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Metabolic dysfunction-associated steatotic liver disease (MASLD) is an increasingly com-
mon complication of obesity, affecting over a quarter of the global adult population. A
key event in the pathophysiology of MASLD is the development of metabolic-associated
steatohepatitis (MASH), which greatly increases the chances of developing cirrhosis and
hepatocellular carcinoma. The underlying cause of MASH is multifactorial, but accumu-
lating evidence indicates that the inflammatory process in the hepatic microenvironment
typically follows a pattern that can be roughly divided into three stages: (1) Detection of
hepatocyte stress by tissue-resident immune cells including y$ T cells and CD4-CD8~
double-negative T cells, followed by their secretion of pro-inflammatory mediators, most
notably IL-17A. (2) Recruitment of pro-inflammatory cells, mostly of the myeloid lineage,
and initiation of inflammation through secretion of effector-type cytokines such as TNF,
TGF-B, and IL-18. (3) Escalation of the inflammatory response by recruitment of lympho-
cytes including Th17, CD8 T, and B cells leading to chronic inflammation, hepatic stellate
cell activation, and fibrosis. Here we will discuss these three stages and how they are con-
secutively linked like falling domino tiles to the pathophysiology of MASH. Moreover, we
will highlight the clinical potential of inflammation as a biomarker and therapeutic target
for the treatment of MASLD.
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Introduction

Metabolic dysfunction-associated fatty liver disease (MASLD),
formerly known as nonalcoholic or metabolic-associated fatty
liver disease (NAFLD or MAFLD), is considered to be the
hepatic manifestation of metabolic syndrome and has an alarm-
ingly high prevalence, affecting over 30% of the global adult
population [1-3]. MASLD is diagnosed when more than 5%
of hepatocytes are steatotic in the presence of a defined set
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of metabolic abnormalities, such as obesity, type 2 diabetes
mellitus (T2D), or dyslipidemia [4]. Many patients only have
steatosis, which is associated with few if any clinical symptoms.
However, a considerable fraction of patients develop metabolic
dysfunction-associated steatohepatitis (MASH), formerly known
as nonalcoholic steatohepatitis (NASH). MASH is characterized
by an influx of proinflammatory cells, necrotic hepatocyte death,
and fibrosis [5, 6]. Importantly, MASH strongly increases the risk
of developing cirrhosis and hepatocellular carcinoma (HCC). Due
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to its high prevalence, MASLD-induced liver pathology is there-
fore rapidly becoming the leading cause of liver transplantation
and liver-associated death worldwide [7]. Clearly, MASLD is a
major global health problem.

Notably, a key event in the pathophysiology of the dis-
ease is the transition of MASLD with only steatosis (metabolic-
associated fatty liver [MAFL]) to MASH, a state in which the
immune system gets activated. Various triggers have been asso-
ciated with the progression of MASLD, including hypoxia, ER
stress, insulin resistance, and dyslipidemia, and the underlying
cause of metabolic dysfunction in the liver is therefore consid-
ered to be multifactorial [6, 8]. Various studies that analyzed
cells from the liver in advanced stages of the disease defined
MASH as a “Type 3” inflammatory disease, marked by the produc-
tion of the cytokine IL-17A by CD4 Th17-helper T cells [9-11].
However, until recently the sequence of events leading to MASH
was much less clear, particularly the earliest processes that cause
inflammation to occur in some patients but not in others. In
this review, we provide a brief overview of the events that lead
to hepatic inflammation in the context of MASLD/MASH. The
focus will be on the initial stages of immune cell activation,
which represent the early toppled domino stones that lead to
a cascade that ultimately causes a detrimental chronic inflam-
matory response. Whereas many of these events will (partially)
overlap, we present them as consecutive events to facilitate
understanding.

