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Non-alcoholic fatty liver disease (NAFLD), characterized by the excessive

accumulation of fat within the cytoplasm of hepatocytes (exceeding 5% of liver

weight) in individuals without significant alcohol consumption, has rapidly

evolved into a pressing global health issue, affecting approximately 25% of the

world population. This condition, closely associated with obesity, type 2 diabetes,

and the metabolic syndrome, encompasses a spectrum of liver disorders ranging

from simple steatosis without inflammation to non-alcoholic steatohepatitis

(NASH) and cirrhotic liver disease. Recent research has illuminated the

complex interplay between metabolic and immune responses in the

pathogenesis of NASH, underscoring the critical role played by T and B

lymphocytes. These immune cells not only contribute to necroinflammatory

changes in hepatic lobules but may also drive the onset and progression of liver

fibrosis. This narrative review aims to provide a comprehensive exploration of the

effector mechanisms employed by T cells, B cells, and their respective

subpopulations in the pathogenesis of NASH. Understanding the

immunological complexity of NASH holds profound implications for the

development of targeted immunotherapeutic strategies to combat this

increasingly prevalent and burdensome metabolic liver disease.
KEYWORDS

non-alcoholic fatty liver disease, non-alcoholic steatohepatitis, T lymphocytes,
B lymphocytes, fibrosis, inflammation, pathogenesis
1 Introduction

Non-alcoholic fatty liver disease (NAFLD) is a chronic liver disorder characterized by

excessive hepatic lipid accumulation, exceeding 5% of its weight, in individuals without

significant alcohol consumption (1, 2). Closely linked to metabolic risk factors such as

obesity, type 2 diabetes, and dyslipidemia, NAFLD is commonly conceptualized as the
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hepatic manifestation of the metabolic syndrome (3). The global

prevalence of NAFLD has witnessed a dramatic increase over the

past 30 years, with estimates surging from 25% to an alarming 38%

(4, 5). This upward trajectory shows no signs of abating, as

projections indicate that, by the year 2040, approximately 55% of

the world’s population will be affected by NAFLD (6).

The NAFLD spectrum (Figure 1) encompasses a series of

progressive stages, commencing with simple steatosis,

characterized by liver fat accumulation without inflammation. As

the condition advances, it may progress to non-alcoholic

steatohepatitis (NASH), marked by necroinflammatory changes in

hepatic lobules. Notably, NASH can lead to the development of liver

fibrosis, which is the primary adverse prognostic determinant. In

the most severe cases, NAFLD may ultimately culminate in serious

complications such as cirrhotic liver disease and hepatocellular

carcinoma (HCC) (7, 8). The current treatment options for

NASH are notably limited, with weight loss and lifestyle

modifications being the primary recommendations (9). However,

necroinflammation is recognized as the main driving factor behind

the progression from simple steatosis to NASH. Therefore,

understanding the pathophysiological mechanisms that trigger

liver inflammation in NASH and how inflammatory changes may

progress to fibrotic responses and hepatic carcinogenesis.

In the context of liver damage, the innate immune response is

initially prominent, whereas adaptive immunity becomes more

effective in sustaining chronic hepatic inflammation. Notably,

chronic hepatic inflammation is the primary driver in the

progression of NASH to liver fibrosis and/or cirrhosis (10).

Additionally, oxidative stress – a common feature in NASH

pathogenesis – triggers the release of chemokines and pro-
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inflammatory cytokines from hepatocytes and liver endothelial

cells, playing a crucial role in lymphocyte migration to the hepatic

parenchyma. T and B lymphocytes that migrate to the liver interact

with oxidative stress-derived antigens and play an active role in liver

damage through the secretion of pro-inflammatory molecules (10).

Building on these premises, this review explores the migration of

adaptive immune cells to the liver, the activation and functional

properties of T and B cells, and their potential roles in the

pathogenesis of inflammation and fibrosis. In addition, potential

therapeutic strategies to regulate adaptive immune responses

are examined.
2 Inflammation and leukocyte
migration in NASH

In response to tissue injury or infection, an inflammatory

response is initiated, resulting in the secretion of a diverse array

of inflammatory mediators, including cytokines and chemokines.

These molecules serve to activate cellular defense mechanisms and

facilitate tissue repair processes. However, chronic inflammation

can lead to persistent pathological changes, exacerbating tissue

damage and potentially contributing to the progression of

necroinflammation and fibrosis in patients with NAFLD. In

general, the inflammatory response in the liver can be triggered

by both extrahepatic sources, such as adipose tissue and the

intestine, as well as intrahepatic factors, including lipotoxicity,

innate immune responses, and cell death pathways.

The pathogenesis of NASH is associated with a variety of

cellular stresses in hepatocytes, including endoplasmic reticulum
FIGURE 1

The spectrum of non-alcoholic fatty liver disease. Non-alcoholic fatty liver disease encompasses a spectrum of liver conditions, ranging from simple
steatosis to nonalcoholic steatohepatitis (NASH). NASH is characterized by liver inflammation and hepatocellular injury, which can progress to
cirrhotic liver disease. In some cases, cirrhosis may be further complicated by hepatocellular carcinoma. (Created with BioRender.com).
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(ER) stress, mitochondrial dysfunction, oxidative stress, and

lipotoxicity (11). These processes can be attributed to several

factors, such as the accumulation of saturated fatty acids,

increased de novo lipogenesis resulting from elevated fructose

consumption, or the accumulation of cholesterol in the ER.

Notably, fructose has been shown to induce intestinal

hyperpermeability, which may lead to the activation of hepatic

immune cells through gut-derived inflammatory signals (12). This

cascade of events initiates liver inflammation and ultimately results

in hepatocyte death. Cellular stress within hepatocytes can also lead

to the release of pro-inflammatory mediators, which subsequently

amplify the inflammatory response and contribute to the

progression of fibrosis. The pro-inflammatory milieu in the liver

triggers the migration of immune cells from the circulation into the

liver parenchyma. This process is typically orchestrated by liver

sinusoidal endothelial cells (LSECs), a prominent non-parenchymal

cell population in the liver. Due to their unique location between the

blood and liver parenchyma, LSECs play a crucial role in regulating

liver cell homeostasis (13). Triglyceride accumulation in

hepatocytes can lead to cellular damage, which may result in the

activation of these cells and the acquisition of pro-inflammatory

properties – a process that contributes to the development of NASH

(14). Under physiological conditions, LSECs play a crucial role in

mitigating excessive inflammatory responses in the liver by

removing oxidized low-density lipoprotein (LDL) cholesterol and

advanced glycation end-products from the circulation (15).

Additionally, LSECs are capable of presenting antigens to naive

CD4+ and CD8+ T cells, typically promoting an anti-inflammatory
Frontiers in Immunology 03
phenotype. In vitro experiments have demonstrated that when

LSECs are cultured with naive CD4+ T cells, there is a notable

increase in interleukin (IL)-10 expression (16). Similarly,

interactions between LSECs and naive CD8+ T cells result in an

elevated expression of the co-inhibitory molecule B7-H1, rather

than the co-stimulatory molecules CD80/CD86, on CD8+ T cells

(17). Moreover, LSECs facilitate the induction of FoxP3+ regulatory

T cells (Tregs) in a transforming growth factor (TGF)-b-dependent
manner (18) and play a crucial role in regulating the migration of

immune cells to the liver. Under physiological conditions, LSECs

exhibit minimal expression of selectins and adhesion molecules.

However, when activated by the liver inflammatory environment,

they upregulate classical adhesion molecules – including

intercellular adhesion molecule-1 (ICAM-1) and vascular cell

adhesion molecule-1 (VCAM-1) – which are essential for

leukocyte migration (Figure 2) (19). As NAFLD progresses,

studies utilizing mouse models of NASH have demonstrated that

LSECs promote the expression of VCAM-1 (20, 21). In the

inflammatory milieu, activated LSECs also secrete pro-

inflammatory mediators such as tumor necrosis factor (TNF)-a,
IL-1, and IL-6, further exacerbating liver inflammation (22). In

addition, inhibition of VCAM-1 has been shown to reduce

leukocyte migration to the liver and mitigate the development of

NASH in a diet-induced NASH mouse model (20, 23).

Lymphocyte infiltration in the liver is a pivotal factor in the

pathogenesis of NASH. This phenomenon, documented in both

human studies and rodent models, is significantly driven by

circulating antigens resulting from oxidative stress (10). The
FIGURE 2

Liver sinusoidal endothelial cell activation and leukocyte migration in hepatic inflammation. The accumulation of fatty acids, fructose, and/or
cholesterol within hepatocytes can trigger cellular stresses, including oxidative stress, mitochondrial damage, and endoplasmic reticulum (ER) stress.
These events contribute to the development of liver inflammation. In this inflammatory microenvironment, liver sinusoidal endothelial cells (LSECs)
become activated and express adhesion molecules, particularly vascular cell adhesion molecule-1 (VCAM-1) and intercellular adhesion molecule-1
(ICAM-1), which facilitate leukocyte migration. Furthermore, activated LSECs secrete pro-inflammatory cytokines, such as tumor necrosis factor-
alpha, interleukin-6, and interleukin-1. These molecules exacerbate liver inflammation and promote the adhesion of leukocytes to VCAM-1 and
ICAM-1 expressed on the LSEC surface. The migration of leukocytes into the liver contributes to both intrahepatic inflammation and fibrosis.
(Created with BioRender.com).
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regulatory capacity of LSECs over lymphocyte behavior is critically

important in this context. Although the liver is generally

characterized by immunological tolerance, the progression of

NASH is associated with increased intrahepatic inflammation,

which subsequently alters the immunological profile of LSECs.

This alteration fosters an environment conducive to lymphocyte

activation, thereby exacerbating hepatic injury.
3 T cells in NASH

T cells, which are essential components of the adaptive immune

system, play a crucial role in the pathogenesis of NASH. Notably,

they modulate immune responses by regulating the function of

other immune cells. The primary subsets of T cells include CD4+

helper T (Th) cells and CD8+ cytotoxic T cells. CD4+ Th cells are

further categorized into Th1, Th2, and Th17 cells, each producing

specific cytokines to support distinct immune functions. Th1 cells

enhance cellular immunity, Th2 cells stimulate humoral immunity,

whereas Th17 cells are involved in driving inflammatory responses

and the progression of autoimmune diseases. Conversely, CD8+

cytotoxic T cells proliferate in response to infections and eliminate

infected cells, thereby contributing to immunological memory (24).

The pivotal role of T cells in the pathogenesis of NASH is

unequivocally demonstrated by the absence of steatosis and

hepatic inflammation in T cell-deficient mice (25, 26). In addition

to CD4+ and CD8+ T cells, other T cell subsets, such as gamma

delta (gd) T cells, play a crucial role in the pathogenesis of NASH.

Importantly, gd T cells are found in peripheral tissues, including the

liver, where they respond to inflammation and infections (27). The

diverse T cell subsets significantly contribute to the inflammatory

processes and disease progression in NASH, underscoring the

complex and essential roles that T cells play in the development

and progression of this condition.
3.1 CD4+ T helper cells

CD4+ T cells are increasingly recognized as a pivotal factor in

the pathogenesis of NASH. Both preclinical and clinical research

has demonstrated a marked accumulation of CD4+ T cells during

NASH, suggesting that these cells are instrumental in promoting

inflammation (28–32). Studies utilizing humanized mouse models

have revealed that a high-fat, high-carbohydrate diet significantly

elevates the number of CD4+ T cells, thereby contributing to disease

progression. Notably, the depletion of CD4+ T cells through the use

of therapeutic antibodies has been shown to reduce the production

of inflammatory cytokines, disease activity, and fibrosis,

underscoring the critical role that CD4+ T cells play in the

clinical course of NASH (33). One of the primary mechanisms by

which CD4+ T cells contribute to inflammation is through the

secretion of proinflammatory cytokines. The migration and

accumulation of CD4+ T cells in the liver are facilitated by the

interaction between T cell integrin a4b7 and its ligand, mucosal

vascular addressing cell adhesion molecule-1 (MAdCAM-1), which
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is expressed on liver endothelial cells and colonic mucosa. In mouse

models, blocking this migration mechanism has been shown to

effectively reduce CD4+ T cell accumulation and alleviate liver

inflammation (34). Thus, the role of CD4+ T cells in the

pathogenesis of NASH is intrinsically linked to their ability to

promote the release of inflammatory cytokines and the

accumulation of inflammatory cells within the liver tissue.

Different subsets of CD4+ T cells appear to have distinct roles in

the NASH pathophysiology. Specifically, Th1 and Th17 cells have

been implicated in the promotion of inflammation, while Treg cells

may exert a suppressive effect on the inflammatory process.

Understanding the specific functions and contributions of these

CD4+ T cell subsets is crucial for identifying novel therapeutic

targets and developing effective strategies for the treatment

of NASH.

3.1.1 Th1 cells
Th1 cells, a subset of CD4+ T cells, are primarily characterized

by their production of interferon (IFN)-g, IL-2, and TNF-a. These
cytokines play a crucial role in the activation of STAT4 and STAT1

in effector cells, leading to pro-inflammatory effects (24). Prior

investigations have demonstrated an increase in hepatic Th1 cells in

animal models of NASH (33, 35). In a study utilizing a

steatohepatitis model induced by a methionine- and choline-

deficient high-fat diet, mice deficient in IFN-g exhibited reduced

liver steatosis and fibrosis compared to wild-type mice (32). These

findings suggest that Th1 cells play a significant role in the

progression of NASH. Published data have consistently reported

an increased proportion of Th1 cells in both peripheral blood and

hepatic tissues of pediatric and adult patients with NASH compared

to healthy control subjects (31). However, the differences in Th1 cell

count between patients with NAFLD and those with NASH have

not been found to be statistically significant (36). Despite this, the

expression of genes encoding cytokines that promote the

differentiation and activation of T cells towards a Th1 phenotype

is markedly upregulated in NASH compared to NAFLD (37).

Furthermore, the percentage of Th1 cells producing IFN-g has

been shown to exhibit a positive correlation with insulin

resistance in obese patients, as evidenced by elevated levels of

leptin, insulin, and homeostatic model assessment of insulin

resistance (HOMA-IR) values (38). Additionally, the presence of

Th1 cells in visceral adipose tissue has been found to be significantly

correlated with plasma C-reactive protein (CRP) levels, suggesting

their involvement in obesity-driven inflammatory processes (39).

IFN-g plays a significant pathogenic role in the liver by inducing

hepatocyte apoptosis and upregulating the expression of

chemokines, such as C-C motif chemokine ligand 20 (CCL-20),

and their receptors on hepatocytes (40, 41). Additionally, IFN-g
activates Kupffer cells, the liver-resident macrophages, further

amplifying the inflammatory response (42). In addition, IFN-g-
induced chemokine C-X-C motif chemokine ligand 10 (CXCL10) is

responsible for the recruitment of T cells expressing C-X-C motif

chemokine receptor 3 (CXCR3). Notably, elevated serum levels of

CXCL10 have been observed in patients with NASH. Studies in

murine models have also demonstrated that deficiency in CXCR3 or
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deletion of CXCL10 attenuates liver inflammation, injury, and

fibrosis (43, 44). In summary, Th1 cells, through their production

of IFN-g and other cytokines, substantially contribute to the

inflammatory milieu in NASH.

