THE ORIGIN OF LYMPHOCYTES IN THE LIVER

Liver damage increases lymphocyte infiltration into the liver, and the type, distribution, activation, and
function of these infiltrating cells in the liver determine the nature of inflammation"**". The chemokine
system is a factor that plays an important role in regulating the continuous influx of lymphocytes into the

18,36)

liver's=,

As lymphocytes are generally activated by direct contact with the antigen, they migrate to secondary
lymphoid organs in which antigens are present. Then, they are activated by antigen presentation from APCs
and migrate to target organs"*. The continuous recirculation and homing of lymphocytes between specific
sites also occurs between the liver and lymph nodes™". In the pathology of NAFLD, the mesenteric lymph
node* and mesenteric adipose tissue*” are considered potential sources of lymphocytes in the liver. The
upregulation of C-C motif chemokine ligand 5 (CCL5) in the liver and C-C motif chemokine receptor 3
(CCR3) (the receptor of CCL5) in mesenteric lymph node cells have been associated with increased
lymphocyte infiltration into the liver'*. B-cells involved in the early inflammation of mesenteric adipose

tissue also migrate to the liver and contribute to hepatocyte inflammation',

There have also been reports that naive T-cells may be activated in the liver™.. This is because various types
of cells capable of presenting antigens exist in the liver, and their unique structure enables direct contact
with circulating T-cells"”. This indicates that circulating T-cells may elicit an immune response without the
intervention of secondary lymphoid organs, suggesting that circulating T-cells may directly infiltrate the
liver and modify the pathology of chronic liver injury.
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The exact route by which lymphocytes enter the liver is not yet well understood. Therefore, clarifying the
source of lymphocytes that are found in the liver may provide a means to modify the immunokinetics in the
liver and prevent disease progression without interfering with the mobilization of physiological
lymphocytes'™*.

THE HOMEOSTATIC MECHANISM OF IMMUNE CELLS MAY BE DISRUPTED IN LIVER
INJURY

The liver plays a role in maintaining immune homeostasis. Changes in liver architecture as a result of acute
or chronic inflammatory conditions lead to a remarkable change in the organization and localization of
lymphocyte populations*”. Therefore, the mechanism of homeostasis maintenance by immune cells might
be disrupted during liver injury. The relationship between the presence of lymphocytes in liver tissue and
liver disease has been known for a long time, and there are reports related to autoimmune hepatitis
(ATH)", primary biliary cholangitis (PBC)"”, viral hepatitis'*”, and hepatocarcinogenesis'*.

NAFLD HAS AN ENVIRONMENT THAT AFFECTS THE IMMUNE SYSTEM

NAFLD sometimes coexists with ATH" or PBC"'. Approximately 30% and 5%, of NASH patients*” are
positive for the anti-nuclear antibody (ANA) and anti-mitochondrial antibody (AMA), respectively, and the
frequencies of both are higher than in the general population®”. The relationship between the presence of
these antibodies and the pathogenesis of NAFLD is controversial®!. However, this tendency does not simply
demonstrate the comorbidity of AIH or PBC in NAFLD patients, but it also indicates that the environment
that drives NAFLD may influence the immune response of the host, including autoimmunity.

Furthermore, in obesity resulting from excessive intake of nutrients, chronic low-grade inflammation
primarily occurs in the adipose tissue"™”, as well as systemically***”. Chronic inflammation is involved in the
development of metabolic disease”” and insulin resistance™. In obesity, factors such as chronic
,and dyslipidemia'’

60,61 [64]

inflammation!
affect T-cells.

|, changes in intestinal flora'”, insulin resistance'®”, arteriosclerosis

RELATIONSHIP BETWEEN GUT MICROBIOTA AND IMMUNE SYSTEM

The changes in the microbial flora, especially gut microbiota, highly co-evolving with the immune
system!®”, are considered to be associated with various diseases. In NAFLD patients, there are qualitative
and quantitative abnormalities of gut microbiota and intestinal hyperpermeability'”. Endotoxemia, the
result of these changes, is exacerbated as the disease progresses in NAFLD!*. Leptin-induced upregulation
of CD14 in Kupffer cells enhances responsivity to endotoxin in fatty liver'. Furthermore, endotoxin is
considered to be deeply involved in the establishment of steatohepatitis by activating Kupffer cells via Toll-
like receptor 4 (TLR4) and producing tumor necrosis factor alpha (TNF-a) and reactive oxygen species
(ROS)"™. Thus, TLR-mediated endotoxin is involved in innate immune system activation in NAFLD.

TLRs are thought to act primarily on innate immunity and contribute to the maturation of APCs and the
production of inflammatory cytokines™. These effects may secondarily modify adaptive immunity.
However, recent studies have shown the direct role of TLR signaling pathways in adaptive immunity. TRL4
signaling in effector CD4" T-cells regulates T-cell receptor (TCR) activation by inhibiting MAPK
phosphatase 3 (MKP-3) induction-mediated activation of ERK1/2 and suppresses interferon-gamma
(IFN-y) production”. Activation of TLR4 in CD4" T-cells promotes the proliferation and survival of CD4*
T-cells during autoimmune inflammation”. Endotoxin also induces T-cell adhesion via TLR4/MyDs8
signaling and inhibits T-cell chemotaxis toward stromal cell-derived factor (SDF)-1a via TLR4".
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The expression of the TLR4 in naive T-cells is reported to be significantly higher in NASH patients than
that in healthy individuals and non-alcoholic fatty liver (NAFL) patients”. Therefore, in the context of
NAFLD, endotoxin may modify the pathophysiology of NAFLD by exerting direct effects on T-cells as well
as secondary effects mediated by innate immunity.

EFFECT OF OXIDATIVE STRESS ON CD4* T-CELL

It is well known that oxidative stress is involved in the pathophysiology of NAFLD by promoting
hepatocellular death, inflammation, fibrosis, and carcinogenesis”. The highly reactive aldehydes generated
during lipid peroxidation modify self-molecules and form antigenic adducts, known as oxidation specific
epitopes (OSEs)"*””). Therefore, hepatocyte oxidative stress may be an important trigger for both humoral
and cellular immune responses in the liver by forming OSEs""*>”",

Fatty acids involved in oxidative stress can also affect T-cells in a dose-dependent manner”**. These direct
effects of fatty acids on T-cells can be stimulatory or lipotoxic, depending on the ability of the T-cells to
avoid the toxic effects of fatty acids®®. Therefore, similar to the oxidative stress response in hepatocytes,
lipid peroxides can affect cell membranes, proteins, and deoxyribonucleic acid, affecting T-cell function.

T-CELLS ARE DIVIDED INTO VARIOUS SUBSETS AND HAVE DIFFERENT EFFECTOR
FUNCTIONS

The immune system of mammals is roughly classified into adaptive immunity (specific) and innate
immunity (non-specific). The former is believed to have been established early during the emergence of
jawed vertebrates, and the origin of the latter might be even older™. Recent advances in understanding
immune mechanisms at molecular and cellular levels have led to unclear boundaries between adaptive and
innate immunity"®. However, as part of the innate immunity, pattern recognition receptors (PRRs)
recognize pathogen-associated molecular patterns (PAMPs) on foreign invaders. The innate immunity is

[84]

characterized by a rapid reaction after foreign body recognition'*, while adaptive immunity is based on

antigen-specific recognition and is characterized by the presence of immune memory.

T-cells, which express TCR, an antigen receptor, after differentiation and maturation of progenitor cells in
bone marrow via selection in the thymus, play a central role in adaptive immunity™’. The TCR recognizes
peptide antigens presented by major histocompatibility complex (MHC) molecules on APCs"*. MHC
molecules are divided into Class I and Class II molecules. Several CDs8" T-cells and CD4" T-cells
demonstrate a binding affinity for each MHC molecule!*”.

CD4" T-cells are essential and complex elements of the immune system and are the key regulators of host
health and diseases"*®*!. T-cells are differentiated into highly functional effector T-cells in response to
foreign antigen stimulation in a special cytokine environment"** and regulate immune response via the
secretion of specific cytokines™. The effector T-cells are classified based on the cytokine production
(53]

pattern®”, cell surface antigen*", transcription factor”®, and intracellular metabolism">**. Each subtype of
T-cells exhibits different functions.

THE CHARACTERISTICS OF PERIPHERAL CD4" T-CELL IN NAFLD PATIENTS

The dynamics of CD4" T-cells in obesity are different from healthy subjects

NAFLD is associated with systemic metabolic disorders, as reflected by the novel term metabolic
(dysfunction) associated fatty liver disease (MAFLD)""*\ Therefore, given that various pathological
conditions such as T2DM, dyslipidemia, and adipose tissue inflammation are associated with NAFLD,
peripheral T-cells can be affected by each of these conditions. For example, there are several reports on the
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dynamics of CD4" T-cells in obesity associated with these pathologies. In obese patients, the total number of
CD4" T-cells in peripheral blood was significantly higher than that in the lean control group"*'* and
exhibited a significant positive correlation with fasting insulin levels in addition to serum interleukin-7
(IL-7) and CCLs5 levels*), which are capable of stimulating homeostatic T-cell proliferation, survival, and
recruitment"”'**). Compared with the lean control group, the frequency of CD4" T-cell in peripheral blood
was higher in obese patients and had a significant positive correlation with body mass index (BMI)"*. Its
frequency was significantly reduced with decreasing body weight, BMI, and serum leptin levels after
laparoscopic greater curvature plication in obese patients"*.

In contrast, with respect to the hypothesis that the immune mechanism may be impaired in obesity""”, the
levels of CD4* T-cells decreased in genetically obese Zucker rats"*. Furthermore, the frequency of CD4" T-
cells and the blastogenic response in obese patients were lower than that in the lean control group, and both
of these factors were recovered with weight loss"*.

The dynamics of CD4" T-cells in obesity associated with various pathological conditions are still
controversial. Therefore, it can be conjectured that understanding the dynamics of CD4" T-cells in NAFLD
pathological conditions is also not easy.

Peripheral CD4" T-cells in NAFLD patients may be increased

The dynamics of peripheral CD4" T-cells and CD8' T-cells in NAFLD patients are summarized in Table 1.
Few reports have compared the peripheral T-cell dynamics of healthy subjects and NAFLD patients.
Compared to the healthy subjects, the frequency of peripheral CD4'T-cells in NAFLD patients tended to
increase™
unchanged™"*""" or was significantly decreased'
of increased frequency of peripheral CD4" T-cells in obese conditions. However, it has been reported that
the frequencies of peripheral CD4" T-cells and CD8" T-cells are not related to the characteristic histological
features of NASH"'*.. In C57BL/6 mice that were fed a high-fat diet (HFD) for 12 weeks, the frequencies of

peripheral CD4" T-cells and CD8" T-cells were similar to that in the controls''.

or was significantly increased"”"”,but the frequency of CDs" T-cells remained

112

|. These results are consistent with many previous reports

THE CHARACTERISTICS OF INTRAHEPATIC CD4* T-CELL IN NAFLD PATIENTS
Lymphocytes tend to infiltrate the liver during NAFLD conditions

Several studies show that the homing of circulating lymphocytes to the liver may enhance liver
inflammation""”. This is supported by the results demonstrating that the genes upregulated in NASH
patients encoding for chemokines and chemokine receptors are involved in leukocyte recruitment"'?,
including the couples C-X-C motif chemokine ligand 8 (CXCL8)/C-X-C motif chemokine receptor 1
(CXCR1), CXCL1,3/CXCR2, and CCL3-5/CCR5 and the chemokines CXCL9-11 and CCL2"*. This
suggests that lymphocytes tend to infiltrate the liver during NAFLD conditions.