When all tiles yet stand: The immunological
state of the liver during homeostasis

The parenchyma of the liver predominantly consists of hepa-
tocytes, structurally organized in liver lobules, which mediate
most of the liver’s functions. The lobules can be subdivided into
three zones, based on their oxygenation status and functionality
and have recently been elucidated in high detail using technolo-
gies like single-nucleus RNA sequencing and single-molecule flu-
orescence in situ hybridization [12]: Zone 1 is located around
the portal triads where oxygenated blood enters. Hepatocytes at
this location perform more energy-intensive, anabolic tasks like
protein synthesis, gluconeogenesis, cholesterol biosynthesis, and
catabolic B-oxidation. Zone 3 is located around the central venule
and contains hepatocytes more specialized in catabolic functions
such as glycolysis, bile acid production, and lipogenesis [12, 13].
Zone 2 forms the transitional mid-lobule and contains cells with
an intermediate function.

Apart from hepatocytes, the liver contains several types of non-
parenchymal cells (NPCs) that play a supporting role. Hepatic
stellate cells (HSC) are located in between hepatocytes. These
cells contain retinoic acid and build the connective tissue matrix.
In case of liver injury, these cells are activated and are responsi-
ble for the formation of fibrotic scar tissue to prevent loss of liver
integrity [14]. The liver is extremely well vascularized by a net-
work of sinusoid capillaries that lead blood from the portal triad
to the vena centralis. Liver sinusoidal endothelial cells (LSECs)
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therefore make up a large fraction of the nonparenchymal cells
in the liver. A tubular network of vesicles lined by cholangiocytes
leads bile toward the duodenum.

Finally, the liver is home to numerous innate and adaptive
immune cells, which are functionally and anatomically segregated
[15]. These cells are the primary sensors for immunological trig-
gers and thus initiate inflammation and hepatic injury in disease
[16]. In a metabolically healthy liver, resident immune cells main-
tain a tolerogenic state and suppress immune cell activation [17].
Inhibition of an overt immune response is required because the
liver is drenched by blood originating for more than 70% from
the portal vein and as such is enriched with gut-derived food-
and commensal antigens [18, 19]. As a result, innate immune
cells in the liver are desensitized to ligands of classic danger-
sensing receptors such as TLR4 [15, 20]. The most abundant
leukocytes in the liver are Kupffer cells (KCs). These cells com-
prise a considerable fraction of all the body’s macrophages and are
located inside the sinusoids [16]. KCs contribute to liver home-
ostasis by conducting phagocytosis of dead and senescent cells
through the activity of their scavenger receptors which enable
them to detect and remove complement-opsonized particles from
circulation [21]. Moreover, they can produce anti-inflammatory
cytokines such as IL-10 [22]. In murine models, IL-10 was shown
to upregulate PD-L1 on KCs which inhibits effector T-cell function
and promotes Treg formation [19].

Under homeostatic conditions, the hepatic niche is enriched
for growth factors that favor the development of regulatory den-
dritic cells. These cells are located in the space of Disse, which
is a narrow region between LSECs and hepatocytes [23]. Regu-
latory dendritic cells were shown to promote the differentiation
of CD4 T cells into Tregs [24, 25]. LSECs and HSCs also con-
tribute to Treg development through active inhibition of Thl or
Th17 responses and secretion of retinoic acid and TGFp which
induce Foxp3, the master regulator of Treg differentiation [15,
26]. Tregs in the liver play a critical role in mediating hepatic tol-
erance via the production of IL-10. These cells therefore act in
synergy with KCs to promote the local immunosuppressive niche
[19, 27]. LSECs also appear to drive tolerance directly, as their
cross-presentation of antigen resulted in CD8 T-cell anergy and
deletion [15, 28, 29]. Furthermore, hepatocytes themselves were
shown to induce proapoptotic genes in infiltrating CD8 T cells
after antigen exposure, though the molecular mechanism remains
unclear [30].