3.1.2 Th2 cells
Th2 cells, characterized by the expression of the transcription

factor GATA3, primarily secrete IL-4, IL-5, and IL-13 through the

activation of STAT5 and STAT6 signaling pathways. These

cytokines exhibit dual roles in the context of liver disease. An

increased number of Th2 cells has been reported in the peripheral

blood of patients with NAFLD compared to healthy controls (36).

However, no significant differences in Th2 cell count have been

observed in either peripheral blood or liver tissue between patients

with NASH, NAFLD, or healthy controls (31, 37). Th2 cells are

typically associated with anti-inflammatory effects (45, 46);

however, they can also contribute to the development of liver

fibrosis, particularly through the actions of IL-13. Elevated

hepatic expression of IL-13 and its receptor, IL-13RA2, have been

detected in patients with NASH. Importantly, IL-13 signaling,

especially via IL-13RA2 expressed by hepatic stellate cells (HSCs),

has been implicated in the promotion of fibrosis (47). In a recent

study, it has also been reported that IL-33 induces Th2 polarization

and activates hepatic stellate cells in an IL-13-dependent manner,

thereby promoting fibrosis (48). In summary, although Th2 cells

exert a protective function through the modulation of

inflammation, they also intricately participate in the pathogenesis

of NASH by promoting liver fibrosis via IL-13 signaling pathways.

The precise role of these cells in the development of NASH remains

unclear, highlighting the need for further research to elucidate the

balance between their anti-inflammatory and pro-fibrotic effects.

3.1.3 Th17 cells
Th17 cells, a distinct subpopulation of CD4+ T helper cells, are

characterized by their production of proinflammatory cytokines,

including IL-17A, IL-22, and IL-23 (49), and their expression of the

lineage-specific transcription factor retinoic acid receptor-related

orphan receptor gt (RORgt) (50). Extensive research has implicated

Th17 cells in the pathogenesis of various autoimmune and

inflammatory disorders, with NASH being a notable example. In

patients with NASH, the count of Th17 cells is significantly higher

compared to healthy controls (36, 51, 52). A similar increase is also

observed in the hepatic parenchyma and peripheral blood of animal

models of NAFLD and NASH (53–55). Notably, the Th17 cell count

decreases significantly 12 months after bariatric surgery (36),

suggesting a potentially reversible association with disease

severity. In the context of NAFLD, steatotic hepatocytes exhibit a

strong response to IL-17A, leading to the upregulation of IL-17RA

and increased production of proinflammatory and fibrogenic

cytokines (e.g., IL-6 and TNF-a) (55–57). Additionally, IL-17A

stimulates non-parenchymal liver cells to produce pro-

inflammatory cytokines and chemokines, activating HSCs and

promoting the expression of pro-fibrotic genes such as collagen

type I alpha 1 and alpha-smooth muscle actin (58, 59). Multiple

studies have demonstrated that blocking IL-17A or its receptor IL-
Frontiers in Immunology 05
17RA results in reduced hepatic steatosis, inflammation, and

fibrosis, highlighting its significance in the pathogenesis of NASH

(51, 54, 60).

Th17 cells also play a crucial role in the exacerbation of liver

inflammation through the IL-17-dependent upregulation of the

chemokine CXCL10, which contributes to the recruitment of

macrophages (55). Inhibiting IL-17 signaling has been shown to

reduce Kupffer cell activation and decrease the levels of pro-

inflammatory cytokines, providing further evidence for the pro-

inflammatory role of Th17 cells in the pathogenesis of NASH (60).

A recent investigation employing single-cell RNA sequencing and

multiparameter flow cytometry techniques conducted a

comprehensive analysis of liver-infiltrating CD4+ T cells in

patients with NAFLD and NASH. The findings revealed that the

prevalence of Th17 cells was significantly higher in NASH patients

presenting with fibrosis compared to those without fibrotic changes.

Furthermore, the study demonstrated a positive correlation

between the expression levels of IL-17A in the liver and the

severity of fibrosis (61). In a recent study, a distinct population of

CXCR3+Th17 cells within hepatic Th17 cells has been identified

and termed inflammatory hepatic Th17 cells. These cells are

suggested to play an active role in inflammation by producing IL-

17A, IFN-gamma, and TNF-alpha (62). In summary, the increased

Th17 cell count and their enhanced production of IL-17A are

considered critical factors contributing to the progression and

severity of NASH. These findings collectively suggest that targeted

modulation of Th17 cell activity and function may represent a

promising therapeutic strategy for the management of NASH and

its associated fibrotic complications.
3.1.4 Regulatory T cells
Regulatory T cells (Tregs), characterized by the expression of

CD4+, CD25+, and FOXP3+ markers, play a pivotal role in

maintaining immune tolerance and modulating immune

homeostasis (63). These cells exert their immunosuppressive

functions through the release of cytokines such as IL-10, TGF-b,
and IL-35 (64). The differentiation of Tregs is dependent on the

activation of signal transducer and activator of transcription 5

(STAT5) by IL-2 (65).

Studies in animal models have demonstrated a reduction in

liver Treg cell populations in the context of NAFLD (66–68). In

murine models of NASH, depletion of Tregs exacerbates disease

severity, obesity, and insulin resistance (66, 69), while reconstitution

of Tregs has been shown to attenuate liver inflammation (70). In

patients with NAFLD, both circulating and liver-resident Treg

numbers are significantly lower compared to healthy controls,

with a more pronounced decrease observed in those with

NASH (36).

Oxidative stress plays a pivotal role in the progression from

NAFLD to NASH by inducing apoptosis in Tregs (66). Tregs are

particularly vulnerable to the effects of oxidative insults, which can

disrupt the delicate balance between Th17 cells and Tregs. An

increased Th17/Treg ratio has been shown to correlate with the

severity of liver damage, inflammation, and fibrosis, serving as a

marker for the transition from NAFLD to NASH (66, 71).
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Furthermore, a separate study has shown that MIG/CXCL9

promotes the proliferation of Th17 cells, thereby disrupting the

Th17/Treg cell balance and potentially exacerbating NASH (72).

Tregs exhibit antifibrotic effects primarily through the secretion

of IL-10 (73). Their depletion exacerbates liver fibrosis, which is

accompanied by significant alterations in IL-10 production (74).

Conversely, Treg-derived TGF-b exerts profibrotic effects (75).

Recent research has also identified a maladaptive role for

amphiregulin (Areg)-producing Tregs, which are prevalent in the

livers of both mice and humans with NASH. Areg produced by

Tregs promotes fibrosis via epidermal growth factor receptor

(EGFR) signaling in hepatic stellate cells. In turn, the deletion of

Areg in Tregs has been shown to reduce fibrosis, suggesting that

while Tregs generally confer protection, their production of Areg

may lead to metabolic disruptions in chronic liver disease (76). In a

recent study using a NASH mouse model, it has been shown that

intrahepatic Treg cells are elevated, and adoptive transfer of Tregs

has been demonstrated to increase steatosis (77). Collectively, these

results suggest that Tregs play a multifaceted role in the

pathogenesis of NAFLD and NASH. Oxidative stress and

inflammation can induce apoptosis in this cell population, while

its reconstitution has been shown to mitigate liver inflammation. In

addition, an imbalance between Tregs and Th17 cells is associated

with the severity of NASH. The dual antifibrotic and profibrotic

effects of Tregs at different stages of NASH underscore their

complex functions, highlighting a critical area for future research.

3.1.5 T follicular helper cells
T follicular helper (Tfh) cells are a subset of CD4+ T cells

characterized by the surface expression of CXCR5, PD-1, and ICOS,

as well as the secretion of cytokines such as IL-21, IL-4, and IL-17

(78, 79). These cells play a pivotal role in B cell activation and

differentiation, making them essential participants in germinal

center reactions (80).

While studies directly linking Tfh cells to NAFLD are lacking,

recent research underscores the involvement of B cells, which are

supported by Tfh cells, in the pathogenesis of metabolic syndrome

and NAFLD. Intrahepatic B cells may contribute to NAFLD by

promoting the secretion of TNF-a, IL-6, and IgG2a, as well as by

activating CD4+ intrahepatic T cells (81). In C57BL/6 mice fed a

high-fat diet, B cells initially induce inflammation in mesenteric

adipose tissue by promoting type I macrophage differentiation and

producing TNF-a. Subsequently, B cells migrate to the liver, where

they trigger hepatocyte inflammation (82).

In approximately 60% of patients with NASH, B cell and T cell

infiltration in the liver has been observed, along with the presence of

focal aggregates resembling ectopic lymphoid structures (10, 83,

84). The size and prevalence of these aggregates is positively

associated with lobular inflammation and fibrosis scores (83). The

interactions between B cells and NAFLD suggest a potential role for

Tfh cells, which support B cell function, in the development and

progression of NAFLD. In addition, Tfh cells play a pivotal role in

the maintenance of gut homeostasis through their interactions with

B cells within germinal centers, which are essential for supporting

the production of IgA (85). IgA, in turn, contributes to the
Frontiers in Immunology 06
preservation of microbial balance within the gut by inhibiting the

overgrowth of specific microbial species and fostering diversity (86).

Dysfunction in intestinal Tfh cells has been reported to occur in

NASH. This results in a decreased IgA production, which

consequently disrupts the delicate balance of gut homeostasis.

The resulting gut microbiome imbalance may serve as a trigger

for liver inflammation and the progression of NASH (87). While the

infiltration of T and B cells and the presence of ectopic lymphoid

structures in the liver have been well-documented in NASH, the

specific role of Tfh cells in the pathogenesis of NASH remains

largely unexplored. To better understand the pathogenesis of

NASH, it is essential to investigate the roles of B cell activation

and differentiation in modulating the immune balance between the

gut and liver, as well as their contributions to liver inflammation.

3.1.6 T helper cell plasticity
The ability of T helper lymphocytes to transform into different

types depending on environmental conditions is known as T cell

plasticity. For instance, Treg lymphocytes that have been

differentiated ex vivo can convert into Th17 lymphocytes under

proinflammatory stimuli (88). Moreover, Th17 cells can express

CXCR3 on their surface within an inflammatory milieu and exhibit

characteristics of the Th1 phenotype by secreting both IL-17 and

IFN-g. These cells, commonly referred to as Th17.1, are implicated

in tissue damage and inflammation processes (89). Data on the role

of T cell plasticity in the pathogenesis of NASH remain limited.

However, it is known that the liver microenvironment can influence

the acquisition of distinct phenotypes by CD4+ T cell subsets. In

one study, the accumulation of liver CXCR3+ Th17 cells and their

association with liver inflammation were reported in both humans

and various mouse models of NAFLD. These cells were found to

secrete TNF-a, IFN-g, and IL-17, and exhibited a higher

inflammatory and metabolic gene expression profile compared to

classical CXCR3- Th17 cells (62). A separate study evaluating the

functional properties of liver-infiltrating CD4+ T cells in NAFLD

revealed that the onset on NASH is characterized by a population of

multi-cytokine-producing CD4+ T cells (61).
3.2 Cytotoxic CD8+ T cells

CD8+ T cells exert cytotoxic effects through the secretion of

perforin, granzyme, and pro-inflammatory cytokines, including

TNF-a and IFN-g (90). Concerning the pathogenesis of NASH,

studies have demonstrated an increase in the number of active

cytotoxic CD8+ T cells within the liver, accompanied by elevated

levels of inflammatory mediators. This heightened CD8+ T cell

activity has been correlated with the progression of liver damage

(91). Conversely, during the development of HCC, there is a

significant reduction in CD8+ T cell infiltration and their ability to

produce cytotoxic factors, which may contribute to tumor

progression (92). However, the precise alterations in CD8+ T cell

phenotypes throughout the transition from NASH to HCC have not

been fully elucidated and warrant further investigation. Prior studies

have elucidated the diverse functional potentials and state transitions
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of hepatic CD8+ T cells during the progression of NASH. These cells

exhibit phenotypic diversity, with distinct subsets such as effector-

memory ((CD44highCD62Llow) and activated subsets

(CD25highCD69high) contributing to liver tissue damage in NASH

(29). Furthermore, single-cell RNA sequencing analysis of liver tissue

from NASH patients has identified an abundance of CXCR6+

PD1high CD8+ T cells. This subset is characterized by high

cytotoxic gene expression and is associated with the severity of liver

inflammation and fibrosis. Notably, the depletion of these cells in a

NASH mouse model results in reduced liver damage (93).

Understanding the dynamics of CD8+ T cell states is crucial

during the development of NASH-associated HCC. Further

functional research is necessary to elucidate how various CD8+ T

cell populations modulate the adaptive immune response and

contribute to hepatic carcinogenesis.
3.3 gd T cells

The pathogenesis of NASH is a multifactorial process involving

various factors such as lipid accumulation, gut microbiome

imbalance, and oxidative stress. However, the transition from

simple steatosis to NASH is primarily characterized by the onset

of inflammation (94). Consequently, understanding the events that

trigger the initiation of inflammation is of significant clinical

importance. While both CD4+ and CD8+ T cells have been

implicated in the pathogenesis of NASH in murine models and

human studies, and have been shown to contribute to liver fibrosis

(36, 55, 93, 95), these cells appear to be more closely associated with

post-inflammatory mechanisms rather than the early immune

response during the development of inflammation in the liver.

Conversely, current evidence suggests that tissue-resident immune

cells may play a crucial role in perceiving early metabolic stress and

initiating the inflammatory response in the liver (96).

gd T cells, characterized by a T cell receptor (TCR) composed of g
and d chains, are considered part of the innate immune system (97).

They represent a relatively small fraction (1–5%) of circulating

lymphocytes in peripheral blood (98). However, these cells are

commonly found in tissues such as the skin, gut, lung, and liver,

where they exhibit a tissue-resident immune cell phenotype (99).

Notably, gd T cells are capable of recognizing a variety of antigens

independently of major histocompatibility complex (MHC) molecules,

allowing them to be activated without the assistance of antigen-

presenting cells. Upon activation, gd T cells exhibit various functional

responses, including cytotoxic activity against target cells and the

production of IL-17 and IFN-g. These activities in turn contribute to

pathogen clearance, tissue inflammation, and homeostasis (100).