The intrahepatic CD4* T-cells in NAFLD patients may be increased

Similar to the study in peripheral blood, few reports have been published examining the intrahepatic CD4"
T-cell and CDs" T-cell levels in NAFLD patients. The frequency of CD4" T-cells in all cells in the liver tissue
significantly increased compared to that in healthy individuals"'*. In contrast, the frequencies of CD4" T-
cells in CD3" T-cells in the liver tissue did not change compared to that in the healthy subjects, and the
frequencies of CD8" T-cells in CD3* T-cells tended to decrease slightly""”. Characteristically, CD4" T-cells
and CD8" T-cells significantly infiltrate the portal tract but not the lobules””, and, under NASH conditions,
the levels of both cells increased upon the progression of fibrosis***’.
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Table 1. Dynamics of peripheral CD4" T-cells and CD8" T-cells in NAFLD patients

CD4’ T-cells CD8’ T-cells

Inzaugarat et al M The CD4" T-cell frequency in PBMCs significantly There is no change in the CD8" T-cell frequency in PBMCs
increases compared to HC (36.3% in 10 NASH vs. 29.8 %  compared to HC (16.7% in 10 NASH vs. 13.6% in 10 HC)
in10 HC)

Maricic et al.™™ The CD4" T-cell frequency in PBMCs significantly There is no change in the CD8" T-cell frequency in PBMCs
increases compared to HC (67.6% in 18 NASH vs. 59.6%  compared to HC (data not shown)
in19 HC)

Seike et al.'*® The CD4" T-cell frequency in CD3" T-cell tends to There is no change in the CD8" T-cell frequency in CD3" T-
increase compared to HC (66.0% in 40 NAFLD vs. 60.8% cell compared to HC (22.0% in 40 NAFLD vs. 26.1% 5 HC)
in5HC)

Diedrich et al."™ The CD4" T-cell frequency in CD3+ T-cell significantly The CD4" T-cell frequency in CD3" T-cell significantly
increases compared to HC (67.9% in 27 NAFLD vs. 59.9% decreases compared to HC (26.12 % in 27 NAFLD vs.

26 HC) 32.47% in 26 HC)

NASH: Non-alcoholic steatohepatitis; HC: healthy control; NAFLD: non-alcoholic fatty liver disease; PBMCs: peripheral blood mononuclear cells.

The dynamics of the intrahepatic CD4" T-cell in the NASH mouse model are controversial

In the animal model, the frequency of CD4" T-cells in the liver tissue was significantly increased in C57BL/6
mice that were fed an HFD for 12 weeks compared to that in the controls. However, no difference was
observed in the frequency of CD8"' T-cells. The increase in CD4" T-cells that caused liver damage was
attributed to the propensity of the migration of gut-derived lymphocytes to the liver, which was associated
with the upregulation of CCL5 in the liver and its receptor CCR3 in lymphocytes'*. In C57BL/6] mice that
were fed an HFD for 16 weeks, the frequency of CD4" T-cells in CD3" T-cells in the liver tissue increased
significantly compared to that in the controls. This observation may be related to the activation of CD4" T-
cells by intrahepatic B-cells that produce IL-6, TNF-0, and immunoglobulin G2a (IgG2a)""”. In C57BL/6
mice that were fed an HFD for 16 weeks, the frequencies of CD4" T-cells and CD8" T-cells in CD45" cells in
the liver tissue significantly increased compared to those in the control, and CD4" T-cells were activated
(evaluated by CD69 and OX40). OX40 was reported to be an important regulator in the NAFLD context, as
the genetic deletion of OX40 reduced the frequency of CD4" T-cells in the liver tissue and inhibited

118]

activation!

In C57BL/6 mice that were fed a methionine- and choline-deficient (MCD) diet for 8 weeks, the frequency
of CD4" T-cells increased significantly over the 8 weeks in hepatic mononuclear cells of the liver tissue
compared to that in the controls. From the second week onward, intrahepatic CD4" T-cells were activated
(evaluated by CD25) with the progression in the pathological conditions"". Furthermore, in C57BL/6 mice
that were fed an MCD diet for 8 weeks, the frequencies of CD4" T-cells and CD8" T-cells in CD45" cells that
respond to oxidative stress-derived antigens increased in the liver tissue over time, and CD3" T-cells were
activated (evaluated by CDe9). CD4" T-cell infiltration in liver tissues was further increased upon
immunization by oxidative stress-derived antigens”. These results show that the frequencies of activated
CD4" T-cells increased in the liver tissue in various NASH mouse models.

In contrast, recent reports demonstrated a decrease in the frequency of CD4" T-cells in the liver tissue in
several NASH mouse models. In C57BL/6] mice that were fed an HFD for 12 weeks, the frequency of CD4"
T-cells in the liver tissue was significantly lower than that of the controls but was recovered by the
administration of antibiotics or Lactobacillus’. C57BL/6 mice that were fed a western diet (WD) for 24
weeks showed a selective loss of the total number of CD4* T-cells in the liver tissue*”. Furthermore, the
frequency of CD4" T-cells in the liver tissue was reduced in MYC-ON/OFF mice that were fed an MCD diet
for 4 and 8 weeks, MYC-ON mice that were fed a choline-deficient and amino-acid-defined (CDAA) diet
for 16 weeks, C57BL/6 mice that were fed a CDAA diet for 16 weeks, C57BL/6 mice that were fed an HFD or
a low-fat diet (LFD) for 24 weeks, and 12-week-old 0b/0b mice, which could be considered as a selective loss
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of CD4" T-cells owing to the oxidative damage of fatty acids and was involved in the development of
HCC™,

Since changes in CD4" T-cells are the sum of the changes in various types of CD4" T-cells, it is not easy to
evaluate them all together. Even if there is no change in CD4" T-cells, the ratio of the cell fractions that
compose them may be different. To elucidate the dynamics of the various effector T-cells that are described
below, such as which cell fraction the activated CD4" T-cells will differentiate into and what functions they
will acquire or lose, may be important in determining the involvement of CD4" T-cell in the NAFLD
pathology.

DYNAMICS OF CD4* EFFECTOR T-CELLS IN NAFLD

As shown in Figure 1, CD4" T-cells are divided into subsets such as T helper 1 (Th1), Th2, Tho, Th17, Th22,
regulatory T-cell (Treg), and T follicular helper (Tth), and each subset has its own function. The dynamics
of Thi, Th2, Th17, and Treg subsets in peripheral blood and liver in NAFLD patients and healthy controls

[28,74,110,112,116,122-126]

are summarized in Table 2

TH1 CELLS

Basic characteristics of Th1 cells

Thi cells are characterized by the production of IFN-y, IL-2, and TNF-0"*" and by the expression of
CCR5!"* and CXCR3"*\. They develop from naive T-cells under stimulation by IFN-y and IL-12"". In the
differentiation of Thi, an important transcription factor is T-box expressed in T-cells (T-bet)", and
important signal transducer and activator of transcription (STAT) molecules are STAT4 and STATI,
activated by IL-12"" and IFN-y""*?, respectively. GATA binding protein 3 (GATA3) suppresses the Th1
programs through the repression of IL-12 signaling"*”. Th1 cells induce macrophage activation primarily
via the production of IFN-y and are involved in intracellular pathogen elimination, antiviral response, and
antitumor response [Figure 1]. IFN-y plays a crucial role in generating efficient innate and adaptive immune
responses'*. Studies have found an association of Th1 cells with organ-specific autoimmune diseases such
as autoimmune type 1 diabetes"*”, rheumatoid arthritis"**, multiple sclerosis™*”, and Crohn’s disease”*. In
terms of liver diseases, Th1 cells are associated with ATH"**, PBC"*, and alcohol-related cirrhosis"*'".

Th1 cells are altered in many pathological conditions associated with NAFLD patients

Compared to a lean control subject, there is an increase in the peripheral Th1 cells in metabolically healthy
obese subjects"*”. In addition, peripheral Th1 cells increase in T2DM patients compared to lean control
subjects"*>'*”. Under obese conditions, Th1 cells infiltrate the adipose tissue, and the frequency of Th1 cells
in adipose tissue has a significant positive correlation with the levels of high-sensitivity c-reactive protein
(hs-CRP) in plasma**,

Th1 cells increase in adipose tissue and skeletal muscle in obese mice

In C57BL/6 mice that were fed an HFD for 14-18 weeks, the absolute number of Th1 cells per gram of fat
was found to significantly increase compared to that in the controls"*. In C57BL/6 mice that were fed an
HED for 10 weeks, the frequency of Th1 cells in visceral adipose tissue (VAT) was significantly increased
compared to that in the control"*. In C57BL/6 mice that were fed an HFD for 12 weeks, the frequency of
Thi cells in the perigonadal adipose tissue and skeletal muscle was significantly increased compared to that
in the control". In C57BL/6] mice that were fed an HFD for 21 weeks, the expression level of IFN-y
messenger ribonucleic acid (mRNA) in adipose tissue and the production of IFN-y in T-cells from adipose
tissue were significantly higher than in the lean controls"*. In addition, T-bet-deficient mice showed
increased insulin sensitivity despite increased VAT mass"*. These results suggest that Th1 cells are
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Figure 1. Summary of the types, characteristics, and functions of CD4" effector T-cells. Each effector T-cell develops from naive T-cells
under stimulation by several cytokines. Transforming growth factor-beta (TGF-B) suppresses Th22 differentiation. Transcription factors
and signal transducer and activator of transcription (STAT) molecules required for differentiation are listed, with those in red involved in
positive regulation and those in blue involved in negative regulation. Th: T helper; Treg: regulatory T-cell; Tth: T follicular helper; T-bet: T-
box expressed in T-cells; GATA-3: GATA binding protein 3; IL: interleukin; IFN-y: interferon-gamma; TNF-a: tumor necrosis factor-alpha;
CCR: C-C motif chemokine receptor; CXCR: C-X-C motif chemokine receptor; IRF4: IFN regulatory factor 4; FoxP3: forkhead box P3;
ROR-vyt: retinoic acid-related orphan receptor gamma-t; Gfil: growth factor independent 1; LXR: liver X receptor; Eomes: eomesodermin;
AHR: aryl hydrocarbon receptor; PD-1: programmed cell death-1; ICOS: inducible costimulatory; Ascl2: achaetescute homolog 2; TCF-1:
T-cell factor 1; LEF-1: lymphoid enhancer-binding factor-1; Blimp-1: B lymphocyte-induced maturation protein-1.

increased in the adipose tissue and skeletal muscle in the obese mouse model; this may affect glucose

metabolism via IFN-y.

IFN-y may be involved in insulin resistance via adipose tissue inflammation

Lymphocytes infiltrating the adipose tissue stimulate preadipocytes via IFN-y to release monocyte
chemoattractant protein-1 (MCP-1). This is important for monocyte recruitment and may promote
monocyte infiltration, which plays an important role in adipose tissue inflammation and the development of
insulin resistance"*. Studies have also demonstrated that IFN-y-induced adipose tissue inflammation and
oxidative stress are associated with endothelial dysfunction in T2DM; this plays an important role in the

pathogenesis of cardiovascular disorders"*".

Global deletion of IFN-y in mice has been observed to improve glucose intolerance, hepatic insulin
resistance, and weight loss associated with negative energy balance”””. In addition, IFN-y”~ mice fed an HFD
showed a decrease in the adipocyte size, improvement in insulin sensitivity, and an M2-shift in adipose
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Table 2. Dynamics of peripheral and liver effector T-cells in NAFLD patients

Ref. Patients population Blood Liver

Thi  Th2 Thi7 Treg Thl Th2 Thi7 Treg
Inzaugarat et al.”™ 10 NASH, 10 HC ta — ND. ND. ND. ND. ND. N.D.
Ferreyra Solari et al."™* 6 pediatric NASH, 5 aged matched HC 1 — ND. ND. ND. ND. ND. ND.
Rau et al."?! 51 NAFL, 30 NASH, 43 HC I L S
Séderberg et al."™*"! 12 non-NASH (NAS 0-2), 33 NASH (NAS3-6) N.D. ND. ND. ND. ND. ND. ND. 1
Tang et . 14 NASH, 4 HC N.D. ND. ND. ND. ND. ND. 1 N.D.
Seike et al.”* 40 NAFLD, 5 HC - 1 1 — ND. ND. ND. ND.
Diedrich et al.!™ 27 NAFLD blood, 26 HC, 15 NAFLD liver, 3 HL - 1 — - ND. ND. ND. ND.
Alegre et al.!"*®! 9 NASH, 11 HC 1 N.D. ND. ND. ND. ND. ND. ND.
Wang et al.”¥ 25 NASH, 25 HC 1 ND. 1 N.D. N.D. ND. ND. ND.
Inzaugarat et al."™®’ 9 NAFLD, 9 HC N.D. ND. ND. ND. 1¥ ND. ND. ND.