Especially in mice, CD1d-restricted natural killer T (NKT) cells
are highly abundant in the liver and were shown to contribute to
hepatic immune homeostasis. CD1d molecules normally present
lipid- and other endogenous antigens on the surface of healthy
liver cells but are downregulated in the context of various
pathologies [31]. Upon CD1d engagement in the liver, NKT cells
produce anti-inflammatory cytokines such as IL-10 and TGFf
[32] and promote regulatory T-cell development [33]. Moreover,
NKT cells produce IL-5 following stimulation with noradrenergic
neurotransmitters secreted by the sympathetic nervous system,
thus supporting an anti-inflammatory milieu [34]. Finally, several
immune cells including NK, NKT, and CD8 T cells mediate the
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Figure 1. Localization of immune cells in the liver. The liver is extremely well vascularized with sinusoid capillaries which transport blood from
the portal space toward the Vena Centralis. The sinusoids are populated by tissue-resident cells, including Kupffer-, NKT-, and NK cells, which
scan the endothelium for threats derived from the bloodstream. In the space of Disse between hepatocytes and endothelium, a different pool of
immune cells can be found, consisting of y3 T-, MAIT-, and dendritic cells. These cells are thought to screen the parenchyma for threats that have
breached the endothelial barrier. During inflammation, hepatocytes in concert with tissue-resident immune cells recruit proinflammatory cells

from circulation.

clearance of senescent or activated HSCs through the secretion of
IFNy to maintain tissue homeostasis [35-38].

In summary, in the absence of overt immune-stimulatory trig-
gers, the liver maintains a tolerogenic state despite continuous
exposure to various antigens and danger signals. This is achieved
through the coordinated efforts of both immune and nonimmune
cells.

The first domino tile: Stress-sensing

Most patients with MASLD only have hepatic steatosis, which is
associated with minimal clinical symptoms. However, in up to
40% of patients, MASL progresses to steatohepatitis which pro-
vides a strongly increased risk of developing cirrhosis and HCC
[6]. The trigger that initiates this transition is therefore of great
clinical importance. MASLD is a multifactorial disease in which
several stress factors, such as hypoxia, lipotoxicity, metabolic ER
stress, and endotoxins contribute to the overall pathophysiology
[8]. The growing consensus is that crosstalk between immune
cells, hepatocytes, HSCs, and LSECs in the liver dictates the over-
all inflammatory tone and mediates progression from MAFL to
MASH [39]. Fibrosis, a key feature of MASH, typically arises first
in the pericentral zone and extends toward the periportal zone as
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the disease progresses. As zone 3 is the least oxygenated, this sug-
gests that hypoxia plays an important role in driving stress ligands
that activate tissue-resident immune cells. Moreover, the spatial
distribution of immune cells within the liver lobule is not equal
(Fig. 1), which may contribute to the directional progression of
MASH [13, 40]. How these cumulative metabolic stress factors
are translated into a signal that activates the immune system, thus
converting the hepatic environment from an anti- to a proinflam-
matory state has long remained unclear. However, recent findings
indicate that a cascade of inflammatory events needs to occur,
which can be roughly divided into three phases: (1) An initial
phase in which innate, tissue-resident immune cells sense hep-
atic stress and start producing cytokines, (2) recruitment and
activation of proinflammatory cells, mostly of the myeloid lin-
eage, which amplifies the initial inflammatory signals, and (3)
escalation of the inflammatory response during which adap-
tive immune cells become involved and large-scale tissue dam-
age occurs. MASLD has been marked as a type 3 inflammatory
response, characterized by fibrosis and production of the cytokine
IL-17A [41, 42].

The inflammatory trigger that initiates inflammation in
MASLD appears to include signals that predominantly activate
tissue-resident innate-like T cells. IL-17-producing y8 T cells (y$'”
T cells) have been uniformly proposed as an early profibrotic
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immune cell population in the liver [43-45]. Metabolic disease is
associated with increased gut permeability [46] and Li et al. [44]
demonstrated that CD1d-dependent presentation of microbiota-
derived lipid antigens on hepatocytes drives the expansion of y§1”
T cells in the liver. In addition to T-cell receptor (TCR) engage-
ment, a second signal appears to be required for the full activa-
tion of hepatic y8'7 T cells in the context of MASLD. Accumula-
tion of lipids, most notably cholesterol, causes metabolic stress
in hepatocytes resulting in their upregulation of “stress ligands”
for the activating immune receptor NKG2D [43]. In humans,
the expression of MICA and MICB, key ligands of NKG2D, was
shown to positively correlate with the progressive stages of MASH
[43, 47]. Many immune cells express NKG2D, but of these pre-
dominantly y3 T cells are in the liver parenchyma and therefore
directly able to respond to hepatocyte stress (Fig. 1). Genetic defi-
ciency of CD1d, y8 T cells, NKG2D, or IL-17A therefore signifi-
cantly reduces inflammation and liver fibrosis in animal models
of MASH [43-45]. CD4~CD8~ double negative TCRaf™ T cells
account for a small proportion of total T lymphocytes in the liver.
However, an increasing number of studies have shown that this
rare T-cell population has an impact on the development of fibro-
sis in MASLD [48, 49]. Recent findings indicate that these cells
may also mediate their effect through the production of IL-17A
following TCR engagement and co-stimulation via the NKG2D
receptor [43].