Substantial evidence supports a significant role of hepatic gd T cells

in the pathogenesis of NASH. In NASH mouse models, a marked

increase in the number of intrahepatic gd T cells and their production

of IL-17 has been observed (101, 102). Conversely, in the absence of gd
T cells, a notable reduction in liver damage, lobular inflammation, and

hepatic leukocyte infiltration has been reported (101, 102). Despite

these findings, the precise mechanisms by which gd cells influence liver
inflammation during the transition from simple steatosis to NASH

remain incompletely understood.
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A study investigating the molecular mechanisms underlying

disease progression along the NAFLD spectrum revealed elevated

hepatic expression levels of NKG2D ligands and IL-17A in the early

stages of NASH development. Furthermore, the authors suggested that

the presence of IL-17+RORgt+ gd T cells in the blood of patients with

NAFLD is positively associated with liver stiffness. These findings

highlight the potential utility of measuring these specific gd T cell

subsets as a non-invasive marker for NASH and fibrosis. Subsequent

investigations in a NASH murine model demonstrated that metabolic

stress upregulated the expression of NKG2D ligands in hepatocytes,

facilitating their interaction with NKG2D-expressing gd T cells. This in

turn stimulated the secretion of IL-17A by gdT cells, which induced the

expression of chemokines in hepatocytes. Consequently, this process

contributed to the recruitment of pro-inflammatory myeloid cells (e.g.,

liver macrophages and neutrophils), thereby exacerbating hepatic

inflammation and fibrosis. Moreover, NASH mouse models deficient

in NKG2D expression exhibited a marked attenuation of liver

inflammation and fibrosis (103). In summary, the progression from

simple steatosis to NASH is mediated by a multifaceted interplay of

various factors, with inflammation playing a central role. gd T cells

appear to be crucial in initiating the inflammatory response to early

metabolic stress.
4 B cells in NASH

B lymphocytes, historically recognized for their role in antibody

production and cytokine secretion, have been identified as pivotal

regulators of inflammation in the context of NAFLD and NASH.

These cells are classified into two distinct subsets: B1 and B2.

Notably, B1 cells originate from the fetal liver, whereas B2 cells

derive from bone marrow progenitors (104).

Studies have demonstrated that mice consuming a high-fat,

high-carbohydrate diet experience an elevation in B2 cell

populations and a concomitant decrease in B1b cells. In a mouse

model of NASH, intrahepatic B cells, predominantly of the B2

subtype, infiltrate the liver tissue. These cells display a

proinflammatory gene expression profile characterized by

increased secretion of IL-6 and TNF-a, thereby contributing to

hepatic inflammation (105). Furthermore, in a NASH mouse

model, depletion of B2 cells has been shown to attenuate Th1 cell

activation and reduce the hepatic expression of IFN-g, resulting in a

partial amelioration of the inflammatory response (83).

B cell-activating factor (BAFF) is a cytokine secreted by various

immune cells, including dendritic cells, neutrophils, activated T

lymphocytes, and epithelial cells. It plays a crucial role in promoting B

cell maturation and survival through its interaction with several

receptors, namely BCMA, BAFF-R, and TACI, which are

predominantly expressed on B cells (106). A growing body of evidence

suggests that elevated BAFF levels are associated with adiposity and

insulin resistance in obese individuals (107, 108).Moreover, BAFF levels

havebeen showntobepositively associatedwith the severityoffibrosis in

patients with NASH (109). In a NASH mouse model, neutralization of

BAFF resulted in a reduction of lobular inflammation (83).

The presence of autoantibodies in patients with NAFLD is a

frequently observed phenomenon and has been linked to disease
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complications (110, 111); however, the precise nature of this

association remains elusive. A recent systematic review and meta-

analysis study revealed that serum antinuclear autoantibodies were

detected in approximately 25% of patients with biopsy-proven

NAFLD. Moreover, these autoantibodies were associated with a

significant risk of fibrosis, particularly in Eastern populations (112).

Research is also ongoing to elucidate the mechanisms by which

autoantibodies produced by B cells contribute to liver damage.

Some studies suggest a potential link between oxidative stress-

induced antigens and the production of IgG, which may fuel

autoimmune reactions and promote fibrosis progression in NASH

(83). Furthermore, experiments conducted in mice fed a high-fat,

high-fructose diet demonstrated the involvement of autoantibodies

targeting protein disulfide isomerase A3 in liver damage (113).
5 Triggering adaptive immune
response in NASH

Elucidating the mechanisms underlying the adaptive immune

response in the pathogenesis of NASH is of paramount importance.

One crucial approach to achieving this goal is through the
Frontiers in Immunology 08
characterization of the antigenic stimuli that trigger lymphocyte

responses. Oxidative stress and lipid peroxidation are prevalent

features in the pathogenesis of NAFLD and NASH, serving as

primary triggers for immune cell-mediated inflammation in the

liver (Figure 3) (114). During the process of lipid peroxidation,

oxidized phospholipids and reactive aldehydes not only function as

damage-associated molecular patterns (DAMPs) that activate liver

inflammation but also form antigenic structures known as oxidative

stress-induced epitopes (OSEs) (115).

Oxidative stress also upregulates the expression of NKG2D

ligands on hepatocytes, facilitating interactions with NKG2D-

expressing gd T cells and the subsequent secretion of IL-17. This

interaction stimulates the secretion of chemokines by hepatocytes,

which induces macrophage migration and activation in the liver

(103). Activated macrophages release additional chemokines,

attracting more monocytes to the region and leading to the

secretion of pro-inflammatory mediators, promoting M1

macrophage polarization and resulting in oxidative damage (116,

117). Simultaneously, oxidative stress activates liver sinusoidal

endothelial cells (LSECs), increasing the expression of adhesion

molecules such as ICAM-1 and VCAM-1 (118). The chemokines

induced by oxidative stress, in conjunction with the secretion of
FIGURE 3

The role of adaptive immune response in the pathogenesis of non-alcoholic steatohepatitis. The role of adaptive immune response in the
pathogenesis of non-alcoholic steatohepatitis. In the context of non-alcoholic steatohepatitis (NASH), lipid accumulation within hepatocytes leads to
oxidative stress, which induces the expression of cell surface NKG2D ligands (NKG2D-L). This expression prompts gamma-delta (gd) T cells to
interact with the stressed hepatocytes and secrete interleukin-17 (IL-17). As a result of this interaction, hepatocytes produce chemokines, including
C-X-C motif chemokine ligand 1 (CXCL1), C-X-C motif chemokine ligand 2 (CXCL2), and C-C motif chemokine ligand 2 (CCL2). These molecules
trigger the migration of myeloid cells, such as macrophages and neutrophils, to the liver. The infiltrating myeloid cells secrete proinflammatory
cytokines, which further promote the migration of lymphocytes. Additionally, Liver dendritic cells activate lymphocytes by presenting oxidative
stress-induced epitopes (OSEs) to CD4+ T cells and B cells. Following this activation, helper T cells undergo Th1 or Th17 polarization, while B cells,
upon presenting OSEs to CD4+ T cells, differentiate into plasma cells and synthesis anti-OSE IgG antibodies. Pro-inflammatory cytokines secreted by
helper T and B cells also promote the activation of cytotoxic CD8+ T cells. These lymphocytes release cytokines such as interferon-gamma (IFN-g),
tumor necrosis factor-alpha (TNF-a), and IL-17, exacerbating the inflammatory environment and contributing to liver damage and fibrosis. The role
of regulatory T (Treg) cells in the pathogenesis of NASH remains unclear. While Treg cells exhibit antifibrotic properties through the production of
IL-10, they can also produce transforming growth factor-beta (TGF-b) and amphiregulin (AREG), which may promote fibrosis and liver damage.
(Created with BioRender.com).
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pro-inflammatory cytokines and the increased expression of

adhesion molecules, promote the migration of leukocytes to the

hepatic parenchyma.

OSEs formed as a result of oxidative stress are presented to

lymphocytes by antigen-presenting cells, including macrophages

and liver dendritic cells, thereby triggering lymphocyte activation

(119). The activation signal, in turn, induces the expression of the

costimulatory molecule OX40 on CD4+ T cells, leading to Th1 or

Th17 polarization and the release of pro-inflammatory cytokines,

which contribute to liver inflammation and fibrosis (10). The

polarization and mechanisms of Treg cells in the liver remain

unclear; while IL-10-secreting Treg cells have demonstrated anti-

fibrotic effects, TGF-b or amphiregulin-secreting Treg cells exhibit

pro-fibrotic properties, thereby promoting liver inflammation and

fibrosis (120). Notably, B cells interact with CD4+ T cells by

presenting OSEs, leading to their differentiation into plasma cells

and the production of OSE-IgG (121). In addition, active CD4+ T

cells induce the cytotoxic CD8+ T cell response, stimulating these

cells to secrete pro-inflammatory cytokines (10). Collectively, these

findings indicate that oxidative stress induces physiological changes

in various liver cells, enhancing chemokine secretion and

promoting leukocyte migrat ion to the l iver , thereby

triggering inflammation.
6 Role of adaptive immune response
in the transition from NASH to HCC

The mechanisms of adaptive immune response in the transition

from NASH to HCC are complex and not fully elucidated. Current

literature suggests that CD8+ T cells and T helper 17 (Th17) cells

play a pathological role in this transition. Specifically, CD8+ T cells

have been shown to play critical roles in NASH-HCCmouse models

induced by long-term high-fat diet. It has been proposed that PD-1

+CXCR6+ CD8+ T cells, which develop during the NASH stage,

may promote HCC progression by killing hepatocytes in an auto-

aggressive manner (93, 122). However, in the HCC stage, a decrease

or exhaustion of functional activations of CD8+ T cells may

contribute to hepatocyte resistance to tumor transformation and

progression of HCC (91). The specific immune mechanisms that

alter the frequency, activation, and functional properties of CD8+ T

cells during the transition from NASH to HCC remain unclear and

warrant further investigation.

Th17 cells also play a significant role in the development of

NASH and HCC through IL-17 signaling. In mice fed a high-fat

diet, DNA damage in hepatocytes leads to IL-17 release, causing

neutrophil infiltration in adipose tissue, insulin resistance,

steatohepatitis, and HCC (51). A recent study has demonstrated

that IL-17A overexpression upregulates fibroblast activation

protein-a expression, a critical regulator of HSC activation,

thereby promoting liver fibrosis and tumorigenesis in both in vivo

and in vitro experimental models (123). These findings indicate that

IL-17A activates HSCs, fostering the development and progression

of HCC, with enhanced expression of FAP and IL-17A further

expediting this process (123). The study concluded that IL-17A
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promotes HCC by activating the STAT3 signaling pathway and

increasing FAP expression in HSCs.

Considering the available data, it is evident that IL-17 plays a

pathological role in various stages of NAFLD progression. However,

the specific immune cells that modulate IL-17 and their functional

activities during these transitions remain unclear. While Treg cells

were initially thought to play a role, their different mechanisms of

action in NASH development complicate this understanding.

Although an imbalance between Treg and Th17 cells has been

reported in the pathogenesis of NASH and HCC (68, 72), its

functional mechanism is not fully elucidated. A comprehensive

evaluation of T cell plasticity influenced by the inflammatory

microenvironment in the liver can enhance our understanding of

the pathological immune cell phenotypes across NAFLD stages.

In conclusion, the adaptive immune response plays complex

roles in NASH-related hepatocarcinogenesis, with current research

directing attention to the mechanisms of CD8+ T cells and Th17

cells. The application of novel high-dimensional sequencing tools to

evaluate different subsets of immune cells that promote both NASH

and HCC can significantly contribute to clarifying these

complexities and illuminating effective mechanisms for

targeted interventions.
7 Therapeutic options for modulating
the immune response in NASH

Hepatocellular stress or injury in the liver activates immune

cells, eliciting a robust inflammatory response. This process

exacerbates damage to stressed hepatocytes, perpetuating

inflammation. The dynamic nature of this inflammatory cascade

and the intricate interactions between immune cells complicate our

comprehensive understanding of NAFLD and NASH

pathophysiology. Current pharmacological approaches targeting

both the initiation and progression of hepatic inflammation, as

well as modulation of complex immune cell interactions in the liver,

are briefly examined.

Cenicriviroc (CVC), a CCR2/CCR5 antagonist, targets pro-

inflammatory chemokine receptors critical in mediating

inflammatory cell recruitment and liver inflammation. CVC

inhibits monocyte infiltration, reducing inflammation and injury

in NAFLD/NASH livers, and potentially impedes NASH-related

fibrosis progression by suppressing pro-fibrotic cytokine

production. Mouse models treated with CVC demonstrated

inhibited macrophage accumulation and suppressed pro-fibrotic

gene expression (124, 125). While a phase II clinical trial indicated

positive long-term effects against fibrosis in advanced NASH

patients (126), the latest phase III trial reported lack of efficacy in

treating liver fibrosis, despite favorable safety and tolerability

outcomes (127).

Lanifibranor, a pan-PPAR agonist, targets peroxisome

proliferator-activated receptors (PPARa, PPARg, PPARb/d) crucial
in lipid and glucose metabolism regulation (128). PPAR activation

promotes anti-inflammatory polarization of hepatic macrophages,

offering a promising therapeutic approach (129, 130). In choline-
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deficient, amino acid-defined high-fat diet mice, lanifibranor reduced

steatosis, inflammation, and fibrosis (130). A phase IIb clinical trial

demonstrated lanifibranor’s efficacy in reducing Steatosis, Activity,

and Fibrosis (SAF)-A scores in patients with NASH (131). Ongoing

phase III trials (NATiV3 study; NCT04849728) evaluate

lanifibranor in NASH patients with F2-F3 fibrosis. Elucidating

its anti-inflammatory mechanisms could inform future

therapeutic strategies.

Statins, potent inhibitors of 3-hydroxy-3-methyl glutaryl-CoA

(HMG-CoA) reductase, exert multifaceted effects beyond cholesterol

reduction. By binding to the enzyme’s active site, statins impede

cholesterol synthesis, effectively lowering LDL cholesterol levels (132).

However, their immunomodulatory properties extend to diverse

aspects of adaptive immunity (133). Statins modulate T cell function

through several mechanisms, including inhibition of lymphocyte

function-associated antigen 1 (LFA-1), reducing T cell activation,

proliferation, and migration (134), promotion of Th2 cell

polarization while suppressing Th1 responses (135, 136), alteration of

dendritic cell function and antigen presentation (137), enhancement of

Treg function (138) and suppression of Th1 and Th17 cell

differentiation (139). Statins demonstrate significant anti-

inflammatory and antifibrotic effects in NAFLD/NASH pathogenesis.

Simvastatin exhibits hepatoprotective properties by mitigating

oxidative stress and inflammation, thereby ameliorating NAFLD

(140). Atorvastatin suppresses the NLRP3 inflammasome pathway,

reducing pro-inflammatory cytokines IL-1b and IL-18, and attenuates

NASH progression by decreasing TNF-a levels (141). A 12-month

atorvastatin regimen in NASH patients improved liver inflammation

and steatosis (142), with long-term statin therapy showing liver

condition improvements in most patients (143). Statins also display

antifibrotic effects. For example, simvastatin improves NASH-related

fibrosis prognosis by inhibiting hepatic stellate cell activation (144),

whereas fluvastatin reduces hepatic fibrogenesis by modulating

inflammation and oxidative stress in vitro and in vivo (145). In

addition, clinical studies associate statin use with decreased risk of

advanced liver fibrosis and NASH (146, 147). Despite substantial

evidence of statins’ immunomodulatory effects, their impact on the

pathogenesis of NASH remains incompletely understood. Further

investigation into statin therapy’s influence on adaptive immune

responses in patients with NASH and its correlation with clinical

parameters could elucidate disease pathogenesis and inform novel

therapeutic strategies.