°No significant correlations are found between the increased frequency of Th1 cells and histological features in NASH. PCells are increased in
patients with both NAFL and NASH compared to HC. “The frequency of Naive Treg decreased in patients with both NAFL and NASH compared to
HC.°A comparison of 35 NAFL patients and 18 NASH patients. °A comparison of 15 NAFL patients and 8 NASH patients. fComparison of FoxP3"
cells by immunostaining is shown. ®Analysis of mMRNA (IFN-y, T-bet) in liver tissue is shown. NASH: Non-alcoholic steatohepatitis; HC: healthy
control; NAFLD: non-alcoholic fatty liver disease; N.D.: no data; Treg: regulatory T-cell; Th: T helper. 1, —, or | indicate that the frequency of cells
increases, equals, or decreases compared to the control, respectively.

153]

tissue macrophage phenotype and cytokine expression compared with obese wild-type control mice!

Th1 cells increase in the mesenteric lymph node, small intestine, and colon of obese mice

In C57BL/6] mice fed an HFD for 12 weeks, the frequency of Th1 cells in the mesenteric lymph nodes
increased compared to that in the control*>*". In C57BL/6] mice that were fed an HFD for 30 days'**, 10
weeks"*, and 12-16 weeks"*”, the frequency of Th1 cells increased in the small intestinal mucosa**'**'**.
For C57BL/6] mice that were fed an HED for 12-16 weeks, there was an increased frequency of Th1 cells in

the colon".

Beta7™" mice experiencing hypoplasia of the gut lymphoid system showed an improvement in HFD-
induced insulin resistance and a reduction in the number of intestinal Th1 cells"*. IFN-y may also have
direct pathological effects on the disruption of barrier function"*>"*". Therefore, IFN-y may affect metabolic
function by altering intestinal permeability.

IFN-y may be involved in liver inflammation and fibrosis in NAFLD

In NAFLD patients, IFN-y levels were found to increase in peripheral blood"*”. In C57BL/6 mice that were
fed an HFD"™ or a choline deficiency diet (CDD)", studies have observed the harmful role of IFN-y
associated with the initiation or maintenance of proinflammatory activation in the development of
steatohepatitis. In addition, hepatitis and fibrosis in methionine and choline-deficient HFD mouse models

134

were alleviated by IFN-y deficiency*. These results indicate that IFN-y has a proinflammatory or
profibrotic effect in NAFLD animal models. In contrast, IFN-y has been found to antagonize the onset of
hepatic fibrosis induced by dimethyl nitrosamine and carbon tetrachloride (CCl4) by inhibiting the
activation of hepatic stellate cells (HSCs) and exhibiting an antifibrotic action"**". Many of these studies
have suggested that IFN-y associated with Th1 cells is associated with liver inflammation and fibrosis in
NAFLD and with insulin resistance and adipose tissue inflammation in obesity and diabetes that underlie

NAFLD.
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Peripheral Th1 cells appear to increase in NAFLD

The frequency of peripheral Th1 cells in adult NAFLD patients either remains the same®®""” or significantly
increases””*"'*"*>"**) compared to that in healthy controls. In NASH patients, there is a significantly positive
correlation between the frequency of IFN-y-positive cells in CD4" T-cells and serum endotoxin levels”*. The
expression of IFN-y in peripheral blood mononuclear cells (PBMCs) of NASH patients increases
significantly compared to that in PBMCs of the NAFL patients; this was significantly positively correlated
with histopathological features such as ballooning and fibrosis in liver tissues"*”. Peripheral CD4" T-cells in
NAFLD patients were more likely to produce IFN-y upon stimulation with leptin, which is a pro-
inflammatory adipokine, compared to these cells in the healthy subjects"*?. A study comparing obese and
healthy children has shown that Th1 cells are associated with insulin resistance and the development of
NASH"*.. In the animal model, there was a significant increase in the frequency of peripheral Th1 cells in
C57BL/6 mice fed with an HFD for 12 weeks compared to the control*""**,

Intrahepatic Th1 cells may increase in NAFLD

A few reports have examined intrahepatic Th1 cells in patients with NAFLD. Intrahepatic Th1 cells in
patients with NAFLD are increased compared to those in healthy controls"'*. The gene encoding Th1
cytokine was significantly upregulated in NASH patients compared to that in obese patients with normal
liver tissue'"'”.. Another study found that there were no differences between NAFL and NASH patients"*”.

In C57BL/6] mice fed with an HFD for 16 weeks, there was a significant increase in the frequency of Th1
cells in intrahepatic CD4" T-cells. This was a result of the activation of CD4" T-cells by intrahepatic B-cells
and the promotion of differentiation of CD4" T-cells into Th1 cells"*”. In C57BL/6 mice fed with an HFD
for 12" or 16 weeks"", there was a significant increase in the frequency of intrahepatic Th1 cells
compared to that in the controls, although this decreased with an improvement in the NAFLD pathology
via the administration of antibiotics or Lactobacillus'. Moreover, during NASH development, OX40 plays
an important role in the activation and proliferation of intrahepatic T-cells and the promotion of
differentiation of CD4" T-cells into Th1 cells"'*. In mice that were fed an MCD diet, the Th1 subset of CD4*
T-cells was activated by oxidative stress-derived antigens, contributing to the progression of NASH".

These findings highlight that Th1 cells increased in the liver tissue and were involved in NAFLD pathology.
There is also a report mentioning that the frequency of Th1 cells in the liver tissue was maintained in MYC-
ON mice that were fed an MCD diet"*".

Although NASH is not traditionally considered a Thi-polarized disease*"), the frequency of peripheral or
intrahepatic Th1 cells in NAFLD differs from that in healthy controls, and it is suggested to be involved in
the modification of NAFLD and NAFLD-related pathology [Figure 2]. However, there is uncertainty
regarding the specific mechanism by which Th1 cells are involved in the formation and progression of the
pathological conditions of NAFLD.

TH2 CELLS

Basic characteristics of Th2 cells

Th2 cells are characterized by the production of IL-4, IL-5, IL-9, and IL-13"*" and by the expression of
CCR3, CCR4"*!, and CCR8"“".. They develop from naive T-cells under stimulation mainly by IL-2 and
IL-4"*), In the differentiation of Th2, the important transcription factor is GATA3"*), and STATs and
STATS5 are the important STAT molecules activated by IL-4"** and IL-2"", respectively. In contrast, T-bet
suppresses Th2 signaling by directly binding to GATA3"" [Figure 1]. Th2 cells contribute to the activation
1951721 They are
primarily involved in the development of asthma and allergic inflammatory diseases. They exert important

of the humoral immune response and also induce B-cell class switching and IgE production!

protective effects by reducing tissue inflammation and activating tissue regeneration mechanisms. However,
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Figure 2. Summary of the contribution of Th1 cells in NAFLD and the related pathologies. The ellipse on the left shows the dynamics of
Th1 cells in peripheral blood and adipose tissue in obesity and type 2 diabetes (T2DM) in humans, while the ellipse on the right shows
the dynamics of Th1 cells in adipose tissue, skeletal muscle, mesenteric lymph nodes, and small intestinal mucosa in obese mice. The
central square summarizes the Th1 cell dynamics in the peripheral blood and liver tissue in NAFLD. The left side shows the dynamics in
humans, and the right side shows the dynamics in mice. NAFLD: Non-alcoholic fatty liver disease; NAFL: non-alcoholic fatty liver; NASH:
non-alcoholic steatohepatitis; Th: T helper; IFN-y: interferon-gamma.
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chronic, over-activated, or dysregulated repair processes may contribute to the development of pathological
fibrosis"*'”"\. In liver diseases, Th2 cells are associated with liver fibrosis"”* and the prognosis of HCC"”\.

Th2 cells are altered in peripheral blood and adipose tissue in obese patients

In humans, peripheral Th2 cell numbers in obese patients are significantly elevated compared to those in
the lean control subjects"””. Under obese conditions, GATA3/CD3E gene expression significantly increases
in the VAT compared to that in the control condition"”. In contrast, in healthy overweight and obese
human patients, the frequency of Th2 cells in the VAT is inversely correlated with plasma hs-CRP levels"*.
In addition, there is a significant negative correlation between the frequency of Th2 cells in adipose tissue
and peripheral blood with steady-state plasma glucose concentrations that reflect insulin resistance*.
These results are representative of the decrease in Th2 cells in peripheral blood and adipose tissue for obese

[177

patients, as hs-CRP increase and insulin resistance are associated with obesity

Th2 cells may decrease in VAT and mesenteric lymph node in mice

In C57BL/6] mice that were fed an HFD for 12-16 weeks, there was a significant reduction in the frequency
of Th2 cells in VAT compared to that in the control mice"*!. In C57BL/6] mice fed with an HFD for 12
weeks, the frequency of Th2 cells in the mesenteric lymph node was lower than that in the controls, while
the frequency recovered with improvement in the pathology of NAFLD upon treatment with antibiotics and
probiotics™. In C57BL/6] mice that were fed an HFD for 10 weeks, the frequency of Th2 cells in the small

1/16

intestinal mucosa was the same as that in the controls!
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Decreased T-cell responsiveness to insulin may be one of the triggers for Th2 changes in obesity
The signaling of the insulin receptor, which is upregulated during T-cell activation, regulates T-cell
proliferation and cytokine production"”. Insulin may promote Th2 differentiation in CD4" T-cells through
extracellular signal-regulated kinase phosphorylation”. This indicates that intensive insulin therapy for
patients in intensive care and other hyperglycemia scenarios may be dependent on modifying immune cell
function. Studies have also reported that, in vitro, supra-physiological insulin does not promote a shift to
the Th2 phenotype in insulin-resistant obesity"*. In addition, a decrease in the Th1:Th2 ratio associated
with weight loss and a slimmer waistline at 12 weeks during the 24-week dietary energy restriction with
gastric banding surgery were also observed"*. Therefore, T-cells in obese patients may be resistant to
insulin-mediated Th2 differentiation. However, this resistance to Th2 differentiation may be restored by
improving insulin sensitivity through weight loss"*..

Th2 cells may have a protective role against obesity and insulin resistance in mice

The transfer of CD4* T-cells into lymphocyte-free recombination-activating gene (RAG)"" mice fed an HFD
resulted in suppressed weight gain and improved insulin resistance primarily via Th2 cells. The transfer of
STATe"CD4" T-cells to RAG™" mice fed an HFD did not demonstrate insulin-sensitizing effects"*”. Studies
have also found that IL-33 as a treatment for ob/ob mice induces the production of Th2 cytokines"*!. These
Th2 cytokines are largely produced in the adipose tissue, resulting in improved insulin sensitivity!****.

These results suggest that Th2 may have a protective role against insulin resistance.

The alteration in Th2 in mesenteric lymph nodes may be protective against obesity in mice
Heligomosomoides polygyrus (H. polygyrus) infection is known to cause a Th2-dominated immune
response!™. H. polygyrus infection has been shown to protect C57BL/6 mice from HFD-induced obesity"”
and to increase Th2 cells in mesenteric lymph nodes"*. In addition, H. polygyrus infection in STAT6”~ mice
does not protect against HFD-induced obesity"*”. This phenomenon is considered to be associated with
Th2-dependent M2 macrophage-dependent changes in the gut microbiota due to the H. polygyrus
infection"”. These results suggest that changes in the Th2 cells in mesenteric lymph nodes may protect
against the pathology of obesity.

IL-13 may have a protective effect on insulin resistance

IL-13 is involved in the inhibition of insulin resistance and low-grade systemic inflammation in C57BL/6]
mice fed an HED. It does this by suppressing adipose inflammation, reducing hepatic gluconeogenesis, and
enhancing adaptive thermogenesis"***’. In IL-13"" mice, the dysregulation of glucose metabolism has been
observed in the liver, resulting in hepatic insulin resistance and systemic metabolic dysfunction"..