Mucosal-associated invariant T (MAIT) cells respond to bacte-
rial antigens presented by the MR1 molecule in response to cel-
lular stress. Both in humans and mice, MAIT cells were shown to
expand during liver fibrosis [50, 51]. Notably, in animals fed with
a methionine and choline-deficient diet (MCD), a classical model
for MASH, MAIT cells were shown to contribute to liver fibrosis in
an IL-17A/TNF-dependent manner [51]. However, in a high-fat,
fructose, and cholesterol dietary model for liver MASH, neither
the absence nor the increased presence of MAIT cells resulted in a
change in the level of fibrosis [43], emphasizing that the nature of
the initial trigger dictates the inflammatory response. It should be
noted that people have much larger numbers of MAIT cells than
mice, which suggests that the role of these cells may be more
prominent in human pathology [52]. iNKT cells can mediate both
pro- and anti-inflammatory responses in the liver, dependent on
need [53]. In MCD-fed animals, iNKT cells promoted the devel-
opment of MASH, as Ju18~/~ mice, which lack this immune cell
population, showed a significant reduction in liver fibrosis [54].
However, iNKT cells appear to mediate this effect through modu-
lation of hepatic metabolism rather than inflammation, as the pro-
duction of the cytokine LIGHT by these cells promoted the uptake
of lipids by hepatocytes [55]. Apart from innate-like T cells, MASH
patients have increased numbers of NK cells in circulation. Kahra-
man et al. [56] reported that hepatocytes of MASH patients can
activate tissue-resident NK cells to release TRAIL and induce hep-
atocellular damage [57]. However, NK cells isolated from patients
with MASH showed similar degranulation capacity and cytokine
production as those from healthy controls and animals lacking
NK cells did not show significant differences in liver fibrosis in the
high-fat, fructose, and cholesterol dietary model [43, 57].
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Interestingly, NK and NKT cells are mostly present in the liver
sinuses, whereas y8 T, MAIT, and double negative TCRaf™ T cells
are predominantly in the liver parenchyma [43, 58-61]. This indi-
cates that the former cells are more involved in the response
to blood-born triggers, whereas the latter immune cell subsets
respond to threats that have breached the endothelial barrier. In
the case of MASLD, blood-born triggers are endotoxins, whereas
the signal from the parenchyma is metabolic stress of hepatocytes
communicated through the upregulation of stress ligands (Fig. 1).

The next domino tile: Inflammation

Inflammation of the liver in the context of MASH requires both
the local activation of yolk sac-derived KCs and the recruitment
of bone-marrow-derived myeloid cells as the second domino tiles
in the sequence of inflammatory events. Recent single-cell RNA
sequencing studies have shed light on the identity of cells involved
in this stage of MASH pathogenesis [62-66]. Due to their vas-
cular localization, KCs are in intimate contact with LSECs and
with protrusions of hepatocytes reaching through sinusoidal fen-
estrations [67]. This makes them highly sensitive to pathological
changes in the lipid-enriched liver microenvironment in MASLD.
A notable discovery was that a Western diet causes a reduction of
noninflammatory liver-resident KCs expressing CD11b'°%, F4/80,
Clec4f, and Tim-4 by inducing apoptosis of these cells in mice
[62, 65, 68]. Subsequently, their niche becomes inhabited by
monocyte-derived macrophages, characterized as Ccr2™, Trem27,
Cd9", Gpnmb™, Spplt, and Tim-4~ [62, 63, 65, 68, 69]. These
macrophages accumulate in liver regions between the portal and
central veins, forming close connections with CD31" LSECs and
Desmin™ HSCs [62]. A similar population of TREM2"CD9" profi-
brogenic scar-associated macrophages was identified in cirrhotic
human livers [64, 70]. Scar-associated macrophages were found
to induce collagen expression by human hepatic stellate cells, con-
firming their profibrogenic role [64].