Pentoxifylline (PTX) is a methylxanthine derivative with

vasodilatory and anticoagulant properties. As a nonspecific

phosphodiesterase inhibitor, PTX induces various cellular changes

and suppresses inflammation by reducing TNF-a expression (148).

It increases cyclic AMP (cAMP) signaling, which mediates

hormonal and neurotransmitter effects and modulates cytokine-

regulated signal transduction (149). PTX modulates both pro- and

anti-inflammatory cytokines (150) and regulates the Treg/Th17

balance through cAMP signaling (151). PTX’s efficacy in NAFLD/

NASH remains controversial. Some studies report positive effects in

patients, including weight loss, improved liver function, and

reduced inflammatory cytokines (148, 152). In NAFL mouse

models, PTX decreased hepatic lipid accumulation, lowered blood

lipids, and modulated M1 macrophage polarization to reduce
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inflammation (153). However, other clinical studies found no

significant impact on NASH-associated metabolic markers (154,

155). While PTX demonstrates immunomodulatory effects, its

precise molecular mechanisms in NASH treatment require

further investigation. The conflicting results highlight the need for

additional research to elucidate PTX’s therapeutic potential in

NAFLD/NASH.

Glucagon-like peptide-1 (GLP-1), an incretin hormone

produced by intestinal L cells, regulates postprandial glucose

homeostasis and modulates insulin and glucagon secretion. GLP-

1 receptor agonists (GLP-1 RAs) exert multifaceted effects,

including glucose-dependent insulin secretion, glucagon

suppression, and appetite reduction (156). Accumulating evidence

demonstrates that GLP-1 RAs possess potent anti-inflammatory

and immunomodulatory properties. These agents attenuate the

production of pro-inflammatory cytokines (e.g., TNF-a, IL-1b,
IL-6) while augmenting anti-inflammatory cytokine release (e.g.,

IL-10), effectively suppressing inflammatory cascades (157, 158).

GLP-1 RAs also promote macrophage polarization towards an anti-

inflammatory M2 phenotype (158, 159), inhibit lymphocyte

migration, and mitigate inflammation (160). Recent investigations

have revealed novel immunological mechanisms of GLP-1 RAs.

They appear to function as negative costimulators in T cells (161)

and enhance the immunosuppressive capabilities of Treg cells

(162). Notably, these immunomodulatory effects occur

independently of glycemic control, suggesting a broader spectrum

of action beyond glucose regulation. Numerous studies indicate that

GLP-1 RAs may significantly reduce weight, liver injury, and liver

fat content (163, 164), and can slow the progression of fibrosis in

patients with NASH (156, 165, 166). Despite not being approved for

NAFLD treatment, recent studies have generated significant hope

for their potential role in managing this condition. Further

investigation into the immunomodulatory effects of GLP-1 RAs

on NASH pathogenesis within the adaptive immune response

framework could enhance confidence in this treatment approach.

Additionally, ongoing clinical trials of weekly GLP-1 RAs in

NAFLD will provide further clarity on the safety and efficacy of

this treatment, potentially solidifying the position of GLP-1 RAs in

the clinical management of NAFLD/NASH.

The complex pathophysiology of NAFLD and NASH,

characterized by dynamic inflammatory processes and intricate

immune cell interactions, necessitates pharmacological strategies

that not only prevent hepatic inflammation and fibrosis but also

modulate immune cell interactions. A deeper understanding of the

molecular mechanisms of treatments with immunomodulatory

potential will enhance their therapeutic efficacy and pave the way

for innovative strategies in combating liver diseases.
8 Concluding remarks and
future directions

Among the diverse array of immune cells implicated in the

pathogenesis of NASH, T and B lymphocytes have emerged as

pivotal players in orchestrating the inflammatory processes that

drive disease progression. In this review, we have provided a
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comprehensive analysis of the intricate roles played by various T and

B cell subsets, shedding light on their contributions to the

development and progression of NASH. The distinct

subpopulations of CD4+ T cells, namely Th1, Th17, and Treg cells,

each exert specific effects on the inflammatory milieu characteristic of

NASH. Th1 and Th17 cells, through their production of

proinflammatory cytokines, play a pivotal role in promoting liver

inflammation and fibrosis, underscoring their potential as therapeutic

targets. Treg cells, renowned for their immunosuppressive functions,

exhibit a complex role in NASH pathogenesis, with their

dysregulation contributing to the exacerbation of liver inflammation

and fibrosis. Tfh cells, although their direct involvement in NASH

remains elusive, may influence disease progression by modulating B

cell activation and differentiation. Furthermore, the plasticity of T

helper cell subsets adds another layer of complexity to the

pathogenesis of NASH, with dynamic transitions between

phenotypes contributing to the perpetuation of inflammatory

responses within the liver microenvironment. In parallel, cytotoxic

CD8+ T cells and gd T cells have emerged as significant contributors

to NASH-associated inflammation. While CD8+ T cells exert direct

cytotoxic effects on liver cells, gd T cells initiate inflammation in

response to early metabolic stress, thereby fueling disease progression.

Moreover, B cells, traditionally recognized for their role in antibody

production, have been shown to exhibit proinflammatory

characteristics in the context of NASH. Notably, the activation of B

cells and their secretion of cytokines have been implicated in the

exacerbation of liver inflammation and fibrosis.

Therapies developed for NAFLD/NASH have primarily focused

on modulating metabolic imbalances, oxidative stress, and innate

immune responses. The potential effects of these treatments on

adaptive immune cells have been discussed under the title

‘Therapeutic Options for Modulating the Immune Response in

NASH’. However, developing treatment strategies that directly

target adaptive immune responses could be a promising option in

the future. Significant progress has been made in recent years

regarding the role of T and B cells in the pathogenesis of NASH;

however, their exact mechanisms of action remain unclear.

Treatment strategies targeting the adaptive immune response are

currently quite limited, and more functional research is needed to

fully realize their potential.

In the realm of therapeutic strategies aimed at modulating the

adaptive immune response, research centered on adhesion

molecules facilitating lymphocyte migration, IL-17 production,

which plays a pivotal role in liver inflammation and fibrosis, and

pro-inflammatory B cells holds considerable promise for future

advancements. Notably, a study demonstrated that neutralizing

antibodies against the VAP-1 adhesion molecule, which promotes

lymphocyte infiltration into the liver in NASH, effectively reduced

the severity of steatohepatitis and delayed the onset of fibrosis in a

NASH animal model (28). However, it has been suggested that this

effect could inadvertently increase cytotoxicity and oxidative stress

by inhibiting VAP1’s amine oxidase activity, thereby augmenting

the production of aldehydes and hydrogen peroxide (167).

Furthermore, research has shown that an anti-a4b7 monoclonal
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antibody significantly reduced liver inflammation and fibrosis by

preventing the migration of a4b7-expressing CD4 T cells to the

liver via binding to MAdCAM-1 in the liver and intestines (34).

One therapeutic strategy targeting the adaptive immune response

in NASH involves the inhibition of IL-17 production, which is closely

linked to inflammation and fibrosis. Experimental NASH animal

models have consistently demonstrated that anti-IL-17 antibodies

effectively reduce inflammation, liver damage, and disease

progression (60, 168–170). Monoclonal antibodies targeting IL-17,

such as secukinumab and ixekizumab, are commonly used in the

treatment of rheumatic diseases and are being evaluated for their

potential in strategies targeting IL-17 in psoriasis associated with

NASH. Research suggests that biological agents inhibiting IL-17 can

reduce the NAFLD fibrosis score and improve liver fibrosis by

regulating hepatic inflammation (171, 172). A phase III clinical trial

is ongoing to investigate the anti-inflammatory, anti-steatotic, and anti-

fibrotic effects of secukinumab in non-alcoholic fatty liver disease

coexisting with psoriasis (NCT042371169). Additionally, it has been

proposed that secukinumab could enhance the autophagic cell death of

HCC by reducing IL-17-induced BCL2 expression, thereby inhibiting

HCC carcinogenesis (173). Collectively, these data indicate that IL-17

plays a crucial role in most stages of NAFLD progression and

represents a potentially important target for therapeutic strategies.

Considering the pro-inflammatory properties of B cells in NASH

pathogenesis and the association between BAFF levels and the

severity of steatohepatitis and fibrosis, targeting B cells may prove

to be an effective strategy in reducing liver inflammation and fibrosis.

Treatments such as rituximab (anti-CD20) and belimumab (BAFF

signaling inhibitor), which target B cells, have been successfully used

in the treatment of various autoimmune diseases for years (174, 175).

However, while B cell depletion therapies hold potential for

improving NASH, they may also cause serious infections due to

immunosuppression and toxicity, posing significant risks.

Consequently, targeting BAFF might offer a safer and more

effective therapeutic approach. In addition, it has been reported

that the BAFF-neutralizing monoclonal antibody Sandy-2 inhibits

hepatic B2 cell responses and improves established NASH in a mouse

model (83). Additionally, BAFF depletion has been shown to reduce

liver fat accumulation and improve insulin sensitivity in NAFLD

mouse models (176). The interaction mechanisms between T and B

cells in the development of NASH are not yet fully understood.

Further functional studies are required to identify costimulatory

molecules that play a role in this interaction, potentially leading to

more selective therapeutic options and providing new and more

effective approaches for the treatment of NASH.

In conclusion, the diverse and complex roles played by T cells and

B cells in the pathogenesis of NASH highlight their critical

importance in the development and progression of this complex

liver disorder. Elucidating the intricate interplay between various T

cell subsets, as well as their interactions with other immune cell

populations, provides a promising avenue for the development of

targeted therapeutic interventions in the management of NASH. By

gaining a deeper understanding of the molecular mechanisms that

drive T cell-mediated inflammation, researchers may uncover novel
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therapeutic targets, potentially ushering in a new era of more effective

and personalized treatment strategies for this complex liver disorder.
Author contributions

MC: Conceptualization, Visualization, Writing – original draft,

Writing – review & editing. YY: Conceptualization, Supervision,

Writing – original draft, Writing – review & editing.
Funding

The author(s) declare financial support was received for the

research, authorship, and/or publication of this article. This study

has been supported by the Recep Tayyip Erdoğan University

Development Foundation (Grant number: 02024007020011).
Frontiers in Immunology 12
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
References
1. Kaya E, Yilmaz Y. Epidemiology, natural history, and diagnosis of metabolic
dysfunction-associated fatty liver disease: A comparative review with nonalcoholic fatty
liver disease. Ther Adv Endocrinol Metab. (2022) 13:20420188221139650. doi: 10.1177/
20420188221139650

2. Han SK, Baik SK, Kim MY. Non-alcoholic fatty liver disease: definition and
subtypes. Clin Mol Hepatol. (2023) 29:S5–S16. doi: 10.3350/cmh.2022.0424

3. Kang SH, Lee HW, Yoo JJ, Cho Y, Kim SU, Lee TH, et al. Kasl clinical practice
guidelines: management of nonalcoholic fatty liver disease. Clin Mol Hepatol. (2021)
27:363–401. doi: 10.3350/cmh.2021.0178

4. Riazi K, Azhari H, Charette JH, Underwood FE, King JA, Afshar EE, et al. The
prevalence and incidence of nafld worldwide: A systematic review and meta-analysis.
Lancet Gastroenterol Hepatol. (2022) 7:851–61. doi: 10.1016/S2468-1253(22)00165-0

5. Teng ML, Ng CH, Huang DQ, Chan KE, Tan DJ, LimWH, et al. Global incidence
and prevalence of nonalcoholic fatty liver disease. Clin Mol Hepatol. (2023) 29:S32–42.
doi: 10.3350/cmh.2022.0365

6. Le MH, Yeo YH, Zou B, Barnet S, Henry L, Cheung R, et al. Forecasted 2040
global prevalence of nonalcoholic fatty liver disease using hierarchical bayesian
approach. Clin Mol Hepatol. (2022) 28:841–50. doi: 10.3350/cmh.2022.0239

7. Tsochatzis EA. Natural history of nafld: knowns and unknowns. Nat Rev
Gastroenterol Hepatol. (2022) 19:151–2. doi: 10.1038/s41575-021-00565-8

8. Mazzolini G, Sowa JP, Atorrasagasti C, Kucukoglu O, Syn WK, Canbay A.
Significance of simple steatosis: an update on the clinical and molecular evidence.
Cells. (2020) 9:1–19. doi: 10.3390/cells9112458

9. Dufour JF, Anstee QM, Bugianesi E, Harrison S, Loomba R, Paradis V, et al.
Current therapies and new developments in nash. Gut. (2022) 71:2123–34.
doi: 10.1136/gutjnl-2021-326874

10. Sutti S, Albano E. Adaptive immunity: an emerging player in the progression of
nafld. Nat Rev Gastroenterol Hepatol. (2020) 17:81–92. doi: 10.1038/s41575-019-0210-2

11. Arroyave-Ospina JC, Wu Z, Geng Y, Moshage H. Role of oxidative stress in the
pathogenesis of non-alcoholic fatty liver disease: implications for prevention and
therapy. Antioxidants (Basel). (2021) 10:1–24. doi: 10.3390/antiox10020174

12. Rada P, Gonzalez-Rodriguez A, Garcia-Monzon C, Valverde AM.
Understanding lipotoxicity in nafld pathogenesis: is cd36 a key driver? Cell Death
Dis. (2020) 11:802. doi: 10.1038/s41419-020-03003-w

13. Shetty S, Lalor PF, Adams DH. Liver sinusoidal endothelial cells - gatekeepers of
hepatic immunity. Nat Rev Gastroenterol Hepatol. (2018) 15:555–67. doi: 10.1038/
s41575-018-0020-y

14. Nasiri-Ansari N, Androutsakos T, Flessa CM, Kyrou I, Siasos G, Randeva HS,
et al. Endothelial cell dysfunction and nonalcoholic fatty liver disease (Nafld): A concise
review. Cells. (2022) 11:1–32. doi: 10.3390/cells11162511

15. Bhandari S, Larsen AK, McCourt P, Smedsrod B, Sorensen KK. The scavenger
function of liver sinusoidal endothelial cells in health and disease. Front Physiol. (2021)
12:757469. doi: 10.3389/fphys.2021.757469

16. Neumann K, Rudolph C, Neumann C, Janke M, Amsen D, Scheffold A. Liver
sinusoidal endothelial cells induce immunosuppressive il-10-producing th1 cells via the
notch pathway. Eur J Immunol. (2015) 45:2008–16. doi: 10.1002/eji.201445346