IL-13 can induce liver fibrosis

IL-13 can induce tissue fibrosis via the stimulation and activation of transforming growth factor-beta1
(TGE-B1)"?.IL-13 binds to high-affinity IL-13R (IL-13Ra2), which is expressed in activated HSCs,
promotes the production of TGF-p1 via TGFB1 promoter activity, and is involved in liver fibrosis""**. IFN-y
deficient mice fed an HFD rapidly progressed to NASH, resulting in fibrosis dependent on TGF-p and IL-13
signaling"**l.

No consensus has been established on the dynamics of peripheral or hepatic Th2 cells in NAFLD

In patients with NAFL/NASH"*! and NAFLD"*""?), there was a significant increase in the frequency of
peripheral Th2 cells in CD4" T-cells compared to that in healthy patients. However, several reports have also
indicated that the frequency of peripheral Th2 cells in adult NASH patients"'"” and pediatric NASH
patients*” is the same as that in the healthy subjects. In animal models, the percentage of Th2 cells in the
peripheral blood of C57BL/6 mice fed an HFD for 12 weeks was the same as control™'..



Page 14 of 44 Seike et al. Hepatoma Res 2021;7:46 | https://dx.doi.org/10.20517/2394-5079.2021.46

There are limited studies on Th2 cells in the liver tissue; there was no difference between the frequency of
Th2 cells in CD4" T-cells in the liver tissue of NASH patients and NAFL patients*”. In C57BL/6 mice fed an
HEFD for 12 weeks, there was no significant difference in the frequency of Th2 cells in liver tissue compared
to that in the controls'*. In contrast, in C57BL/6 mice fed an HFD for 16 weeks, there was a significant
increase in the frequency of Th2 cells in liver tissue compared to that in the controls"**.

The roles of Th2 cells in NAFLD and the related pathologies are summarized in Figure 3. Although there
are reports indicating the association of Th2 cytokines with insulin resistance and liver fibrosis as well as
changes in the frequency of Th2 cells in obesity, the role of Th2 cells in NAFLD remains unclear.

TH9 CELLS

Basic characteristics of Th9 cells

Tho cells are characterized by the production of IL-9 and IL-10 and by the expression of CCR3, CCRe, and
CXCR3". They develop from naive T-cells and Th2 under stimulation by TGF-p and IL-4"**"". In the
differentiation of Tho, the important transcription factors are PU.1"*, GATA3"*), and IFN regulatory
factor 4 (IRF4)™!, while an important STAT molecule is STATs"*". Of note, T-bet and forkhead box P3
(FoxP3) decrease the expression of Il9 in Tho cells"* [Figure 1]. As most transcription factors expressed in
Tho cells are also expressed in other Th subsets, the transcription factors in Th9 cells have a highly complex
regulatory mechanism*. Tho cells are mainly involved in the pathogenesis of allergic inflammation"*,
autoimmune disease", and tumor immunity®”.. In terms of the involvement of Tho cells in liver disease,
there have been reports on their association with chronic hepatitis B (CHB)**, liver fibrosis***, and
HCCP™.

IL-9 may be associated with liver fibrosis

The expression of IL-9 is significantly higher in human liver cirrhosis tissue than that in the normal liver
tissue™. CCl4 treatment of IL-9-overexpressing mice with recombinant adenovirus vector leads to severe
liver fibrosis with increased collagen accumulation and a-smooth-muscle actin (a-SMA) expression
levels®™. Anti-IL-9 antibody treatment in mice treated with CCl4 (hepatic fibrosis mouse model) attenuates
the development of hepatic inflammation, necrosis, and fibrosis, accompanied by a marked decrease in the
number of activated HSCs™*. In addition, the in vitro co-culture of HSCs and IL-9 has been shown to
upregulate the expression of a-SMA, collagen-I, and collagen-I11*"".

The role of Th9 in the pathology of NAFLD remains poorly understood

There are no studies on the involvement of Th9 in obesity, T2DM, dyslipidemia, and inflammation of
adipose tissue, and its role is unknown. In contrast, there are several studies on the relationship between
IL-9, which is functionally pleiotropic and has the ability to regulate inflammation and immunity by
affecting many cell types™, and these conditions. The serum IL-9 level has been found to be increased in
obese women compared to that in non-obese women®!. The role of IL-9 in T2DM is controversial, with
studies reporting increases™", decreases™", or no differences”? in its levels compared to those in healthy
individuals.

211] [212

Although there is increasing clarity regarding the relationship between liver fibrosis and IL-9, there are no
human or animal model studies on the role of Tho in NAFLD. As such, further analysis of the relationship
between Tho and NAFLD is warranted.

TH17 CELLS

Basic characteristics of Th17 cells
Th17 cells are characterized by the production of IL-17 (IL-17A and IL-17F), IL-21, and IL-22"" and by the
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Figure 3. Summary of the contribution of Th2 cells in NAFLD and the related pathologies. The ellipse on the left shows the dynamics of
Th2 cells in peripheral blood and adipose tissue in obesity in humans, while the ellipse on the right shows the dynamics of Th2 cells in
adipose tissue, mesenteric lymph nodes, and small intestinal mucosa in obese mice. The central square summarizes the Th2 cell
dynamics in the peripheral blood and liver tissue in NAFLD. The left side shows the dynamics in humans, and the right side shows the
dynamics in mice. NAFLD: Non-alcoholic fatty liver disease; NAFL: non-alcoholic fatty liver; Th: T helper; NASH: non-alcoholic
steatohepatitis.

expression of CCR4 and CCRe"”"**"*. They develop from naive T-cells under stimulation by TGF-g, IL-s,
IL-21, and IL-23""**"\. The differentiation process consists of three stages including the differentiation stage
associated with TGF-p and IL-6, the self-amplification stage with IL-21, and the stabilization stage with
IL-23"”), In the differentiation of Th17, the important transcription factor is retinoic acid-related orphan
receptor gamma-t (ROR-yt)”'"*), and STATS3 is the important STAT molecule”. Conversely, growth factor
independent 1 (Gfi1)®, liver X receptor (LXR)"*", eomesodermin (Eomes)*?, and STAT5"*! inhibit the
differentiation of Th17 cells [Figure 1]. Th17 cells induce immune cells via tissue inflammation and
neutrophil-attracting chemokines (CXCL1, CXCL2, and CXCL8)"*. These cells are mainly involved in the
pathogenesis of autoimmune diseases and are associated with rheumatoid arthritis**", inflammatory bowel
disease™, multiple sclerosis”*, and psoriasis®”. Th17 cells in the liver are involved in various
inflammatory processes associated with viral hepatitis®*, alcoholic liver disease'*”, PBC**”, and HCC**"\.

Obesity may be conducive to Th17 cell differentiation

IL-6 plays an important role in the differentiation of CD4" T-cells into Th17 cells and is found to increase in
blood with the degree of obesity*”. In diet-induced obese mice, T-cells expand the Th17 cell pool and
produce more IL-17 than lean littermates, in an IL-6-dependent process®. The expression of miR-326,
which promotes Th17 cell differentiation™, increases in adipose tissue mononuclear cells®. A decrease in
the adiponectin level, which was found to be low in obese patients”, may promote the differentiation of
naive T cells into Th17 cells*”. Under obese conditions, acetyl-CoA carboxylase 1 (ACC1) regulates the
function of ROR-yt through fatty acid synthesis in T-cells and is associated with Th17 cell
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differentiation™®. ACC1 is typically involved in the fatty acid metabolism of cells by catalyzing the
adenosine triphosphate (ATP)-dependent carboxylation of acetyl-CoA to malonyl-CoA"”). These results
suggest that obesity provides a favorable environment for Th17 cell differentiation.

The dynamics of peripheral Th17 cells and serum IL-17 in obesity are poorly understood

Despite this environment, there are few reports on the dynamics of Th17 cells in the peripheral blood of
obese individuals. Under obese conditions, there is no difference in the frequency of Th17 cells in peripheral
CD4" T-cells in adults compared to that in the lean control subjects"”. However, the frequency of
peripheral Th17 cells has been reported to increase significantly in children compared to that in the lean
control subjects™. The dynamics of serum IL-17 in obesity are also unknown”*; serum IL-17 level has
been reported to be significantly higher in obese women than in lean women*. Among adolescents, serum
IL-17 levels in obese individuals are lower than those in lean control subjects, and a significantly negative
correlation between serum IL-17 and BMI has been observed”*!. Although the relationship between
peripheral blood Th17 cells and obesity is still unknown, it is becoming apparent that Th17 cells are
associated with T2DM and adipose tissue inflammation, as discussed below.

Peripheral Th17 cells tend to increase in T2DM

In T2DM patients who are overweight and obese, the frequency of peripheral Th17 cells is lower than that
in non-obese patients”*. In contrast, there is a significant increase in the frequency of peripheral Th17 cells
in T2DM patients compared to that in the lean control subjects”***. There is a significant increase in the
frequency of peripheral Th17 cells in patients with T2DM compared to that in the normoglycemic control
subjects"*”. There is a significantly negative correlation between the frequency of peripheral Th17 cells and
serum high-density lipoprotein (HDL)
increase in the frequency of peripheral Th17 cells in patients with T2DM, and this frequency has a

[143

I. Compared with non-diabetic patients, there is a significant

247]

significantly positive correlation with BMI*.

Furthermore, the productivity of Th17 cytokines in lymphocytes has been observed to be promoted in the
context of T2DM. PBMCs in T2DM patients have lower carnitine-acylcarnitine translocase
(CACT):carnitine palmitoyltransferase 1A (CPT1A) ratios compared to those in the healthy individuals,
indicating the destruction of the mitochondrial long-chain fatty acid import mechanism. This alteration is
associated with increased Th17 cytokine production in T2DM®*.

IL-17 may influence glucose metabolism in T2DM

In T2DM patients, serum IL-17 levels have been observed to increase compared to those in healthy
subjects”*”, decrease compared to normal glucose tolerance™", and remain the same compared to healthy
subjects”™. No consensus has been established on the dynamics of serum IL-17 in T2DM. However, studies
have reported on the molecular mechanisms by which IL-17 causes diabetes. It has been suggested that
Th17 cells inhibit the insulin receptor signal via the secretion of IL-17 and IL-22 and cause metabolic
disorders”"**). In addition, IL-17 activates the nuclear factor-kappa B (NF-kB) pathway"™, regulates the
expression of inflammatory cytokine genes, and stimulates the production of IL-18, IL-6, and TNF-q,
resulting in insulin resistance™". The treatment of KK-Ay mice with an anti-IL-17 neutralizing antibody
significantly increases glucose uptake in the skeletal muscle and decreases concentrations of serum
adiponectin and TNF-a”*. These results indicate that Th17 cells influence glucose metabolism by
mediating certain cytokines.

Th17 cells increase in adipose tissue in obese subjects
There is a significant increase in the expression of the IL-17 gene in T-cells**” and the frequency of Th17
cells®” in subcutaneous adipose tissue (SAT) for obese patients compared to these parameters in healthy
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subjects. The frequency of Th17 cells in the VAT increases in obese patients with diabetes compared to that
in healthy subjects”. In C57BL/6] mice that were fed an HED for 8-12 weeks, the number of Th17 cells in
VAT was the same as that in the controls"*"**, while it significantly increased in SAT"*\. In contrast, in
C57BL/6] mice that were fed an HFD for 36 weeks, there was no significant difference in the frequency of
Th17 cells in SAT, while there was a significant increase of the frequency of Th17 cells in VAT and a
significantly positive correlation of the frequency of Th17 cells with steatosis, ballooning, and lobular
inflammation in the liver®.

The mechanisms of Th17 cell differentiation in adipose tissue are becoming clear

ATP release in stressful environments was increased further in VAT from metabolically unhealthy obese
individuals than that in the lean control subjects”™’. Additionally, signal transduction via the P2X7 receptor,
which is an extracellular ATP-gated channel, may promote a Th17 cell response in VAT in obese
patients”". The expression of Rab4b is reduced in adipose tissue T-cells in obesity; Rab4b is a small GTPase
that governs endocytic trafficking. Rab4b deficiency in T-cells promotes Th17 cell differentiation in adipose
tissue, adipose tissue dysfunction, and insulin resistance””. The inflammation of adipose tissue in HFD-fed
mice may result from the enhancement of the Th17 cell response by the immature phenotype CD11c*
dendritic cells that are present in adipose tissue™. Th17 cells in adipose tissue may be directly involved in
adipose tissue inflammation and insulin resistance", although this is a substantially complex mechanism,
as discussed below.