17. Diehl L, Schurich A, Grochtmann R, Hegenbarth S, Chen L, Knolle PA.
Tolerogenic maturation of liver sinusoidal endothelial cells promotes B7-homolog 1-
dependent cd8+ T cell tolerance. Hepatology. (2008) 47:296–305. doi: 10.1002/
hep.21965

18. Carambia A, Freund B, Schwinge D, Heine M, Laschtowitz A, Huber S, et al. Tgf-
beta-dependent induction of Cd4(+)Cd25(+)Foxp3(+) tregs by liver sinusoidal
endothelial cells. J Hepatol. (2014) 61:594–9. doi: 10.1016/j.jhep.2014.04.027

19. Wilkinson AL, Qurashi M, Shetty S. The role of sinusoidal endothelial cells in the
axis of inflammation and cancer within the liver. Front Physiol. (2020) 11:990.
doi: 10.3389/fphys.2020.00990

20. Furuta K, Guo Q, Pavelko KD, Lee JH, Robertson KD, Nakao Y, et al. Lipid-
induced endothelial vascular cell adhesion molecule 1 promotes nonalcoholic
steatohepatitis pathogenesis. J Clin Invest. (2021) 131:1–16. doi: 10.1172/JCI143690

21. Chung KJ, Legaki AI, Papadopoulos G, Gercken B, Gebler J, Schwabe RF, et al.
Analysis of the role of stellate cell vcam-1 in nash models in mice. Int J Mol Sci. (2023)
24:1–12. doi: 10.3390/ijms24054813

22. Chimen M, Yates CM, McGettrick HM, Ward LS, Harrison MJ, Apta B, et al.
Monocyte Subsets Coregulate Inflammatory Responses by Integrated Signaling
through Tnf and Il-6 at the Endothelial Cell Interface. J Immunol. (2017) 198:2834–
43. doi: 10.4049/jimmunol.1601281

23. Carr RM. Vcam-1: closing the gap between lipotoxicity and endothelial
dysfunction in nonalcoholic steatohepatitis. J Clin Invest. (2021) 131:1–3.
doi: 10.1172/JCI147556

24. Sun L, Su Y, Jiao A, Wang X, Zhang B. T cells in health and disease. Signal
Transduct Target Ther. (2023) 8:235. doi: 10.1038/s41392-023-01471-y

25. Peiseler M, Schwabe R, Hampe J, Kubes P, Heikenwalder M, Tacke F. Immune
mechanisms linking metabolic injury to inflammation and fibrosis in fatty liver disease
- novel insights into cellular communication circuits. J Hepatol. (2022) 77:1136–60.
doi: 10.1016/j.jhep.2022.06.012

26. Mao T, Yang R, Luo Y, He K. Crucial role of T cells in nafld-related disease: A
review and prospect. Front Endocrinol (Lausanne). (2022) 13:1051076. doi: 10.3389/
fendo.2022.1051076

27. Hu Y, Hu Q, Li Y, Lu L, Xiang Z, Yin Z, et al. Gammadelta T cells: origin and
fate, subsets, diseases and immunotherapy. Signal Transduct Target Ther. (2023) 8:434.
doi: 10.1038/s41392-023-01653-8

28. Weston CJ, Shepherd EL, Claridge LC, Rantakari P, Curbishley SM, Tomlinson
JW, et al. Vascular adhesion protein-1 promotes liver inflammation and drives hepatic
fibrosis. J Clin Invest. (2015) 125:501–20. doi: 10.1172/JCI73722

29. Grohmann M, Wiede F, Dodd GT, Gurzov EN, Ooi GJ, Butt T, et al. Obesity
drives stat-1-dependent nash and stat-3-dependent hcc. Cell. (2018) 175:1289–306 e20.
doi: 10.1016/j.cell.2018.09.053

30. Sutti S, Jindal A, Locatelli I, Vacchiano M, Gigliotti L, Bozzola C, et al. Adaptive
immune responses triggered by oxidative stress contribute to hepatic inflammation in
nash. Hepatology. (2014) 59:886–97. doi: 10.1002/hep.v59.3

31. Inzaugarat ME, Ferreyra Solari NE, Billordo LA, Abecasis R, Gadano AC,
Chernavsky AC. Altered phenotype and functionality of circulating immune cells
characterize adult patients with nonalcoholic steatohepatitis. J Clin Immunol. (2011)
31:1120–30. doi: 10.1007/s10875-011-9571-1

32. Luo XY, Takahara T, Kawai K, Fujino M, Sugiyama T, Tsuneyama K, et al. Ifn-
gamma deficiency attenuates hepatic inflammation and fibrosis in a steatohepatitis
frontiersin.org

https://doi.org/10.1177/20420188221139650
https://doi.org/10.1177/20420188221139650
https://doi.org/10.3350/cmh.2022.0424
https://doi.org/10.3350/cmh.2021.0178
https://doi.org/10.1016/S2468-1253(22)00165-0
https://doi.org/10.3350/cmh.2022.0365
https://doi.org/10.3350/cmh.2022.0239
https://doi.org/10.1038/s41575-021-00565-8
https://doi.org/10.3390/cells9112458
https://doi.org/10.1136/gutjnl-2021-326874
https://doi.org/10.1038/s41575-019-0210-2
https://doi.org/10.3390/antiox10020174
https://doi.org/10.1038/s41419-020-03003-w
https://doi.org/10.1038/s41575-018-0020-y
https://doi.org/10.1038/s41575-018-0020-y
https://doi.org/10.3390/cells11162511
https://doi.org/10.3389/fphys.2021.757469
https://doi.org/10.1002/eji.201445346
https://doi.org/10.1002/hep.21965
https://doi.org/10.1002/hep.21965
https://doi.org/10.1016/j.jhep.2014.04.027
https://doi.org/10.3389/fphys.2020.00990
https://doi.org/10.1172/JCI143690
https://doi.org/10.3390/ijms24054813
https://doi.org/10.4049/jimmunol.1601281
https://doi.org/10.1172/JCI147556
https://doi.org/10.1038/s41392-023-01471-y
https://doi.org/10.1016/j.jhep.2022.06.012
https://doi.org/10.3389/fendo.2022.1051076
https://doi.org/10.3389/fendo.2022.1051076
https://doi.org/10.1038/s41392-023-01653-8
https://doi.org/10.1172/JCI73722
https://doi.org/10.1016/j.cell.2018.09.053
https://doi.org/10.1002/hep.v59.3
https://doi.org/10.1007/s10875-011-9571-1
https://doi.org/10.3389/fimmu.2024.1445634
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Cebi and Yilmaz 10.3389/fimmu.2024.1445634
model induced by a methionine- and choline-deficient high-fat diet. Am J Physiol
Gastrointest Liver Physiol. (2013) 305:G891–9. doi: 10.1152/ajpgi.00193.2013

33. Her Z, Tan JHL, Lim YS, Tan SY, Chan XY, Tan WWS, et al. Cd4(+) T cells
mediate the development of liver fibrosis in high fat diet-induced nafld in humanized
mice. Front Immunol. (2020) 11:580968. doi: 10.3389/fimmu.2020.580968

34. Rai RP, Liu Y, Iyer SS, Liu S, Gupta B, Desai C, et al. Blocking integrin alpha(4)
Beta(7)-mediated cd4 T cell recruitment to the intestine and liver protects mice from
western diet-induced non-alcoholic steatohepatitis. J Hepatol. (2020) 73:1013–22.
doi: 10.1016/j.jhep.2020.05.047

35. Li J, Chen Q, Yi J, Lan X, Lu K, Du X, et al. Ifn-gamma contributes to the hepatic
inflammation in hfd-induced nonalcoholic steatohepatitis by stat1beta/tlr2 signaling
pathway. Mol Immunol. (2021) 134:118–28. doi: 10.1016/j.molimm.2021.03.005

36. RauM, Schilling AK, Meertens J, Hering I, Weiss J, Jurowich C, et al. Progression
from nonalcoholic fatty liver to nonalcoholic steatohepatitis is marked by a higher
frequency of th17 cells in the liver and an increased th17/resting regulatory T cell ratio
in peripheral blood and in the liver. J Immunol. (2016) 196:97–105. doi: 10.4049/
jimmunol.1501175

37. Bertola A, Bonnafous S, Anty R, Patouraux S, Saint-Paul MC, Iannelli A, et al.
Hepatic expression patterns of inflammatory and immune response genes associated
with obesity and nash in morbidly obese patients. PloS One. (2010) 5:e13577.
doi: 10.1371/journal.pone.0013577

38. Pacifico L, Di Renzo L, Anania C, Osborn JF, Ippoliti F, Schiavo E, et al.
Increased T-helper interferon-gamma-secreting cells in obese children. Eur J
Endocrinol. (2006) 154:691–7. doi: 10.1530/eje.1.02138

39. Zeyda M, Huber J, Prager G, Stulnig TM. Inflammation correlates with markers
of T-cell subsets including regulatory T cells in adipose tissue from obese patients. Obes
(Silver Spring). (2011) 19:743–8. doi: 10.1038/oby.2010.123

40. Sun R, Park O, Horiguchi N, Kulkarni S, Jeong WI, Sun HY, et al. Stat1
contributes to dsrna inhibition of liver regeneration after partial hepatectomy in mice.
Hepatology. (2006) 44:955–66. doi: 10.1002/hep.v44:4

41. Jaruga B, Hong F, Kim WH, Gao B. Ifn-gamma/stat1 acts as a proinflammatory
signal in T cell-mediated hepatitis via induction of multiple chemokines and adhesion
molecules: A critical role of irf-1. Am J Physiol Gastrointest Liver Physiol. (2004) 287:
G1044–52. doi: 10.1152/ajpgi.00184.2004

42. Zocco MA, Carloni E, Pescatori M, Saulnier N, Lupascu A, Nista EC, et al.
Characterization of gene expression profile in rat kupffer cells stimulated with ifn-alpha
or ifn-gamma. Dig Liver Dis. (2006) 38:563–77. doi: 10.1016/j.dld.2006.04.015

43. Zhang X, Shen J, Man K, Chu ES, Yau TO, Sung JC, et al. Cxcl10 plays a key role
as an inflammatory mediator and a non-invasive biomarker of non-alcoholic
steatohepatitis. J Hepatol. (2014) 61:1365–75. doi: 10.1016/j.jhep.2014.07.006

44. Zhang X, Han J, Man K, Li X, Du J, Chu ES, et al. Cxc chemokine receptor 3
promotes steatohepatitis in mice through mediating inflammatory cytokines,
macrophages and autophagy. J Hepatol. (2016) 64:160–70. doi: 10.1016/
j.jhep.2015.09.005

45. Winer S, Chan Y, Paltser G, Truong D, Tsui H, Bahrami J, et al. Normalization of
obesity-associated insulin resistance through immunotherapy. Nat Med. (2009)
15:921–9. doi: 10.1038/nm.2001

46. Ricardo-Gonzalez RR, Red Eagle A, Odegaard JI, Jouihan H, Morel CR, Heredia JE,
et al. Il-4/stat6 immune axis regulates peripheral nutrient metabolism and insulin sensitivity.
Proc Natl Acad Sci U.S.A. (2010) 107:22617–22. doi: 10.1073/pnas.1009152108

47. Shimamura T, Fujisawa T, Husain SR, Kioi M, Nakajima A, Puri RK. Novel role
of il-13 in fibrosis induced by nonalcoholic steatohepatitis and its amelioration by il-
13r-directed cytotoxin in a rat model. J Immunol. (2008) 181:4656–65. doi: 10.4049/
jimmunol.181.7.4656

48. Lurje I, Tacke F. The interleukin 33-T helper 2 cell axis promotes human liver fibrosis.
Cell Mol Gastroenterol Hepatol. (2024) 17:657–9. doi: 10.1016/j.jcmgh.2024.01.004

49. Ouyang W, Kolls JK, Zheng Y. The biological functions of T helper 17 cell
effector cytokines in inflammation. Immunity. (2008) 28:454–67. doi: 10.1016/
j.immuni.2008.03.004

50. Ivanov II, McKenzie BS, Zhou L, Tadokoro CE, Lepelley A, Lafaille JJ, et al. The
orphan nuclear receptor rorgammat directs the differentiation program of
proinflammatory il-17+ T helper cells. Cell. (2006) 126:1121–33. doi: 10.1016/
j.cell.2006.07.035

51. Gomes AL, Teijeiro A, Buren S, Tummala KS, Yilmaz M, Waisman A, et al.
Metabolic inflammation-associated il-17a causes non-alcoholic steatohepatitis and
hepatocellular carcinoma. Cancer Cell. (2016) 30:161–75. doi: 10.1016/
j.ccell.2016.05.020

52. Vonghia L, Magrone T, Verrijken A, Michielsen P, Van Gaal L, Jirillo E, et al.
Peripheral and hepatic vein cytokine levels in correlation with non-alcoholic fatty liver
disease (Nafld)-related metabolic, histological, and haemodynamic features. PloS One.
(2015) 10:e0143380. doi: 10.1371/journal.pone.0143380

53. Vonghia L, Ruyssers N, Schrijvers D, Pelckmans P, Michielsen P, De Clerck L,
et al. Cd4+Ror gamma T++ and tregs in a mouse model of diet-induced nonalcoholic
steatohepatitis. Mediators Inflammation. (2015) 2015:239623. doi: 10.1155/2015/
239623

54. Tang Y, Bian Z, Zhao L, Liu Y, Liang S, Wang Q, et al. Interleukin-17 exacerbates
hepatic steatosis and inflammation in non-alcoholic fatty liver disease. Clin Exp
Immunol. (2011) 166:281–90. doi: 10.1111/j.1365-2249.2011.04471.x
Frontiers in Immunology 13
55. Giles DA, Moreno-Fernandez ME, Stankiewicz TE, Cappelletti M, Huppert SS,
Iwakura Y, et al. Regulation of inflammation by il-17a and il-17f modulates non-
alcoholic fatty liver disease pathogenesis. PloS One. (2016) 11:e0149783. doi: 10.1371/
journal.pone.0149783

56. Ma HY, Yamamoto G, Xu J, Liu X, Karin D, Kim JY, et al. Il-17 signaling in
steatotic hepatocytes and macrophages promotes hepatocellular carcinoma in alcohol-
related liver disease. J Hepatol. (2020) 72:946–59. doi: 10.1016/j.jhep.2019.12.016

57. Harley IT, Stankiewicz TE, Giles DA, Softic S, Flick LM, Cappelletti M, et al. Il-17
signaling accelerates the progression of nonalcoholic fatty liver disease in mice.
Hepatology. (2014) 59:1830–9. doi: 10.1002/hep.26746

58. Tan Z, Qian X, Jiang R, Liu Q, Wang Y, Chen C, et al. Il-17a plays a critical role
in the pathogenesis of liver fibrosis through hepatic stellate cell activation. J Immunol.
(2013) 191:1835–44. doi: 10.4049/jimmunol.1203013

59. Fabre T, Kared H, Friedman SL, Shoukry NH. Il-17a enhances the expression of
profibrotic genes through upregulation of the tgf-beta receptor on hepatic stellate cells
in a jnk-dependent manner. J Immunol. (2014) 193:3925–33. doi: 10.4049/
jimmunol.1400861

60. Xu R, Tao A, Zhang S, Zhang M. Neutralization of interleukin-17 attenuates high
fat diet-induced non-alcoholic fatty liver disease in mice. Acta Biochim Biophys Sin
(Shanghai). (2013) 45:726–33. doi: 10.1093/abbs/gmt065

61. Woestemeier A, Scognamiglio P, Zhao Y, Wagner J, Muscate F, Casar C, et al.
Multicytokine-producing cd4+ T cells characterize the livers of patients with nash. JCI
Insight. (2023) 8:e153831. doi: 10.1172/jci.insight.153831

62. Moreno-Fernandez ME, Giles DA, Oates JR, Chan CC, Damen M, Doll JR, et al.
Pkm2-dependent metabolic skewing of hepatic th17 cells regulates pathogenesis of
non-alcoholic fatty liver disease. Cell Metab. (2021) 33:1187–204 e9. doi: 10.1016/
j.cmet.2021.04.018

63. Grover P, Goel PN, Greene MI. Regulatory T cells: regulation of identity and
function. Front Immunol. (2021) 12:750542. doi: 10.3389/fimmu.2021.750542

64. Arce-Sillas A, Alvarez-Luquin DD, Tamaya-Dominguez B, Gomez-Fuentes S,
Trejo-Garcia A, Melo-Salas M, et al. Regulatory T cells: molecular actions on effector
cells in immune regulation. J Immunol Res. (2016) 2016:1720827. doi: 10.1155/2016/
1720827

65. Jones DM, Read KA, Oestreich KJ. Dynamic roles for il-2-stat5 signaling in
effector and regulatory cd4(+) T cell populations. J Immunol. (2020) 205:1721–30.
doi: 10.4049/jimmunol.2000612

66. Ma X, Hua J, Mohamood AR, Hamad AR, Ravi R, Li Z. A high-fat diet and
regulatory T cells influence susceptibility to endotoxin-induced liver injury.
Hepatology. (2007) 46:1519–29. doi: 10.1002/hep.21823

67. Ma C, Kesarwala AH, Eggert T, Medina-Echeverz J, Kleiner DE, Jin P, et al.
Nafld causes selective cd4(+) T lymphocyte loss and promotes hepatocarcinogenesis.
Nature. (2016) 531:253–7. doi: 10.1038/nature16969

68. He B, Wu L, Xie W, Shao Y, Jiang J, Zhao Z, et al. The imbalance of th17/treg
cells is involved in the progression of nonalcoholic fatty liver disease in mice. BMC
Immunol. (2017) 18:33. doi: 10.1186/s12865-017-0215-y

69. Roh YS, Kim JW, Park S, Shon C, Kim S, Eo SK, et al. Toll-like receptor-7
signaling promotes nonalcoholic steatohepatitis by inhibiting regulatory T cells in mice.
Am J Pathol. (2018) 188:2574–88. doi: 10.1016/j.ajpath.2018.07.011

70. Ilan Y, Maron R, Tukpah AM,Maioli TU, Murugaiyan G, Yang K, et al. Induction of
regulatory T cells decreases adipose inflammation and alleviates insulin resistance in ob/ob
mice. Proc Natl Acad Sci U.S.A. (2010) 107:9765–70. doi: 10.1073/pnas.0908771107

71. Wang X, Li W, Fu J, Ni Y, Liu K. Correlation between T-lymphocyte subsets,
regulatory T cells, and hepatic fibrosis in patients with nonalcoholic fatty liver. Evid
Based Complement Alternat Med. (2022) 2022:6250751. doi: 10.1155/2022/6250751

72. Li L, Xia Y, Ji X, Wang H, Zhang Z, Lu P, et al. Mig/cxcl9 exacerbates the
progression of metabolic-associated fatty liver disease by disrupting treg/th17 balance.
Exp Cell Res. (2021) 407:112801. doi: 10.1016/j.yexcr.2021.112801

73. Zhang C, Li L, Feng K, Fan D, Xue W, Lu J. ‘Repair’ Treg cells in tissue injury.
Cell Physiol Biochem. (2017) 43:2155–69. doi: 10.1159/000484295

74. Katz SC, Ryan K, Ahmed N, Plitas G, Chaudhry UI, Kingham TP, et al.
Obstructive jaundice expands intrahepatic regulatory T cells, which impair liver T
lymphocyte function but modulate liver cholestasis and fibrosis. J Immunol. (2011)
187:1150–6. doi: 10.4049/jimmunol.1004077

75. Fabregat I, Moreno-Caceres J, Sanchez A, Dooley S, Dewidar B, Giannelli G,
et al. Tgf-beta signalling and liver disease. FEBS J. (2016) 283:2219–32. doi: 10.1111/
febs.13665

76. Savage TM, Fortson KT, de Los Santos-Alexis K, Oliveras-Alsina A, Rouanne M,
Rae SS, et al. Amphiregulin from regulatory T cells promotes liver fibrosis and insulin
resistance in non-alcoholic steatohepatitis. Immunity. (2024) 57:303–18 e6.
doi: 10.1016/j.immuni.2024.01.009

77. Dywicki J, Buitrago-Molina LE, Noyan F, Davalos-Misslitz AC, Hupa-Breier KL,
Lieber M, et al. The detrimental role of regulatory T cells in nonalcoholic
steatohepatitis. Hepatol Commun. (2022) 6:320–33. doi: 10.1002/hep4.1807

78. Reinhardt RL, Liang HE, Locksley RM. Cytokine-secreting follicular T cells
shape the antibody repertoire. Nat Immunol. (2009) 10:385–93. doi: 10.1038/ni.1715

79. Crotty S. Follicular helper cd4 T cells (Tfh). Annu Rev Immunol. (2011) 29:621–
63. doi: 10.1146/annurev-immunol-031210-101400
frontiersin.org

https://doi.org/10.1152/ajpgi.00193.2013
https://doi.org/10.3389/fimmu.2020.580968
https://doi.org/10.1016/j.jhep.2020.05.047
https://doi.org/10.1016/j.molimm.2021.03.005
https://doi.org/10.4049/jimmunol.1501175
https://doi.org/10.4049/jimmunol.1501175
https://doi.org/10.1371/journal.pone.0013577
https://doi.org/10.1530/eje.1.02138
https://doi.org/10.1038/oby.2010.123
https://doi.org/10.1002/hep.v44:4
https://doi.org/10.1152/ajpgi.00184.2004
https://doi.org/10.1016/j.dld.2006.04.015
https://doi.org/10.1016/j.jhep.2014.07.006
https://doi.org/10.1016/j.jhep.2015.09.005
https://doi.org/10.1016/j.jhep.2015.09.005
https://doi.org/10.1038/nm.2001
https://doi.org/10.1073/pnas.1009152108
https://doi.org/10.4049/jimmunol.181.7.4656
https://doi.org/10.4049/jimmunol.181.7.4656
https://doi.org/10.1016/j.jcmgh.2024.01.004
https://doi.org/10.1016/j.immuni.2008.03.004
https://doi.org/10.1016/j.immuni.2008.03.004
https://doi.org/10.1016/j.cell.2006.07.035
https://doi.org/10.1016/j.cell.2006.07.035
https://doi.org/10.1016/j.ccell.2016.05.020
https://doi.org/10.1016/j.ccell.2016.05.020
https://doi.org/10.1371/journal.pone.0143380
https://doi.org/10.1155/2015/239623
https://doi.org/10.1155/2015/239623
https://doi.org/10.1111/j.1365-2249.2011.04471.x
https://doi.org/10.1371/journal.pone.0149783
https://doi.org/10.1371/journal.pone.0149783
https://doi.org/10.1016/j.jhep.2019.12.016
https://doi.org/10.1002/hep.26746
https://doi.org/10.4049/jimmunol.1203013
https://doi.org/10.4049/jimmunol.1400861
https://doi.org/10.4049/jimmunol.1400861
https://doi.org/10.1093/abbs/gmt065
https://doi.org/10.1172/jci.insight.153831
https://doi.org/10.1016/j.cmet.2021.04.018
https://doi.org/10.1016/j.cmet.2021.04.018
https://doi.org/10.3389/fimmu.2021.750542
https://doi.org/10.1155/2016/1720827
https://doi.org/10.1155/2016/1720827
https://doi.org/10.4049/jimmunol.2000612
https://doi.org/10.1002/hep.21823
https://doi.org/10.1038/nature16969
https://doi.org/10.1186/s12865-017-0215-y
https://doi.org/10.1016/j.ajpath.2018.07.011
https://doi.org/10.1073/pnas.0908771107
https://doi.org/10.1155/2022/6250751
https://doi.org/10.1016/j.yexcr.2021.112801
https://doi.org/10.1159/000484295
https://doi.org/10.4049/jimmunol.1004077
https://doi.org/10.1111/febs.13665
https://doi.org/10.1111/febs.13665
https://doi.org/10.1016/j.immuni.2024.01.009
https://doi.org/10.1002/hep4.1807
https://doi.org/10.1038/ni.1715
https://doi.org/10.1146/annurev-immunol-031210-101400
https://doi.org/10.3389/fimmu.2024.1445634
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Cebi and Yilmaz 10.3389/fimmu.2024.1445634
80. Ma CS, Deenick EK, Batten M, Tangye SG. The origins, function, and regulation
of T follicular helper cells. J Exp Med. (2012) 209:1241–53. doi: 10.1084/jem.20120994

81. Zhang F, JiangWW, Li X, Qiu XY, Wu Z, Chi YJ, et al. Role of intrahepatic B cells in
non-alcoholic fatty liver disease by secreting pro-inflammatory cytokines and regulating
intrahepatic T cells. J Dig Dis. (2016) 17:464–74. doi: 10.1111/1751-2980.12362

82. Wu Z, Xu J, Tan J, Song Y, Liu L, Zhang F, et al. Mesenteric adipose tissue B
lymphocytes promote local and hepatic inflammation in non-alcoholic fatty liver
disease mice. J Cell Mol Med. (2019) 23:3375–85. doi: 10.1111/jcmm.14232

83. Bruzzi S, Sutti S, Giudici G, Burlone ME, Ramavath NN, Toscani A, et al. B2-
lymphocyte responses to oxidative stress-derived antigens contribute to the evolution
of nonalcoholic fatty liver disease (Nafld). Free Radic Biol Med. (2018) 124:249–59.
doi: 10.1016/j.freeradbiomed.2018.06.015

84. Pitzalis C, Jones GW, Bombardieri M, Jones SA. Ectopic lymphoid-like
structures in infection, cancer and autoimmunity. Nat Rev Immunol. (2014) 14:447–
62. doi: 10.1038/nri3700

85. Kato LM, Kawamoto S, Maruya M, Fagarasan S. Gut tfh and iga: key players for
regulation of bacterial communities and immune homeostasis. Immunol Cell Biol.
(2014) 92:49–56. doi: 10.1038/icb.2013.54

86. Petersen C, Bell R, Klag KA, Lee SH, Soto R, Ghazaryan A, et al. T cell-mediated
regulation of the microbiota protects against obesity. Science. (2019) 365:1–26.
doi: 10.1126/science.aat9351

87. Wang H, Barrow F, Fredrickson G, Florczak K, Nguyen H, Parthiban P, et al.
Dysfunctional T follicular helper cells cause intestinal and hepatic inflammation in
nash. bioRxiv. (2023). doi: 10.1101/2023.06.07.544061

88. Yang P, Qian FY, Zhang MF, Xu AL, Wang X, Jiang BP, et al. Th17 cell
pathogenicity and plasticity in rheumatoid arthritis. J Leukoc Biol. (2019) 106:1233–40.
doi: 10.1002/JLB.4RU0619-197R

89. Misra DP, Agarwal V. Th17.1 lymphocytes: emerging players in the orchestra of
immune-mediated inflammatory diseases. Clin Rheumatol. (2022) 41:2297–308.
doi: 10.1007/s10067-022-06202-2

90. Koh CH, Lee S, Kwak M, Kim BS, Chung Y. Cd8 T-cell subsets: heterogeneity,
functions, and therapeutic potential. Exp Mol Med. (2023) 55:2287–99. doi: 10.1038/
s12276-023-01105-x

91. Zhong X, Lv M, Ma M, Huang Q, Hu R, Li J, et al. State of cd8(+) T cells in
progression from nonalcoholic steatohepatitis to hepatocellular carcinoma: from
pathogenesis to immunotherapy. BioMed Pharmacother. (2023) 165:115131.
doi: 10.1016/j.biopha.2023.115131

92. Fu J, Xu D, Liu Z, Shi M, Zhao P, Fu B, et al. Increased regulatory T cells correlate
with cd8 T-cell impairment and poor survival in hepatocellular carcinoma patients.
Gastroenterology. (2007) 132:2328–39. doi: 10.1053/j.gastro.2007.03.102

93. Dudek M, Pfister D, Donakonda S, Filpe P, Schneider A, Laschinger M, et al.
Auto-aggressive cxcr6(+) cd8 T cells cause liver immune pathology in nash. Nature.
(2021) 592:444–9. doi: 10.1038/s41586-021-03233-8

94. Wiering L, Tacke F. Treating inflammation to combat non-alcoholic fatty liver
disease. J Endocrinol. (2023) 256:1–20. doi: 10.1530/JOE-22-0194

95. Wolf MJ, Adili A, Piotrowitz K, Abdullah Z, Boege Y, Stemmer K, et al.
Metabolic activation of intrahepatic cd8+ T cells and nkt cells causes nonalcoholic
steatohepatitis and liver cancer via cross-talk with hepatocytes. Cancer Cell. (2014)
26:549–64. doi: 10.1016/j.ccell.2014.09.003

96. Van Herck MA, Weyler J, Kwanten WJ, Dirinck EL, De Winter BY, Francque
SM, et al. The differential roles of T cells in non-alcoholic fatty liver disease and obesity.
Front Immunol. (2019) 10:82. doi: 10.3389/fimmu.2019.00082

97. Nanno M, Shiohara T, Yamamoto H, Kawakami K, Ishikawa H. Gammadelta T
cells: firefighters or fire boosters in the front lines of inflammatory responses. Immunol
Rev. (2007) 215:103–13. doi: 10.1111/j.1600-065X.2006.00474.x

98. Carding SR, Egan PJ. Gammadelta T cells: functional plasticity and
heterogeneity. Nat Rev Immunol. (2002) 2:336–45. doi: 10.1038/nri797

99. Mayassi T, Jabri B. Human intraepithelial lymphocytes. Mucosal Immunol.
(2018) 11:1281–9. doi: 10.1038/s41385-018-0016-5

100. Lawand M, Dechanet-Merville J, Dieu-Nosjean MC. Key features of gamma-
delta T-cell subsets in human diseases and their immunotherapeutic implications.
Front Immunol. (2017) 8:761. doi: 10.3389/fimmu.2017.00761