IL-17 is involved in adipocyte differentiation

Studies have reported that IL-17A contributes to the transmission of inflammation in adipose tissue in
human obese patients, although it does not impair adipogenesis and insulin resistance mediated by the
inflammatory environment”. In contrast, some reports show that Th17 cells may function as a negative
regulator of adipogenesis, glucose homeostasis, and obesity via IL-17 secretion>*". Adipose tissue mass is
increased compared to that in the control, even in IL-17 knockout mice that were fed an LFD for 14-18

[267

weeks" . In vitro experiments have shown that IL-17A inhibits adipocyte differentiation of human bone
marrow mesenchymal stem cells (hBM-MSCs) and increases lipolysis of differentiated adipocytes**. The
inhibitory effect on differentiation of adipocyte was mediated by IL-17A-stimulated upregulation of
cyclooxygenase (COX)-2 and elevated levels of prostaglandin (PG) E2"*. In addition, IL-17 inhibited
differentiation into adipocyte from mouse-derived 3T3-L1 preadipocytes and suppressed the expression of
the genes encoding pro-adipogenic transcription factors (i.e., peroxisome proliferator-activated receptor y
and CCAAT/enhancer binding protein «), adipokines, and molecules involved in lipid (i.e., fatty acid
binding protein 4, perilipin, and adipose triglyceride lipase) and glucose (i.e., glucose transporter-4)
metabolism"”””. IL-17 also suppressed the expression of pro-adipogenic Kriippel-like family (KLF) 15, while
it enhanced the expression of anti-adipogenic KLF2 and KLF3 in 3T3-L1-cells”*.

IL-17 may be involved in adipose tissue inflammation

IL-17 treatment induced IL-6 mRNA expression and its production in adipocytes differentiated from obese
adipose-derived stem cells®*, hBM-MSCs"**, and 3T3-L1 preadipocytes®”. A recent study observed that
adipocyte-derived IL-6 increased macrophage infiltration into adipose tissue, while this was suppressed by
myeloid cells and muscle-derived IL-6"*. This suggests that IL-17 may be involved in the inflammation of
adipose tissue via IL-6.

Th17 cells are altered in the mesenteric lymph nodes and small intestine mucosa in obesity

In C57BL/6] mice fed an HED for 12 weeks, the frequency of Th17 cells in mesenteric lymph nodes was
found to increase compared to that in the controls**. In addition, sleeve gastrectomy and gastric bypass
surgery in rats reduced the expression of IL-17 in the jejunum, and changes in IL-17 were strongly
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correlated with changes in rat body weight and glucose-induced insulin response®’.

In contrast, in a mouse model fed an HFD, changes in the ileum microbiota were found to affect the
function of APCs involved in Th17 cell differentiation and reduce the number of Th17 cells in the ileum.
This study showed that ROR-yt-deficient mice that were fed a normal diet for 20 weeks experienced
impaired glucose tolerance, hyperinsulinemia, and slight insulin resistance. The study suggested that
intestinal immune abnormalities, including decreased Th17 cell numbers, were associated with the onset of
diabetes"*". Similarly, in C57BL/6] mice that were fed an HED for 10 weeks, the frequency of Th17 cells in
the mesenteric lymph nodes and small intestinal mucosa was lower than that in the control, and Th17 cells
present in the small intestinal mucosa contributed to the development of microbial flora that maintained
metabolic homeostasis via IL-17"*. In IL-17RA™" mice fed an HFD for 9 weeks, researchers observed
metabolic changes such as impaired glucose tolerance and insulin resistance, accompanied by impaired
neutrophil migration to intestinal mucosa, increased translocation of commensal bacteria into the
bloodstream, and elevated lipopolysaccharide levels in VAT, IL-23-deficient mice that were fed an HFD
experienced metabolic alterations such as glucose intolerance and insulin resistance, accompanied by
decreased Th17 cell expansion in mesenteric lymph nodes, increased intestinal permeability, the
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translocation of blood bacteria, and decreased expression of CCL20 in the ileum"™.

IL-17 axis may contribute to the progression of NAFLD

IL-17 causes steatosis in HepGz2 cells in vitro in the presence of oleic and palmitic acids by interfering with
the insulin signaling pathway"*. In addition, IL-17 exacerbates palmitic acid-induced hepatocyte
lipotoxicity in c-Jun N-terminal kinase (JNK)-dependent mice"”. Thus, although IL-17 may suppress
adipogenesis in adipocytes, it appears to promote fat accumulation in hepatocytes.

The IL-17 axis may contribute to the progression of NAFLD by causing inflammation””. In animal models,
a defect in the IL-17 axis exerts a protective effect against steatohepatitis. In addition, IL-17RA™" mice fed an
HFD experienced a reduction in immune cell infiltration that was correlated with decreased mRNA
expression in the liver for neutrophil chemokines (i.e., CXCL1, CXCL2, CXCL12, and granulocyte-colony-
stimulating factor)”™*. In IL-17RA™, IL-17A™", and IL-17F"" mice that were fed an MCD, there was a
suppression of the infiltration of T-cells and macrophages and the expression of TNF-a in the liver™”.
Treatment with an anti-IL-17mAb in HFD-fed C57BL/6 mice improved liver damage, suppressed Kupffer
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cell activation, and reduced inflammatory cytokine levels””.

It has been reported that IL-17 increases the expression of mRNA corresponding to IL-6, a-SMA, collagen,
and TGF-p in a concentration-dependent manner in HSCs isolated from naive C57BL/6 mice; IL-17 may
also be involved in liver fibrosis*””. Therefore, IL-17 may contribute to the progression of NAFLD through
its contribution to fat accumulation in hepatocytes and the induction of inflammation and fibrosis in the
liver.

Peripheral Th17 cells may be altered in NAFLD

Although many studies have examined the presence of Th17 cells in the disease that underlie NAFLD, only
a few studies have examined Th17 cells in the peripheral blood of NAFLD patients. In NAFLD patients,
there was either no difference"*” or a significantly higher” frequency of peripheral Th17 cells in CD4" T-
cells compared to that in healthy individuals. The frequency of Th17 cells in the PBMCs of NAFLD patients
did not differ from that in the healthy individuals"*.
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In patients with NASH who were experiencing clinical improvements for more than 12 months following
bariatric surgery, there was a significant decrease in the frequency of peripheral Th17 cells"*’. There was a
significantly positive correlation between the frequency of peripheral Th17 cells in CD4" T-cells and serum
endotoxin”?. The stimulation of naive T-cells with endotoxin in vitro led to an increase in the
differentiation of naive T-cells into Th17 cells in NASH patients compared to that in healthy subjects and
NAFL patients'.

In animal models, the frequency of peripheral Th17 cells was the same in C57BL/6] mice fed with an HFD
for 36 weeks compared to that in the controls™. In contrast, this frequency was higher in C57BL/6] mice
fed an HFD for 4 weeks™® or 12 weeks"" than that in the controls.

Th17 cells increase in liver tissues in various NASH mouse models and may be associated with
inflammation and fibrosis

Although Th17 cells infiltrate the liver and are involved in the pathology of various liver diseases™***"], only
a few studies have examined Th17 cells in the liver tissue of NAFLD patients [Figure 4]. Compared to that
in patients with NAFL, the frequency of Th17 cells in CD4" T-cells in liver tissue is increased in NASH
patients"*”, and the number of intrahepatic Th17 cells is also increased compared to these parameters in
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healthy individuals"*".

[

Some studies have shown that the numbers of Th17 cells increase in the liver tissues of various NASH
mouse models, and this may be associated with inflammation and fibrosis. In C57BL/6 mice fed an HFD,
there was an increased frequency of Th17 cells in CD4" T-cells in the liver tissue compared to that in the
controls"***!. The frequency of Th17 cells was positively correlated with histological inflammation* as
well as with hepatic steatosis and proinflammatory response"*. In C57BL/6 mice fed an HFD for 12"** and
16 weeks'"'", there was a significant increase in the frequency of Th17 cells in liver tissue compared to that in
the control. This decreased significantly with an improvement in the pathology of NAFLD upon treatment
with antibiotics and Lactobacillus*”. In mice fed an MCD, there was an increased frequency of Th17 cells in
CD4" T-cells in the liver tissue compared to that in the controls®. In this mouse model, the infiltration of
Th17 cells in the liver triggered NASH pathogenesis and was important for the progression of liver
fibrosis™*”. In MYC-ON mice fed with an MCD, the frequency of Th17 in liver tissue had increased
compared to that in the controls"*". CXCR3 deficiency ameliorates steatohepatitis by attenuating Th1 and

Th17 immune responses®.

TH22

Basic characteristics of Th22 cells

Th22 cells are characterized by the production of IL-22 and by the expression of CCR4, CCRe, and
CCR10"* They develop from naive T-cells under stimulation by IL-6 and TNF-o*'. In the
differentiation of Th22, an important transcription factor is the aryl hydrocarbon receptor (AHR)"**!, while
Th22 differentiation is inhibited by high doses of TGF-p®" [Figure 1]. Th22 cells are associated with various
**l_In terms of the involvement of Th22 in
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diseases such as skin inflammation®* and autoimmune disease!
liver disease, these cells are associated with CHB™*!, CHC"*", drug-induced liver injury®®, ATH"**), and
HCCP,

Th22 cells may increase in blood and adipose tissue in obesity
The frequency of peripheral Th22 (IFN-yIL-17TL-22" CD4" T-cells) is higher in obese subjects than in
healthy subjects"*”. In addition, there is a higher frequency of Th22 (IL-22* producing CD4" T-cells) in the
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SAT in metabolically abnormal obese patients compared to that in healthy or lean individuals'
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Figure 4. Summary of the contribution of Th17 cells in NAFLD and the related pathologies. The ellipse on the left shows the dynamics of
Th17 cells in peripheral blood and adipose tissue in obesity and type 2 diabetes (T2DM) in humans, while the ellipse on the right shows
the dynamics of Th17 cells in adipose tissue, mesenteric lymph nodes, and small intestinal mucosa in obese mice. The central square
summarizes the Th17 cell dynamics in the peripheral blood and liver tissue in NAFLD. The left side shows the dynamics in humans, and
the right side shows the dynamics in mice. NAFLD: Non-alcoholic fatty liver disease; NAFL: non-alcoholic fatty liver; NASH: non-
alcoholic steatohepatitis; SAT: subcutaneous adipose tissue; VAT: visceral adipose tissue; Th: T helper; HFD: high-fat diet.

* Comparison in adults
* Comparison in chidren

Th22 cells may be associated with the pathology of T2DM

There is an increased frequency of peripheral Th22 cells (IFN-yIL-171L-22* CD4" T-cells) in T2DM
patients compared to that in healthy individuals"***, and this has been found to be positively correlated
with the homeostasis model assessment of insulin resistance (HOMA-IR)"*****' and BMI** and negatively
correlated with HOMA-B""*). The relative mRNA expression of AHR, an important transcriptional factor of
Th22 cells®®), in PBMCs in T2DM patients is increased compared to that in lean individuals and is
correlated with the frequency of peripheral Th22 cells (IFN-y1L-171L-22* CD4" T-cells)*". In addition,
Th22 cells (IFN-yIL-17TL-22* CD4" T-cells) may be an independent risk factor for cardiovascular
complications in diabetes”. Th22 cells (IL-171L-22" CD4" T-cells) are increased in the VAT of T2DM
patients, and this is positively correlated with hemoglobin A1c™*. Based on these findings in obese and
diabetic patients, it can be concluded that Th22 cells are increased in the peripheral blood and adipose tissue
and are considered to be involved in these diseases. However, based on the effects of IL-22, there is a need
for further research regarding the role of Th22 cells in the pathogenesis of obesity.

IL-22 may play a pivotal role in metabolic alterations in obesity

IL-22 is secreted by many lymphoid cells, including Th22 cells, and has a paradoxical dual function of either
inhibiting or promoting inflammation in a variety of disease models®”. A study reported that insulin-
mediated glucose uptake in rat muscle with the expression of the IL-22 receptor and insulin sensitivity in
the primary hepatocytes with the expression of the IL-22 receptor were reduced by IL-22". Contrastingly,
IL-22R1-deficient mice fed an HFD experienced weight gain, impaired glucose tolerance, and insulin
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resistance. The administration of exogenous IL-22 to genetically obese leptin receptor-deficient (db/db)
mice and HFD-fed mice improved hyperglycemia and insulin resistance". Therefore, IL-22 may play a
pivotal role in metabolic alterations in obese mice*.