101. Li F, Hao X, Chen Y, Bai L, Gao X, Lian Z, et al. The microbiota maintain
homeostasis of liver-resident gammadeltat-17 cells in a lipid antigen/cd1d-dependent
manner. Nat Commun. (2017) 7:13839. doi: 10.1038/ncomms13839

102. Torres-Hernandez A, Wang W, Nikiforov Y, Tejada K, Torres L, Kalabin A,
et al. Gammadelta T cells promote steatohepatitis by orchestrating innate and adaptive
immune programming. Hepatology. (2020) 71:477–94. doi: 10.1002/hep.30952

103. Marinovic S, Lenartic M, Mladenic K, Sestan M, Kavazovic I, Benic A, et al.
Nkg2d-mediated detection of metabolically stressed hepatocytes by innate-like T cells is
essential for initiation of nash and fibrosis. Sci Immunol. (2023) 8:eadd1599.
doi: 10.1126/sciimmunol.add1599

104. Mauri C, Bosma A. Immune regulatory function of B cells. Annu Rev Immunol.
(2012) 30:221–41. doi: 10.1146/annurev-immunol-020711-074934

105. Barrow F, Khan S, Fredrickson G, Wang H, Dietsche K, Parthiban P, et al.
Microbiota-driven activation of intrahepatic B cells aggravates nash through innate and
adaptive signaling. Hepatology. (2021) 74:704–22. doi: 10.1002/hep.31755
Frontiers in Immunology 14
106. Mackay F, Browning JL. Baff: A fundamental survival factor for B cells. Nat Rev
Immunol. (2002) 2:465–75. doi: 10.1038/nri844

107. Kim YH, Choi BH, Cheon HG, Do MS. B cell activation factor (Baff) is a novel
adipokine that links obesity and inflammation. Exp Mol Med. (2009) 41:208–16.
doi: 10.3858/emm.2009.41.3.024

108. Sanchez DCV, Castellanos SG, Sandoval MEV, Garcia AG. B-cell activating
factor increases related to adiposity, insulin resistance, and endothelial dysfunction in
overweight and obese subjects. Life (Basel). (2022) 12:1–14. doi: 10.3390/life12050634

109. Miyake T, Abe M, Tokumoto Y, Hirooka M, Furukawa S, Kumagi T, et al. B
cell-activating factor is associated with the histological severity of nonalcoholic fatty
liver disease. Hepatol Int. (2013) 7:539–47. doi: 10.1007/s12072-012-9345-8

110. Kohut T, Shah A, Russo P, Panganiban J. Autoimmune antibodies in children
and adolescents with nonalcoholic fatty liver disease. J Pediatr Gastroenterol Nutr.
(2022) 75:264–8. doi: 10.1097/MPG.0000000000003534

111. Wu H, Zhu L, Kinnear D, Triggs N, Quintanilla NM, Himes R. Clinical,
laboratory, and histologic correlates of serum antinuclear antibody in hispanic pediatric
patients with nonalcoholic fatty liver disease. Am J Clin Pathol. (2022) 158:221–7.
doi: 10.1093/ajcp/aqac028

112. Luo L, Ma Q, Lin L, Wang H, Ye J, Zhong B. Prevalence and significance of
antinuclear antibodies in biopsy-proven nonalcoholic fatty liver disease: A systematic
review and meta-analysis. Dis Markers. (2022) 2022:8446170. doi: 10.1155/2022/
8446170

113. Clement CC, Osan J, Buque A, Nanaware PP, Chang YC, Perino G, et al. Pdia3
epitope-driven immune autoreactivity contributes to hepatic damage in type 2 diabetes.
Sci Immunol. (2022) 7:eabl3795. doi: 10.1126/sciimmunol.abl3795

114. Martin-Fernandez M, Arroyo V, Carnicero C, Siguenza R, Busta R, Mora N,
et al. Role of oxidative stress and lipid peroxidation in the pathophysiology of nafld.
Antioxidants (Basel). (2022) 11:1–10. doi: 10.3390/antiox11112217

115. Hendrikx T, Binder CJ. Oxidation-specific epitopes in non-alcoholic fatty liver
disease. Front Endocrinol (Lausanne) . (2020) 11:607011. doi: 10.3389/
fendo.2020.607011

116. Ullah A, Ud Din A, Ding W, Shi Z, Pervaz S, Shen B. A narrative review: cxc
chemokines influence immune surveillance in obesity and obesity-related diseases: type
2 diabetes and nonalcoholic fatty liver disease. Rev Endocr Metab Disord. (2023)
24:611–31. doi: 10.1007/s11154-023-09800-w

117. Krenkel O, Tacke F. Macrophages in nonalcoholic fatty liver disease: A role
model of pathogenic immunometabolism. Semin Liver Dis. (2017) 37:189–97.
doi: 10.1055/s-0037-1604480

118. Velliou RI, Legaki AI, Nikolakopoulou P, Vlachogiannis NI, Chatzigeorgiou A.
Liver endothelial cells in nafld and transition to nash and hcc. Cell Mol Life Sci. (2023)
80:314. doi: 10.1007/s00018-023-04966-7

119. Zhou Y, Zhang H, Yao Y, Zhang X, Guan Y, Zheng F. Cd4(+) T cell activation
and inflammation in nash-related fibrosis. Front Immunol. (2022) 13:967410.
doi: 10.3389/fimmu.2022.967410

120. Wang H, Tsung A, Mishra L, Huang H. Regulatory T cell: A double-edged
sword from metabolic-dysfunction-associated steatohepatitis to hepatocellular
carcinoma. EBioMedicine. (2024) 101:105031. doi: 10.1016/j.ebiom.2024.105031

121. Sutti S, Albano E. Oxidative stress in nonalcoholic fatty liver disease: A
reappraisal of the role in supporting inflammatory mechanisms. Redox Exp Med.
(2022) 2022:R57–68. doi: 10.1530/REM-22-0002

122. Pfister D, Nunez NG, Pinyol R, Govaere O, Pinter M, Szydlowska M, et al. Nash
limits anti-tumour surveillance in immunotherapy-treated hcc. Nature. (2021)
592:450–6. doi: 10.1038/s41586-021-03362-0

123. Sun D, Li W, Ding D, Tan K, Ding W, Wang Z, et al. Il-17a promotes
hepatocellular carcinoma by increasing fap expression in hepatic stellate cells via
activation of the stat3 signaling pathway. Cell Death Discovery. (2024) 10:230.
doi: 10.1038/s41420-024-01995-4

124. Tacke F. Cenicriviroc for the treatment of non-alcoholic steatohepatitis and liver
fibrosis. Expert Opin Investig Drugs. (2018) 27:301–11. doi: 10.1080/13543784.2018.1442436

125. Kruger AJ, Fuchs BC, Masia R, Holmes JA, Salloum S, Sojoodi M, et al.
Prolonged cenicriviroc therapy reduces hepatic fibrosis despite steatohepatitis in a diet-
induced mouse model of nonalcoholic steatohepatitis. Hepatol Commun. (2018) 2:529–
45. doi: 10.1002/hep4.1160

126. Ratziu V, Sanyal A, Harrison SA, Wong VW, Francque S, Goodman Z, et al.
Cenicriviroc treatment for adults with nonalcoholic steatohepatitis and fibrosis: final
analysis of the phase 2b centaur study. Hepatology. (2020) 72:892–905. doi: 10.1002/
hep.31108

127. Anstee QM, Neuschwander-Tetri BA, Wai-Sun Wong V, Abdelmalek MF,
Rodriguez-Araujo G, Landgren H, et al. Cenicriviroc lacked efficacy to treat liver
fibrosis in nonalcoholic steatohepatitis: aurora phase iii randomized study. Clin
Gastroenterol Hepatol. (2024) 22:124–34 e1. doi: 10.1016/j.cgh.2023.04.003

128. Fougerat A, Montagner A, Loiseau N, Guillou H, Wahli W. Peroxisome
proliferator-activated receptors and their novel ligands as candidates for the
treatment of non-alcoholic fatty liver disease. Cells. (2020) 9:1–53. doi: 10.3390/
cells9071638

129. Francque S, Szabo G, Abdelmalek MF, Byrne CD, Cusi K, Dufour JF, et al.
Nonalcoholic steatohepatitis: the role of peroxisome proliferator-activated receptors.
Nat Rev Gastroenterol Hepatol. (2021) 18:24–39. doi: 10.1038/s41575-020-00366-5
frontiersin.org

https://doi.org/10.1084/jem.20120994
https://doi.org/10.1111/1751-2980.12362
https://doi.org/10.1111/jcmm.14232
https://doi.org/10.1016/j.freeradbiomed.2018.06.015
https://doi.org/10.1038/nri3700
https://doi.org/10.1038/icb.2013.54
https://doi.org/10.1126/science.aat9351
https://doi.org/10.1101/2023.06.07.544061
https://doi.org/10.1002/JLB.4RU0619-197R
https://doi.org/10.1007/s10067-022-06202-2
https://doi.org/10.1038/s12276-023-01105-x
https://doi.org/10.1038/s12276-023-01105-x
https://doi.org/10.1016/j.biopha.2023.115131
https://doi.org/10.1053/j.gastro.2007.03.102
https://doi.org/10.1038/s41586-021-03233-8
https://doi.org/10.1530/JOE-22-0194
https://doi.org/10.1016/j.ccell.2014.09.003
https://doi.org/10.3389/fimmu.2019.00082
https://doi.org/10.1111/j.1600-065X.2006.00474.x
https://doi.org/10.1038/nri797
https://doi.org/10.1038/s41385-018-0016-5
https://doi.org/10.3389/fimmu.2017.00761
https://doi.org/10.1038/ncomms13839
https://doi.org/10.1002/hep.30952
https://doi.org/10.1126/sciimmunol.add1599
https://doi.org/10.1146/annurev-immunol-020711-074934
https://doi.org/10.1002/hep.31755
https://doi.org/10.1038/nri844
https://doi.org/10.3858/emm.2009.41.3.024
https://doi.org/10.3390/life12050634
https://doi.org/10.1007/s12072-012-9345-8
https://doi.org/10.1097/MPG.0000000000003534
https://doi.org/10.1093/ajcp/aqac028
https://doi.org/10.1155/2022/8446170
https://doi.org/10.1155/2022/8446170
https://doi.org/10.1126/sciimmunol.abl3795
https://doi.org/10.3390/antiox11112217
https://doi.org/10.3389/fendo.2020.607011
https://doi.org/10.3389/fendo.2020.607011
https://doi.org/10.1007/s11154-023-09800-w
https://doi.org/10.1055/s-0037-1604480
https://doi.org/10.1007/s00018-023-04966-7
https://doi.org/10.3389/fimmu.2022.967410
https://doi.org/10.1016/j.ebiom.2024.105031
https://doi.org/10.1530/REM-22-0002
https://doi.org/10.1038/s41586-021-03362-0
https://doi.org/10.1038/s41420-024-01995-4
https://doi.org/10.1080/13543784.2018.1442436
https://doi.org/10.1002/hep4.1160
https://doi.org/10.1002/hep.31108
https://doi.org/10.1002/hep.31108
https://doi.org/10.1016/j.cgh.2023.04.003
https://doi.org/10.3390/cells9071638
https://doi.org/10.3390/cells9071638
https://doi.org/10.1038/s41575-020-00366-5
https://doi.org/10.3389/fimmu.2024.1445634
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Cebi and Yilmaz 10.3389/fimmu.2024.1445634
130. Lefere S, Puengel T, Hundertmark J, Penners C, Frank AK, Guillot A, et al.
Differential effects of selective- and pan-ppar agonists on experimental steatohepatitis and
hepatic macrophages(☆). J Hepatol. (2020) 73:757–70. doi: 10.1016/j.jhep.2020.04.025

131. Francque SM, Bedossa P, Ratziu V, Anstee QM, Bugianesi E, Sanyal AJ, et al. A
randomized, controlled trial of the pan-ppar agonist lanifibranor in nash. N Engl J Med.
(2021) 385:1547–58. doi: 10.1056/NEJMoa2036205

132. Zhang K, Liu W, Liang H. Effect of statins on sepsis and inflammatory factors:
A mendelian randomization study. Eur J Clin Invest. (2024) 54:e14164. doi: 10.1111/
eci.14164

133. Chamani S, Kooshkaki O, Moossavi M, Rastegar M, Soflaei SS, McCloskey AP,
et al. The effects of statins on the function and differentiation of blood cells. Arch Med
Sci. (2023) 19:1314–26. doi: 10.5114/aoms/158546

134. Weitz-Schmidt G, Welzenbach K, Brinkmann V, Kamata T, Kallen J, Bruns C,
et al. Statins selectively inhibit leukocyte function antigen-1 by binding to a novel
regulatory integrin site. Nat Med. (2001) 7:687–92. doi: 10.1038/89058

135. Sato K, Nuki T, Gomita K, Weyand CM, Hagiwara N. Statins reduce endothelial
cell apoptosis via inhibition of trail expression on activated cd4 T cells in acute coronary
syndrome. Atherosclerosis. (2010) 213:33–9. doi: 10.1016/j.atherosclerosis.2010.03.034

136. Dunn SE, Youssef S, Goldstein MJ, Prod’homme T, Weber MS, Zamvil SS, et al.
Isoprenoids determine th1/th2 fate in pathogenic T cells, providing a mechanism of
modulation of autoimmunity by atorvastatin. J Exp Med. (2006) 203:401–12.
doi: 10.1084/jem.20051129

137. Arora M, Chen L, Paglia M, Gallagher I, Allen JE, Vyas YM, et al. Simvastatin
promotes th2-type responses through the induction of the chitinase family member
ym1 in dendritic cells. Proc Natl Acad Sci U.S.A. (2006) 103:7777–82. doi: 10.1073/
pnas.0508492103

138. Forero-Pena DA, Gutierrez FR. Statins as modulators of regulatory T-cell
biology. Mediators Inflammation. (2013) 2013:167086. doi: 10.1155/2013/167086

139. Li XL, Dou YC, Liu Y, Shi CW, Cao LL, Zhang XQ, et al. Atorvastatin ameliorates
experimental autoimmune neuritis by decreased th1/th17 cytokines and up-regulated T
regulatory cells. Cell Immunol. (2011) 271:455–61. doi: 10.1016/j.cellimm.2011.08.015

140. Pereira E, Araujo BP, Rodrigues KL, Silvares RR, Martins CSM, Flores EEI, et al.
Simvastatin improves microcirculatory function in nonalcoholic fatty liver disease and
downregulates oxidative and ale-rage stress. Nutrients. (2022) 14:1–19. doi: 10.3390/
nu14030716

141. Inia JA, Stokman G, Pieterman EJ, Morrison MC, Menke AL, Verschuren L,
et al. Atorvastatin attenuates diet-induced non-alcoholic steatohepatitis in apoe*3-
leiden mice by reducing hepatic inflammation. Int J Mol Sci. (2023) 24:1–19.
doi: 10.3390/ijms24097818