IL-22 may have a protective role in NAFLD

In liver disease, with activation of the STAT3 pathway, IL-22 is able to protect against various liver
disorders, hepatitis, and liver fibrosis®”. It is also considered to play a crucial role in liver protection and
regeneration. IL-22 plays a protective role in hepatic steatosis in HFD-fed mice through the regulation of
lipid metabolism in the liver®”. The IL-22Fc fusion protein suppressed hepatic ROS production, stress
kinase activation, and the inflammatory function of hepatocyte-derived extracellular vesicles by inducing
hepatic metallothionein; this improved CXCL-1-driven NASH™*®. Blueberry combined with probiotics is a
potential therapeutic target for NAFLD, which involves IL-22-mediated activation of Janus kinase 1/STAT3
signaling and the inhibition of the apoptotic factor B-cell lymphoma-2 (Bcl-2)-associated X protein
(BAX)™! In vitro experiments have demonstrated that IL-22, in the absence of IL-17, prevents palmitate
lipotoxicity via the phosphoinositide 3-kinase-mediated inhibition of JNK"'.

The dynamics of Th22 in NAFLD are not known

There are no studies on Th22 cells in the peripheral blood or liver tissue of patients with NAFLD. Although
reports on the involvement of IL-22 in NAFLD have increased in recent years, there are limited studies on
the animal models of Th22 cells in NAFLD. In C57BL/6 mice fed an MCD, Th22 cells (IL-22* CD4" T-cell)
increased in number in the liver after 2-4 weeks of being fed an MCD diet"*. In addition, in IL-177" mice
fed an MCD, the liver was protected from NASH development and an extensive infiltration of Th22 (IL-22*
CDa4" T-cell) cells occurred™*,

TREG

Basic characteristics of Treg

Treg is characterized by the production of TGF-B, IL-10"*, and IL-35""" and by the expression of CD25"""
and cytotoxic lymphocyte antigen 4 (CTLA-4)"**. They develop from naive T-cells under stimulation by
TGF-B"* and IL-2"". One of the important transcription factors involved in Treg differentiation is
FoxP3", and STATS5 is the important STAT molecule®”. Treg plays an important role in immune
tolerance and the maintenance of immune homeostasis by negatively regulating the immune response
through the production of anti-inflammatory cytokines IL-10 and TGF-"*****/ [Figure 1]. Treg is mainly
involved in the pathology of type 1 diabetes”'"”, allergic disease”", inflammatory bowel disease””, and
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cancer immunity"”. Furthermore, studies have reported its involvement in viral hepatitis"*, alcoholic liver

disease[3151, PBc[ms]’ AIH[317]’ and HCC[318].

Treg may be reduced in obese patients, although its relationship with obesity remains contentions
The relationship between obesity/insulin resistance and Treg, particularly the role of adipose tissue-resident
Treg, is becoming clear in animal models; however, the role of peripheral Treg in obese individuals is still
being debated. There is an increase in the frequency of peripheral CD25'FoxP3" Treg in CD4" T-cells"™” and
the frequency of peripheral CD4'CD39'FoxP3" Treg in obese patients compared to these frequencies in the
lean control subjects”. In contrast, the frequency of peripheral CD127°"FoxP3* Treg in CD4" T-cells
remains unaltered in obese patients, while the frequency of CD4'CD45RA FoxP3"#" Treg decreases and
shows a negative correlation with BMI®*. In addition, the frequency of peripheral CD25°CD127 FoxP3*
Treg in CD4" T-cells is lower in obese patients than that in the lean control subjects and is negatively
correlated with BMI as well as leptin and hs-CRP levels in plasma®™. The frequencies of peripheral CD4*
CD25'FoxP3* Treg™' and CD4'CD25'CD127 Treg"”” were lower in obese patients than that in the lean
control subjects.
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Peripheral Treg levels decrease in T2DM patients

In T2DM, there is a reduced frequency of peripheral CD4'CD25'FoxP3" Treg than that in the lean control
subjects, and it is significantly negatively correlated with BMI**”. The frequency of peripheral CD4'CD39*
FoxP3" Treg was decreased in obese patients with T2DM compared to that in obese individuals without
T2DM; its frequency was significantly negatively correlated with BMI**. The frequency of peripheral
CD25"¢'CD127 Tregs in CD4'T-cells of T2DM patients was lower than that in normoglycemic age-
matched controls. This may be attributed to the reduced viability of Tregs in peripheral blood accompanied
by a decreased Bcl-2/Bax ratio*. A meta-analysis of Treg and proinflammatory immunosuppressive
cytokines in T2DM patients showed a reduced frequency of peripheral CD4'CD25"FoxP3" Treg in T2DM
patients compared to that in the healthy controls, and this frequency was further reduced in patients with
T2DM-related complications™”.

Tregs in adipose tissue play an important role in maintaining metabolic homeostasis

Functionally specialized Tregs are present in various tissues™; one such example is adipose tissue-resident
Treg™). Its development and maintenance are dependent on the peroxisome proliferator-activated receptor
gamma (PPAR-y)"*, IRF4, basic leucine zipper transcription factor activating transcription factor-like
(BATF), and IL-33"7.In Treg depletion experiments, the loss of Treg exacerbates adipose tissue
inflammation, leading to exacerbated metabolic parameters such as increased fasting blood glucose and
decreased insulin sensitivity®***". Adoptive transfer of Treg to adipose tissue improves inflammation and
insulin resistance” . In addition, cold exposure and beta-adrenergic stimulation promotes the
accumulation of Treg in SAT and brown adipose tissue; this suggests an important role of Treg cells in cold-
induced thermogenesis™'. Thus, Treg in the adipose tissue plays an important role in maintaining
metabolic homeostasis through the regulation of adipose inflammation, insulin sensitivity, and

thermogenesis™..

Treg in the adipose tissue may decrease in obesity

Although researchers are continuously attempting to understand the role of Treg in adipose tissue, its role
in the context of obesity varies among studies. However, many of the findings are representative of the
disruption of the immune homeostasis mechanism due to a decrease in Treg.

In the adipose tissue, there is an increased frequency of CD127°"FoxP3' Treg in CD4" T-cells in the VAT in
obese patients compared to that in the lean control subjects, and this is significantly positively correlated
with BMI. The expression of OX40, which plays an important role in Treg proliferation and survival*, is
significantly enhanced in Tregs in VAT"".. In addition, FoxP3/CD3E expression is increased in the VAT of
obese patients compared to that in the lean control subjects and is significantly positively correlated with
CRP and IL-6 levels in plasma!”. In SAT, the expression of the Foxp3 gene significantly increases in obese
patients™. In contrast, many studies have reported a decrease in Treg in the adipose tissue of obese
individuals. Compared to the parameters in the lean controls, there is a reduced frequency of CD4'CD25"
Treg in the CD3" T-cells of epididymal adipose in C57BL/6 mice fed an HED for 12 weeks. The frequency of
CD4'CD25" Treg was negatively correlated with the frequency of CD11b’CD11¢" macrophages in the
adipose tissue. Treg differentiation is inhibited by the inflammatory macrophages, as demonstrated by a
differentiation assay in vitro”. In the VAT of obese patients, there is a lower frequency of FoxP3-positive
cells in CD4" T-cells"*! and CD4'CD25'CD127"" Treg™ than that in the lean controls. In addition, the
frequency of CD4'CD45'CD25'FoxP3" Treg in the omental adipose tissue of obese patients is lower than
that in their SAT, and this is negatively correlated with fasting glucose and MCP-1 levels and positively
correlated with HOMA-p=7,
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Several phenomena have been reported to explain the decrease in Treg in obese adipose tissue. Leptin
produced in adipose tissue, the preferred accumulation site for Treg cells, may provide negative control over
Treg proliferation™®. Therefore, elevated leptin levels in obesity"”* may be attributable to the decrease in
Tregs in adipose tissue. The expression of IL-21 mRNA was increased in the adipose tissue of C57BL/6]
mice fed with an HFD for 16 weeks. In addition, IL-21 knockout mice fed an HFD for 18 weeks experienced
greater Treg infiltration in adipose tissue compared to C57BL/6] mice that were fed the same diet. This
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suggests that IL-21 may be involved in the negative regulation of Tregs in adipose tissue in obesity

Treg is altered in the mesenteric lymph nodes and small intestine mucosa in obesity

In C57BL/6] mice fed an HFD for 12 weeks, the frequency of CD4'CD25'FoxP3" Treg in the mesenteric
lymph nodes was decreased compared to that in the controls". In C57BL/6] mice fed an HFD for 10 weeks,
there was little difference in the frequency of FoxP3'CD4" Treg cells in small intestinal mucosa compared to
that in the controls"*. In contrast, in C57BL/6] mice fed an HFD for 30 days"** and 12-16 weeks"*", FoxP3*
CD4" Treg was found to be decreased in the small intestinal mucosa.

IL-10 is associated with metabolic syndrome

IL-10 potentially inhibits the production of pro-inflammatory cytokines, such as IL-6"* and TNF-o"**, that
are associated with metabolic syndrome, T2DM, and dyslipidemia®*. In Sw/Uni mice fed an HFD for 8
weeks, the selective inhibition of IL-10 was associated with increased lipogenesis, TNF-o overexpression,
and impaired hepatic insulin sensitivity”*”. Exogenous IL-10 improved insulin action in the skeletal muscle
and liver by altering intracellular fat content™*. In addition, low IL-10 production (i.e., a pro-inflammatory
cytokine response) was associated with metabolic syndrome and T2DM"*\. Treg isolated from the VAT of
obese hyperinsulinemic mice expressed insulin receptors and experienced specifically impaired IL-10
production; this was attributed to the activation of Treg AKT signaling by insulin. This impaired IL-10
production by Treg promoted macrophage TNF-o production, which may be associated with the chronic
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inflammation experienced in obesity'

IL-10 is associated with liver fibrosis

The importance of Treg in tissue repair has recently been recognized™”; in the model of CCl4-induced liver
injury, IL-10 KO mice developed more extensive fibrosis than C57BL/6 mice***. In a bile duct ligation
mouse model, Treg was decreased, exacerbating liver fibrosis and cholestasis by reducing IL-10
production®.

Serum IL-10 levels significantly decrease with the progression of NAFLD from simple steatosis to
fibrosis™*". Compared to morbidly obese patients who were not experiencing steatosis, morbidly obese
patients with NAFLD showed lower serum IL-10 levels, and serum IL-10 levels tended to decrease
depending on the severity of NAFLD"*),

Peripheral Treg may be altered in NAFLD patients

It is suggested that Treg is altered and involved in pathologies associated with NAFLD, such as obesity,
T2DM, and the inflammation of adipose tissue. In patients with NAFL/NASH, the frequency of peripheral
CD45RA'CD25" Treg in CD4" T-cells was significantly reduced compared to that in healthy individuals**..

In clinical studies, decreased peripheral CD45RA'CD25" Treg in NASH patients was found to be associated
with increased serum cytokeratin-18 fragment M30, and the ratio of Th17 cells to CD45RA'CD25"" Treg
may be a risk factor for NASH development"*). The oral administration of anti-CD3 antibodies may
significantly increase the frequency of peripheral CD4'CD25'latency-associated peptide’ Treg and improve
the pathology of NASH"*.
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In contrast, there was no difference in the frequency of peripheral FoxP3* Treg”® and CD25'CD127 Treg
in CD4" T-cells in NAFLD patients compared to that in healthy individuals. In the animal model, there was
no change in the frequency of peripheral CD4'CD25'FoxP3" Treg in C57BL/6 mice that were fed an HFD

for 36 weeks compared to that in the controls™”.

Treg in the liver may decrease in NASH mice models

A few reports have examined the role of Treg in the liver tissue of patients with NAFLD. The frequency of
FoxP3" cells in the liver was higher in patients that had an NAFLD activity score of 3-6 points compared to
the frequency in those with 0-2 points"*. The frequency of hepatic CD45RA*CD25"* Treg in CD4" T-cells
tended to decrease, and the frequency of hepatic CD45RA CD25""* Treg tended to increase in NASH
patients compared to these frequencies in NAFL patients"*.

In C57BL/6 mice fed an HFD for 36 weeks, the frequency of CD25'FoxP3" Treg in CD4" T-cells did not
change in the liver tissue™\. In C57BL/6 mice that were fed an HFD for 16 weeks, the frequency of hepatic
FoxP3" Treg cells in CD4" T-cells tended to increase compared to that in the controls, although there was no
significant difference™. In contrast, in C57BL/6] mice that were fed an HED for 12 weeks, the frequency of
hepatic CD4'CD25'FoxP3" Treg cells was significantly decreased compared to that in the controls. The
administration of antibiotics or lactic acid bacteria restored this frequency, accompanied by improvements
in the condition of NAFLD". In C57BL/6 mice fed an HFD for 8 weeks, the depletion of liver CD4'CD25"
FoxP3' Treg was associated with the low expression of Bcl-2, which protects cells from ROS-induced
apoptosis”**. The depletion of liver Treg results in increased inflammatory signaling and susceptibility to
lipopolysaccharide-induced injury™. TLR7 signaling in Kupffer and dendritic cells activates TNF-o and
type 1 IFN signaling, causing the suppression of intrahepatic Treg and hepatocyte death and ultimately
leading to the exacerbation of NASH pathology"*. In addition, in CD62L"" mice that were fed an HFD for
24 weeks, liver fibrosis was inhibited due to the increased infiltration of CD45'CD25'FoxP3" Treg in the
liver and the potent activation of the antioxidant stress response””. In the context of NAFLD, hepatic Treg
tends to decrease; its depletion in the liver may be responsible for disrupting the immune homeostatic
mechanism in the liver and causing or maintaining inflammation [Figure 5].

TFH

Basic characteristics of Tfh

Tth cells are characterized by the production of IL-4"**, IL-17"*, IL-21"*, and IFN-y**" and the expression
of CXCRs5, programmed cell death 1 (PD1), and inducible costimulatory (ICOS)"**. They develop from
naive T-cells under stimulation by IL-6, IL-12, IL-21, IL-23, and TGF-B"***. However, the cytokines that
regulate murine and human Tth cell differentiation may be different”*. Bcle was first reported as an
important lineage-defining transcription factor of Tth"****”), followed by IRF4"*, achaete-scute homolog 2
(Ascl2)P, T-cell factor 1 (TCF1), and the lymphoid enhancer-binding factor-1 (LEF-1)"), which positively
regulates Tth cell development. In contrast, Tth differentiation is inhibited by B lymphocyte-induced
maturation protein-1 (Blimp-1)"”\. The key STAT molecules include STAT3 and STAT4"*, which promote
Tth cell differentiation, and STATS5, which inhibits Tth cell differentiation””" [Figure 1]. Mature Tth cells
help germinal center (GC) B-cells to promote immunoglobulin affinity maturation, class switch
recombination, and development in long-lived plasma cells and memory B-cells"?. A recent study has
reported that the phenotype of Tth is very diverse and dynamic and that a subset of CD4" T-cells with “Tth-
like” properties [often termed circulating Tth (cTth)] is also present in peripheral blood"”.

The function of Tfh cells may change in T2DM
The frequency of cTth cells (CXCR5'CD4" T-cells) was found to be significantly increased in T2DM
patients compared to that in controls. In addition, the frequency of cTth cells was found to be significantly
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Figure 5. Summary of the contribution of Tregs in NAFLD and the related pathologies. The ellipse on the left shows the dynamics of
Tregs in peripheral blood and adipose tissue in obesity and type 2 diabetes (T2DM) in humans, while the ellipse on the right shows the
dynamics of Tregs in adipose tissue, mesenteric lymph nodes, and small intestinal mucosa in obese mice. The central square summarizes
the Tregs dynamics in the peripheral blood and liver tissue and cytokine dynamics in NAFLD. The left side shows the dynamics in
humans, and the right side shows the dynamics in mice. NAFLD: Non-alcoholic fatty liver disease; NAFL: non-alcoholic fatty liver; NASH:
non-alcoholic steatohepatitis; Treg: regulatory T-cell.
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increased in patients with BMI exceeding 24 kg/m* and in patients with abdominal obesity than in those
lacking abdominal obesity®”. In the small intestinal mucosa of non-obese T2DM patients, IFN-y
production in Tth cells (CXCR5'CD4" T-cells) was increased compared to that in healthy subjects. The
presence of mucosal Tth cells may contribute to low-grade inflammation in the intestinal tract in T2DM
patients®”. In T2DM patients with obesity, there was no significant change in the number of cTth cells
(CXCR5'CD4" T-cells) prior to and after Roux-en-Y gastric bypass (RYGB). However, the expression of
ICOS and PD1 in cTth cells after RYGB was observed to decrease significantly. Furthermore, there was a
significantly positive correlation between changes in IL-10 expression in cTth cells prior to and after RYGB
with reductions in glycemia, BMI, and fat mass percentage®”.

B-cells are involved in the pathology of NAFLD

There are no studies on the relationship between Tth cells and NAFLD; however, recent research has found
that B-cells, whose function is assisted by Tth cells, are involved in metabolic syndrome. B-cells are able to
promote insulin resistance through the production of pathogenic IgG"* and promote obesity and T2DM
inflammation through the regulation of inflammatory cytokine profiles and T-cell function"*"*,
Furthermore, the involvement of B-cells in the pathogenesis of NAFLD has also been reported. Intrahepatic
B-cells may be involved in NAFLD by inducing the secretion of TNF-a, IL-6, and IgG2a and promoting the
activation of CD4" intrahepatic T-cells and their differentiation into Th1 cells""”. B-cell activation against
oxidative stress-derived epitopes occurs early on during the onset of NASH and contributes to the

persistence of hepatitis via the interaction of B-cells with T-cells"*”. In C57BL/6 mice that were fed an HED,
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the B-cells induced mesenteric adipose tissue inflammation early during the onset of NAFLD by regulating
macrophages; then, they migrated to the liver to induce hepatocyte inflammation®”. These pathological
associations between B-cells and NAFLD may be reflective of the potential contribution of Tth cells (which
support B-cell function) in the pathology of NAFLD.

CHANGES IN IMMUNE DYNAMICS OWING TO THERAPEUTIC INTERVENTION IN NAFLD
MODEL

Although steady progress has been made in elucidating the pathogenesis of NAFLD, identifying therapeutic
targets, and advancing drug development, there are significant unmet challenges and no drug has been
approved for this condition"”. Here, we summarize the reports centered on animal models demonstrating
an improvement in the pathogenesis of NAFLD/NASH by the administration of drugs and the reports that
discussed the immunodynamics of CD4" T-cells [Table 3].

Curcumin, which is known as a natural polyphenol with antioxidant and anti-inflammatory properties, has
the potential as an adjunct therapy for the prevention and treatment of NAFLD"®. Curcumin treatment
increased serum IL-13 levels in WD-fed female rats®. In C57BL/6 mice that were fed an HFD, the
frequency of CD4" T-cells increased in liver tissue, but oral curcumin administration reduced the
accumulation of CD4" T-cells in hepatic non-parenchymal cells, thereby preventing HFD-induced liver
injury, metabolic alterations, and the linoleic acid- and leptin-induced pro-inflammatory and pro-oxidant
effects on mouse liver macrophage. Furthermore, curcumin could directly suppress leptin-induced IFN-y
production of CD4' T-cells"'*. In contrast, in C57BL/6 mice that were fed an HFD, the frequency of CD4*
T-cells in liver tissue decreased, but treatment with Theaphenon E, which is a green tea extract, led to an
increase in the number of CD4" T-cells in the liver tissue with the suppression of weight gain and lipid
accumulation in hepatocytes and maintenance of low levels of aspartate aminotransferase and alanine
aminotransferase”. In an HFD-fed rat model, the proportion of CD4" T-cells in liver tissue decreased
(Thi1, Th2|, Th171, and Treg|), but the administration of Koumine, which is the primary active ingredient
isolated from Gelsemium elegans, suppressed the production of inflammatory cytokines in hepatocytes,
improved NAFLD pathology, and restored the proportion of CD4" T-cells (Th1], Th21, Th17|, and
Tregt)®). Probiotic Clostridium butyricum B1 partially improved NASH pathology in C57BL/6 mice that
were fed an HFD via butyrate-induced enterohepatic immunoregulation, resulting in decreased hepatic Th1
and Th17 cells and increased hepatic Th2 cells and Treg cells™*. Polyene phosphatidylcholine capsules
(PPC) partially alleviated liver damage, improved liver enzyme activity, and promoted the regeneration of
liver tissue. They are widely used as a therapeutic drug for various liver diseases in the clinic**!. In C57BL/6
mice that were fed an HFD, PPC has been reported to improve steatohepatitis and significantly reduce the
ratio of Th17/Treg-related mRNA expression in the liver tissue®*. Adenosine A2a receptor activation,
which is expected to reduce lipotoxicity"”
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and suppress inflammatory activation of macrophages"
regulated CD4" T-cells response (proliferation of Th1 and Th17 in liver tissue). It was confirmed that the
pathological condition of NASH in C57BL/6 mice that were fed an MCD was improved by suppressing the
deterioration of IL-17-induced JNK-dependent lipotoxicity”™. Astaxanthin is expected to suppress
mitochondrial dysfunction in NAFLD"™ and protect against ischemia-reperfusion injury in fatty liver”. In
C57BL/6 mice that were fed high fat, cholesterol, and cholate, it suppressed liver cell lipid uptake; improved
liver inflammation, fibrosis, and insulin resistance; and reduced the recruitment of CD4" T-cells and CD8*
T-cells to the liver tissue™. In C57BL/6 mice that were fed an MCD, the administration of 3,3’-
diindolylmethane alleviated MCD diet-induced hepatic inflammation and lipid overloading and
significantly shifted the Treg/Th17 imbalance to Treg dominance in the liver tissue*””. C57BL/6] mice that
were fed a high-cholesterol and high-fat (CL) diet demonstrated an increased expression of CD4 and CDS$
mRNA in the liver tissue. However, B-Cryptoxanthin, which might suppress insulin resistance', alleviated
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Table 3. The effect of immune cells due to therapeutic intervention in NAFLD model

Ref.

Drug

General pharmacological
activities

Immunological effect for CD4" T-cell

716
Inzaugarat et al e

. 382
Coia et al.**?!

383
Yue et al.”*

Zhou et al.®*¥

Curcumin®
Theaphenon £

Koumine®

Closutrodium
butyricum B1

Antioxidant, anti-inflammatory
and anti-cancer properties

Antioxidants

Antitumor, anti-inflammatory,
immunomodulatory activities

Probiotics which mainly produced
butyrate

Ameliorate leptin-induced IFN-y production in CD4" T-cells

Increase survival of CD4" T-cell

Effectively modulate different subtypes of T-cells, such as
reducing the Th1and Th17 cells and increasing Th2 and Treg
cells

Sodium butyrate promote CD4" T-cell differentiation into
Th2 or Treg, and inhibits CD4" T-cell differentiation into Th1

or Th17 under a cytokine milieu

He et a5 Polyene Antioxidation, anti-inflammation,  Adjust the imbalance of Th17/Treg cells
phosphatidylcholined and immune regulation function
Alchera et al.*®” Adenosine A2a Anti-lipotoxicity Reduce infiltration to the liver and activation of inflammatory
receptor agonist Th subsets and potentiate Treg cell activity
Ni et al.”* Astaxanthin® Anti-lipid peroxidation and Reduce CD4" and CD8” T-cell recruitment in the liver
antioxidant
Liu et al.”?” 3,3’-diindo|y|methanef Anti-inflammation, anti-tumor, Shift imbalance of Treg/Th17 to Treg dominance and

anti-mutation, and anti-oxidation

Anti-oxidant

modulate cytokine secretion

Kobori et al.”**! B-Cryptoxanthin® Suppress the accumulation of CD4" and CD8" T-cells

A pigment extracted from the rhizomes of Curcuma longa.bA standardized formulation of green tea extract. “An indole alkaloid isolated from
Gelsemium elegans.dExtracted from soy and rich in linoleic acid, linolenic acid, and oleic acid. A xanthophyll carotenoid contained in marine
organisms, including shrimp, crustacean, salmon, and algae. ‘Nutritional supplement abundant in cruciferous vegetables. *A xanthophyll
carotenoid found in Satsuma mandarin. Treg: Regulatory T-cell; Th: T helper; IFN-y: interferon-gamma.