142. Fatima K, Moeed A, Waqar E, Atif AR, Kamran A, Rizvi H, et al. Efficacy of
statins in treatment and development of non-alcoholic fatty liver disease and
steatohepatitis: A systematic review and meta-analysis. Clin Res Hepatol
Gastroenterol. (2022) 46:101816. doi: 10.1016/j.clinre.2021.101816

143. Zhang S, Ren X, Zhang B, Lan T, Liu B. A systematic review of statins for the
treatment of nonalcoholic steatohepatitis: safety, efficacy, and mechanism of action.
Molecules. (2024) 29:1–24. doi: 10.3390/molecules29081859

144. Wang W, Zhao C, Zhou J, Zhen Z, Wang Y, Shen C. Simvastatin ameliorates
liver fibrosis via mediating nitric oxide synthase in rats with non-alcoholic
steatohepatitis-related liver fibrosis. PloS One. (2013) 8:e76538. doi: 10.1371/
journal.pone.0076538

145. Chong LW, Hsu YC, Lee TF, Lin Y, Chiu YT, Yang KC, et al. Fluvastatin
attenuates hepatic steatosis-induced fibrogenesis in rats through inhibiting paracrine
effect of hepatocyte on hepatic stellate cells. BMC Gastroenterol. (2015) 15:22.
doi: 10.1186/s12876-015-0248-8

146. Sfikas G, Psallas M, Koumaras C, Imprialos K, Perdikakis E, Doumas M, et al.
Prevalence, diagnosis, and treatment with 3 different statins of non-alcoholic fatty liver
disease/non-alcoholic steatohepatitis in military personnel. Do Genet Play Role? Curr
Vasc Pharmacol. (2021) 19:572–81. doi: 10.2174/1570161118666201015152921

147. Ayada I, van Kleef LA, Zhang H, Liu K, Li P, Abozaid YJ, et al. Dissecting the
multifaceted impact of statin use on fatty liver disease: A multidimensional study.
EBioMedicine. (2023) 87:104392. doi: 10.1016/j.ebiom.2022.104392

148. Du J, Ma YY, Yu CH, Li YM. Effects of pentoxifylline on nonalcoholic fatty liver
disease: A meta-analysis. World J Gastroenterol. (2014) 20:569–77. doi: 10.3748/
wjg.v20.i2.569

149. Bessler H, Gilgal R, Djaldetti M, Zahavi I. Effect of pentoxifylline on the
phagocytic activity, camp levels, and superoxide anion production by monocytes and
polymorphonuclear cells. J Leukoc Biol. (1986) 40:747–54. doi: 10.1002/jlb.40.6.747

150. Fernandes JL, de Oliveira RTD, Mamoni RL, Coelho OR, Nicolau JC, Blotta M,
et al. Pentoxifylline reduces pro-inflammatory and increases anti-inflammatory activity
in patients with coronary artery disease–a randomized placebo-controlled study.
Atherosclerosis. (2008) 196:434–42. doi: 10.1016/j.atherosclerosis.2006.11.032

151. Li Q, Hu X, Sun R, Tu Y, Gong F, Ni Y. Resolution acute respiratory distress
syndrome through reversing the imbalance of treg/th17 by targeting the camp signaling
pathway. Mol Med Rep. (2016) 14:343–8. doi: 10.3892/mmr.2016.5222

152. Fouda A, Abdelaziz AE, Hussien M, Ali AA, Abdelkawy KS, Elbarbry F. A
randomized controlled trial comparing the effects of vitamin E, ursodeoxycholic acid
and pentoxifylline on Egyptian non-alcoholic steatohepatitis patients. Eur Rev Med
Pharmacol Sci. (2021) 25:7449–59. doi: 10.26355/eurrev_202112_27442
Frontiers in Immunology 15
153. Xu D, Zhao W, Feng Y, Wen X, Liu H, Ping J. Pentoxifylline attenuates
nonalcoholic fatty liver by inhibiting hepatic macrophage polarization to the M1
phenotype. Phytomedicine. (2022) 106:154368. doi: 10.1016/j.phymed.2022.154368

154. Vachliotis ID, Polyzos SA. The role of tumor necrosis factor-alpha in the
pathogenesis and treatment of nonalcoholic fatty liver disease. Curr Obes Rep. (2023)
12:191–206. doi: 10.1007/s13679-023-00519-y

155. Boldys A, Buldak L, Maliglowka M, Surma S, Okopien B. Potential therapeutic
strategies in the treatment of metabolic-associated fatty liver disease. Medicina
(Kaunas). (2023) 59:1–38. doi: 10.3390/medicina59101789

156. Nevola R, Epifani R, Imbriani S, Tortorella G, Aprea C, Galiero R, et al. Glp-1
receptor agonists in non-alcoholic fatty liver disease: current evidence and future
perspectives. Int J Mol Sci. (2023) 24:1–25. doi: 10.3390/ijms24021703

157. Bray JJH, Foster-Davies H, Salem A, Hoole AL, Obaid DR, Halcox JPJ, et al.
Glucagon-like peptide-1 receptor agonists improve biomarkers of inflammation and
oxidative stress: A systematic review and meta-analysis of randomised controlled trials.
Diabetes Obes Metab. (2021) 23:1806–22. doi: 10.1111/dom.14399

158. Tanaka M, Matsuo Y, Yamakage H, Masuda S, Terada Y, Muranaka K, et al.
Differential effects of glp-1 receptor agonist on foam cell formation in monocytes between
non-obese andobese subjects.Metabolism. (2016)65:1–11. doi: 10.1016/j.metabol.2015.10.009

159. Shiraishi D, Fujiwara Y, Komohara Y, Mizuta H, Takeya M. Glucagon-like
peptide-1 (Glp-1) induces M2 polarization of human macrophages via stat3 activation.
Biochem Biophys Res Commun. (2012) 425:304–8. doi: 10.1016/j.bbrc.2012.07.086

160. Marx N, Burgmaier M, Heinz P, Ostertag M, Hausauer A, Bach H, et al. Glucagon-
like peptide-1(1-37) inhibits chemokine-induced migration of human cd4-positive
lymphocytes. Cell Mol Life Sci. (2010) 67:3549–55. doi: 10.1007/s00018-010-0396-5

161. Ben Nasr M, Usuelli V, Dellepiane S, Seelam AJ, Fiorentino TV, D’Addio F,
et al. Glucagon-like peptide 1 receptor is a T cell-negative costimulatory molecule. Cell
Metab. (2024) 36:1302–19.e12. doi: 10.1016/j.cmet.2024.05.001

162. Rode AKO, Buus TB, Mraz V, Al-Jaberi FAH, Lopez DV, Ford SL, et al.
Induced human regulatory T cells express the glucagon-like peptide-1 receptor. Cells.
(2022) 11:1–19. doi: 10.3390/cells11162587

163. Yan J, Yao B, Kuang H, Yang X, Huang Q, Hong T, et al. Liraglutide, sitagliptin,
and insulin glargine added to metformin: the effect on body weight and intrahepatic
lipid in patients with type 2 diabetes mellitus and nonalcoholic fatty liver disease.
Hepatology. (2019) 69:2414–26. doi: 10.1002/hep.30320

164. Cusi K, Sattar N, Garcia-Perez LE, Pavo I, Yu M, Robertson KE, et al.
Dulaglutide decreases plasma aminotransferases in people with type 2 diabetes in a
pattern consistent with liver fat reduction: A post hoc analysis of the award programme.
Diabetes Med. (2018) 35:1434–9. doi: 10.1111/dme.13697

165. Newsome PN, Buchholtz K, Cusi K, Linder M, Okanoue T, Ratziu V, et al. A
placebo-controlled trial of subcutaneous semaglutide in nonalcoholic steatohepatitis. N
Engl J Med. (2021) 384:1113–24. doi: 10.1056/NEJMoa2028395

166. Borodavkin P, Sheridan W, Coelho C, Ostarijas E, Zair ZM, Miras AD, et al.
Effects of glucagon-like peptide-1 receptor agonists on histopathological and secondary
biomarkers of non-alcoholic steatohepatitis: A systematic review and meta-analysis.
Diabetes Obes Metab. (2022) 24:337–42. doi: 10.1111/dom.14565

167. Salmi M, Jalkanen S. Vascular adhesion protein-1: A cell surface amine oxidase
in translation. Antioxid Redox Signal. (2019) 30:314–32. doi: 10.1089/ars.2017.7418

168. Shen T, Chen X, Li Y, Tang X, Jiang X, Yu C, et al. Interleukin-17a exacerbates
high-fat diet-induced hepatic steatosis by inhibiting fatty acid beta-oxidation. Biochim
Biophys Acta Mol Basis Dis. (2017) 1863:1510–8. doi: 10.1016/j.bbadis.2017.01.027

169. Shi W, Zhu Q, Gu J, Liu X, Lu L, Qian X, et al. Anti-il-17 antibody improves
hepatic steatosis by suppressing interleukin-17-related fatty acid synthesis and
metabolism. Clin Dev Immunol. (2013) 2013:253046. doi: 10.1155/2013/253046

170. Yamato M, Sakai Y, Mochida H, Kawaguchi K, Takamura M, Usui S, et al. Adipose
tissue-derived stem cells prevent fibrosis in murine steatohepatitis by suppressing il-17-
mediated inflammation. J Gastroenterol Hepatol. (2019) 34:1432–40. doi: 10.1111/jgh.14647

171. Magdaleno-Tapial J, Lopez-Marti C, Ortiz-Salvador JM, Hernandez-Bel P, Tamarit-
Garcia JJ, Diago-MadridM, et al. Can secukinumab improve liverfibrosis? Apilot prospective
study of 10 psoriatic patients. Dermatol Ther. (2021) 34:e15065. doi: 10.1111/dth.15065

172. Takamura S, Teraki Y, Katayama E, Kawaguchi T, Kawaguchi M, Nakano D,
et al. Effects of interleukin-17 inhibitors on hepatic fibrosis index in patients with
psoriasis and metabolic dysfunction-associated fatty liver disease: directed acyclic
graphs. Clin Mol Hepatol. (2022) 28:269–72. doi: 10.3350/cmh.2022.0040

173. Tang R, Zheng L, Zheng J, Wu J, Chen P, Chen J, et al. Secukinumab plays a
synergistic role with starvation therapy in promoting autophagic cell death of
hepatocellular carcinoma via inhibiting il-17a-increased bcl2 level. In Vitro Cell Dev
Biol Anim. (2023) 59:381–93. doi: 10.1007/s11626-023-00770-6

174. Lee DSW, Rojas OL, Gommerman JL. B cell depletion therapies in autoimmune
disease: advances and mechanistic insights. Nat Rev Drug Discovery. (2021) 20:179–99.
doi: 10.1038/s41573-020-00092-2

175. Zhang Z, Xu Q, Huang L. B cell depletion therapies in autoimmune diseases:
monoclonal antibodies or chimeric antigen receptor-based therapy? Front Immunol.
(2023) 14:1126421. doi: 10.3389/fimmu.2023.1126421

176. Nakamura Y, Abe M, Kawasaki K, Miyake T, Watanabe T, Yoshida O, et al.
Depletion of B cell-activating factor attenuates hepatic fat accumulation in a murine
model of nonalcoholic fatty liver disease. Sci Rep. (2019) 9:977. doi: 10.1038/s41598-
018-37403-y
frontiersin.org

https://doi.org/10.1016/j.jhep.2020.04.025
https://doi.org/10.1056/NEJMoa2036205
https://doi.org/10.1111/eci.14164
https://doi.org/10.1111/eci.14164
https://doi.org/10.5114/aoms/158546
https://doi.org/10.1038/89058
https://doi.org/10.1016/j.atherosclerosis.2010.03.034
https://doi.org/10.1084/jem.20051129
https://doi.org/10.1073/pnas.0508492103
https://doi.org/10.1073/pnas.0508492103
https://doi.org/10.1155/2013/167086
https://doi.org/10.1016/j.cellimm.2011.08.015
https://doi.org/10.3390/nu14030716
https://doi.org/10.3390/nu14030716
https://doi.org/10.3390/ijms24097818
https://doi.org/10.1016/j.clinre.2021.101816
https://doi.org/10.3390/molecules29081859
https://doi.org/10.1371/journal.pone.0076538
https://doi.org/10.1371/journal.pone.0076538
https://doi.org/10.1186/s12876-015-0248-8
https://doi.org/10.2174/1570161118666201015152921
https://doi.org/10.1016/j.ebiom.2022.104392
https://doi.org/10.3748/wjg.v20.i2.569
https://doi.org/10.3748/wjg.v20.i2.569
https://doi.org/10.1002/jlb.40.6.747
https://doi.org/10.1016/j.atherosclerosis.2006.11.032
https://doi.org/10.3892/mmr.2016.5222
https://doi.org/10.26355/eurrev_202112_27442
https://doi.org/10.1016/j.phymed.2022.154368
https://doi.org/10.1007/s13679-023-00519-y
https://doi.org/10.3390/medicina59101789
https://doi.org/10.3390/ijms24021703
https://doi.org/10.1111/dom.14399
https://doi.org/10.1016/j.metabol.2015.10.009
https://doi.org/10.1016/j.bbrc.2012.07.086
https://doi.org/10.1007/s00018-010-0396-5
https://doi.org/10.1016/j.cmet.2024.05.001
https://doi.org/10.3390/cells11162587
https://doi.org/10.1002/hep.30320
https://doi.org/10.1111/dme.13697
https://doi.org/10.1056/NEJMoa2028395
https://doi.org/10.1111/dom.14565
https://doi.org/10.1089/ars.2017.7418
https://doi.org/10.1016/j.bbadis.2017.01.027
https://doi.org/10.1155/2013/253046
https://doi.org/10.1111/jgh.14647
https://doi.org/10.1111/dth.15065
https://doi.org/10.3350/cmh.2022.0040
https://doi.org/10.1007/s11626-023-00770-6
https://doi.org/10.1038/s41573-020-00092-2
https://doi.org/10.3389/fimmu.2023.1126421
https://doi.org/10.1038/s41598-018-37403-y
https://doi.org/10.1038/s41598-018-37403-y
https://doi.org/10.3389/fimmu.2024.1445634
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Immune system dysregulation in the pathogenesis of non-alcoholic steatohepatitis: unveiling the critical role of T and B lymphocytes
	1 Introduction
	2 Inflammation and leukocyte migration in NASH
	3 T cells in NASH
	3.1 CD4+ T helper cells
	3.1.1 Th1 cells
	3.1.2 Th2 cells
	3.1.3 Th17 cells
	3.1.4 Regulatory T cells
	3.1.5 T follicular helper cells
	3.1.6 T helper cell plasticity

	3.2 Cytotoxic CD8+ T cells
	3.3 &gamma;&delta; T cells

	4 B cells in NASH
	5 Triggering adaptive immune response in NASH
	6 Role of adaptive immune response in the transition from NASH to HCC
	7 Therapeutic options for modulating the immune response in NASH
	8 Concluding remarks and future directions
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