CL diet-induced steatosis, inflammation, and fibrosis and significantly reduced the expression of CD4 and
CDs mRNA in liver tissues™".

In NAFLD pathology, changes in the immune system owing to therapeutic interventions suggest that the
immune system has some influence on the pathology. Although it is necessary to consider whether the
change is the cause or the effect, these results prove that the immune system differs from the normal state at
least under NAFLD conditions. In addition, it may be also involved in creating the immune environment"*
that contributes to liver carcinogenesis. Thus, the ability to directly balance the immune system may open
new avenues for the treatment of NAFLD.

Recently, the rate of HCC patients with non-viral etiologies continues to increase™, and there is concern
about an increase in the development of HCC in NAFLD patients. Obesity, T2DM, and dyslipidemia in
NAFLD patients are associated with the development of HCC®”\. In addition, selective loss of CD4" T-cell is
reported to be involved in NAFLD-associated HCC"*'. Thus, the correction of immunological abnormality,
which is caused by NAFLD and NAFLD-associated disease, may further increase the efficacy of
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immunotherapy for HCC, which is advancing in recent years™".

IMMUNOMETABOLISM AND NAFLD

We consider the effect of NAFLD pathology on immune cells from the perspective of systemic metabolic
diseases, as indicated by the new disease name MAFLD"'*). Activated T-cell responses take place via
several characteristic phases, such as early cell proliferation, followed by massive clonal expansion and
differentiation, contraction or death phases, and establishment and maintenance of immune memory”*. To
exert such complex biological effects, lymphocytes selectively program cellular metabolism"*. Such

metabolic pathways are remarkably influenced by the microenvironment of tissues'*.
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Fatty acids are one of the many factors involved in the pathogenesis of NAFLD'*"***. They also influence
the survival of immune cells. In vitro experiments showed cytotoxicity of linoleic acid against
lymphocytes!
observed in vivo. Furthermore, it was shown that linoleic acid-induced mitochondrial dysfunction was
involved in the selective loss of CD4" T-cells in the liver tissue in the NASH mouse model"*". Although
these results reflect the direct effects of fatty acids on immune cells, it has recently been shown that fatty

78,79

, and a significant negative correlation between linoleic acid and CD4" T-cell frequency was

acid metabolism is one of the central switches controlling the fate of T-cell differentiation*”. This suggests
that intracellular metabolism disorders may occur in the lymphocytes in the same way that NAFLD causes
abnormal lipid metabolism in hepatocytes'*?. It is expected that the dysfunction of lymphocytes owing to
intracellular metabolism disorders may modify the pathology of NAFLD. Elucidation of these pathologies
may not only result in a potential therapeutic target but also provide a non-invasive diagnostic tool as an
initial assessment'**” to identify liver-related complications in NAFLD patients.

CONTRIBUTION OF THE IMMUNE SYSTEM IN THE DEVELOPMENT OF NAFLD-
ASSOCIATED HCC

The immune system is able to identify and destroy developing tumor cells in a process known as cancer
immunosurveillance; this acts as an important defense against cancer®. Senescence surveillance of
precancerous hepatocytes is regulated by antigen-specific CD4" T-cells'*”. CD4" T-cells have been observed
to suppress the formation and progression of diethylnitrosamine-induced liver cancer™®. Lymphocyte
infiltration into the tumor and a high CD4":CDs" T-cell ratio have been associated with a reduced risk of
tumor recurrence after liver transplantation in HCC"*\. These results suggest that CD4" T-cells contribute
to the development and progression of HCC.

The relationship between CD4" T-cells with effector functions and HCC is gradually becoming clear. The
significantly increased frequency of Th17 cells in the tumors of HCC patients is positively correlated with
tumor microvascular density, where many Th17 cells express CCR4 and CCRe. In addition, overall survival
and disease-free survival are significantly shorter in HCC patients with a high density of IL-17-producing
cells in tumors™!. Tumor-infiltrating lymphocytes in HCC contain Treg"*""’, wherein the increased
proportion and functional expansion of Treg are correlated with the stage of cancer'""\. In hepatitis B virus
(HBV)-related HCC, the intratumoral increase of CD4'CD25"FoxP3" Treg impairs the effector function of
CDsg" T-cells in the tumor, and this is involved in the promotion of tumor growth*?. The infiltration of Tho
cells into HBV-related HCC tumors was involved in tumor promotion through IL-9-mediated
phosphorylation of CCL20 and STAT3. The disease-free survival following surgical resection is significantly
shorter in HCC, where Tho cells frequently invade tumors®”!. Dysfunction of cTth cells (CXCR5'CD4" T-
cells) affects the development of HBV-related HCC, and decrease of cTth cells is associated with decreased
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231

[411

patient survival'

The process by which the immune system of the host recognizes and eliminates cancer antigens may be
understood through a series of seven steps: (1) the release of cancer antigens; (2) the capture and
presentation of cancer antigens by APCs; (3) priming and activation; (4) trafficking of T-cells to tumors; (5)
the infiltration of T-cells into tumors; (6) the recognition of cancer cells by T-cells; and (7) the lysis of
cancer cells'. Any disturbance to these steps will render cancer immunity redundant. The immune
response to tumor-related antigens is weaker in NASH-related HCC patients than in HBV and hepatitis C
virus-related HCC patients'*'”\. It has been reported that the selective loss of CD4" T-cells due to linoleic acid
in the liver may contribute to the development of NAFLD-related HCC"*". This is because PPAR-q,
activated by linoleic acid, increases the expression of the CPT enzyme on the mitochondrial membrane. The
enhanced mitochondrial uptake ability of linoleic acid has been observed in CD4" T-cells, and the number
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of ROS was found to be increased, resulting in the selective apoptosis of CD4" T-cells'*'.

A recent study has found that the tumor microenvironment disrupts the metabolic programs that drive T-
cell function and affect antitumor activity'”. However, in patients with NAFLD, the condition of NAFLD
further affects immune function, and the seven steps may be impaired along the way. The clarification of
these pathological conditions will help to create new therapeutic strategies and has the potential to further
improve the existing therapeutic effects; as such, further research is required.

LIMITATION AND FUTURE PROSPECTIVE

Since T-cells can be classified into various fractions and the classification methods are also diverse'*>*", the
results of each article should be interpreted with caution. Since the T-cell profile is affected by various
factors in the pathophysiology of metabolic syndrome with many organ disorders, its profile is considered
to be greatly biased by the disease background of the patient group analyzed. In particular, analysis using
human samples is often examined in a small number of cases, and the bias can be more pronounced. In
addition, age is an important factor that contributes to the progression of NAFLD, including fibrosis'** and

421]

carcinogenesis''***"; the modifier of age also should not be forgotten, as T-cells change with age'

Until now, immune cell analysis methods have mainly been evaluated using flow cytometry with
fluorochromes!””. However, the markers that can be evaluated at one time in flow cytometry are limited,
and the evaluation of the immune system composed of many phenotypes is also limited. In recent years,
with the advent of mass cytometry using mass spectrometry with antibodies that are linked to rare earth
metals, it has become possible to comprehensively analyze various cell populations at the same time*. In
addition, single-cell RNA sequencing has made it possible to analyze gene expression and the mechanisms
that control it in detail at the single cell level**. By making full use of these techniques and analyzing a large
number of cases, if the relationship between the T-cell profile and each disease constituting the metabolic
syndrome and the interrelationship between a large number of immune cells are clarified, it is hoped that
the role of T-cells in NAFLD will be better understood.

CONCLUSION

This review summarizes the dynamics of CD4" T-cells in the pathology of NAFLD and the related diseases;
peripheral CD4" T-cells increase in patients with obesity and NAFLD. In NAFLD patients, the gene
expression of chemokines and chemokine receptors in the liver increases, enabling lymphocyte infiltration
into the liver. In addition, T-cell infiltration increases as fibrosis progresses in patients with NASH. In the
NAFLD mouse model, many reports have recently shown that hepatic CD4" T-cells decrease, contrary to
previous reports stating that hepatic CD4" T-cells increase in such a case.

T-cells may also be divided into various subsets, each of which may be involved in the pathology of obesity,
diabetes, and NAFLD. Thi cells increase in adipose tissue, skeletal muscle, mesenteric lymph node, the
small intestine, and colon in obese mice and may also affect metabolic function. In the NAFLD context,
peripheral and intrahepatic Th1 cells may increase and may be associated with liver inflammation and
fibrosis through IFN-y. Th2 cells are altered in the peripheral blood and adipose tissue of obese patients and
are reduced in number in the adipose tissue and mesenteric lymph nodes of obese mice. However, in the
pathophysiology of NAFLD, there are few reports on the dynamics of Th2 in peripheral blood and liver
tissue; as such, these details are not yet well understood. Some reports suggest that IL-9 is associated with
liver fibrosis and may be altered in obesity and T2DM; however, there are no reports on Th9 cell dynamics
in NAFLD or the related pathologies. In obesity, Th17 cells increase in number in the peripheral blood in
T2DM and in obese adipose tissue and may be involved in IL-17-mediated glucose metabolism, adipocyte
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Figure 6. Hypothesis for interpreting the dynamics of CD4" T-cells in NAFLD. The pathology of NAFLD is affected by various factors,
including the immune system. While changes in the liver environment accompanying the development of NAFLD can affect immune
cells, changes in the function of immune cells can affect the pathophysiology of NAFLD. From the perspective of systemic metabolic
diseases, organ damage associated with NAFLD can affect not only the pathology of NAFLD but also the function of immune cells. As a
sum of these effects, we speculate that the balance of the pro- and anti-inflammatory responses of the immune system modifies the
pathology of NAFLD. NAFLD: Non-alcoholic fatty liver disease; Th: T helper; Treg: regulatory T-cell; Tth: T follicular helper.

differentiation, and inflammation. In the pathology of NAFLD, Th17 cells increase in number in the liver
tissue and are associated with inflammation and fibrosis. Although Th22 cells increase in the peripheral
blood and adipose tissue of obese patients and in the peripheral blood of T2DM patients, there are limited
reports on NAFLD in Th22 cells. Peripheral Treg in T2DM and adipose tissue Treg in obese individuals
may decrease. In NAFLD, the Treg level in the peripheral blood and liver tissue appears to vary; however,
the details are unclear. Although Tth cell function may be altered in T2DM, there are no reports on the
direct involvement of Tth in the pathology of NAFLD.

NAFLD and its associated diseases affect immune cells, either independently or interactively. From the
systemic metabolic disease perspective, the function of immune cells may be impaired due to intracellular
metabolic disorders. As these effects may be different for each effector T-cell, it is speculated that the
environment involved in inflammation, fibrosis, and carcinogenesis is formed through the balance of each
immune cell that is modified due to these processes [Figure 6]. Immune cells may have the ability to grasp
the state of each organ and exchange information on the immune environment between each organ; this is
based on the idea of an inter-organ network as opposed to a single organ. In the context of obesity and
NAFLD, it is presumed that this information exchange is also disturbed. Identifying and evaluating the cells
that contribute to changes in the balance of immune cells in each organ and information exchange in the
immune environment in peripheral blood might lead to the development of new diagnostic tools and
therapeutic agents.

Finally, the involvement of immune cells in the pathology of NAFLD remains unclear. Hepatitis is
inflammation in the liver, and white blood cells play an important role in inflammation. In particular, the
marked differentiation of T-cells is important for persistent inflammation*”. Therefore, understanding the



Seike et al. Hepatoma Res 2021;7:46 | https://dx.doi.org/10.20517/2394-5079.2021.46 Page 31 of 44

involvement of T-cells in NAFLD is important to better comprehend the pathophysiology and treatment of
steatohepatitis.
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