Apart from macrophages, single-cell RNA sequencing and
high-parameter flow cytometry studies have shown that several
other myeloid cell types also increase during the second stage of
MASLD-induced liver inflammation [66, 71]. Cytokines such as
IL-17A produced during the initial stage of stress sensing license
hepatocytes, HSCs, and KCs to produce chemokines including
CXCL1, CXCL2, CXCL10, CCL2, and CCL3. Moreover, LSECs
upregulate adhesion molecules such as VCAM-1. This process
recruits myeloid cells into the liver parenchyma and drives
inflammation [42, 43, 71-81]. Neutrophils, known for their rapid
response to tissue damage, migrate in mouse livers several weeks
after initiation of a MASH-inducing diet in mice and were also
detectable in the livers of human MASH patients [82-84]. Once
there, these cells initiate the expulsion of neutrophil extracellular
traps (NETs) thereby contributing to the early pathogenesis of
MASH. Indeed, constituents of NETs, such as myeloperoxidase
(MPO) and MPO-DNA complexes, were found to be elevated
in the serum of MASH patients [82, 85]. Inhibition of NET
formation early after initiation of a MASH-inducing diet reduced
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inflammation but had no effect once inflammation was already
established [83-85]. Eosinophils also increase in the livers of
mice following a MASH-inducing diet [43, 86] but appear to
mediate their proinflammatory effect through the secretion of
IL-13 [86]. The proinflammatory profile of myeloid cells entering
the liver in the context of MASH appears to be boosted by blood
platelets. Activated thrombocytes are known to fuel activation of
the NLRP3 inflammasome and potentiate the production of IL-1p
by neutrophils and macrophages [87]. Elevated platelet levels
were observed in both murine MASH models and MASH patients
[88]. Indeed, KCs were shown to recruit GPIba™ platelets to the
livers of mice with MASH and exacerbate inflammation, which
could be prevented by anti-platelet therapy [88, 89].

The third domino tile in MASLD-induced liver inflammation is
the production of proinflammatory cytokines by proinflammatory
myeloid cells. Increased intake of dietary components like toxic
lipid species, danger-associated molecular patterns (s), and gut-
derived pathogen-associated molecular patterns (PAMPs) activate
recruited myeloid cells, leading to the secretion of effector
cytokines, including TNF-a, IL-18, TGFB, and IL-6 [90]. Notably,
saturated free fatty acids can act as proinflammatory mediators.
Saturated free fatty acids stimulate infiltrating macrophages, but
not Kupffer cells, by binding to and internalizing a monomeric
TLR4-MD2 complex, resulting in ROS generation and increased
pro-IL-1f expression [91-93]. Cholesterol also triggers IL-1f
release from KCs and macrophages in vitro. Increased intestinal
permeability in MASH promotes the translocation of bacterial
products such as LPS and bacterial DNA from the gut to the liver
[94, 95]. Engagement of TLR4 and TLRY by these molecules
activates the NF-kB signaling pathway in macrophages, leading
to inflammasome activation and increased production of IL-18
and IL-18 [96, 97]. IgA from intestinal B cells was shown to
activate pro-fibrotic Ly6C+ CD11b+ Fcerlg+ monocyte-derived
macrophages through an FcyR-dependent mechanism [98].
Lipid-stressed hepatocytes can also activate proinflammatory
myeloid cells. For instance, the release of TRAIL-containing extra-
cellular vesicles by hepatocytes activates macrophages to produce
IL-1p and IL-6 [99]. Lipid accumulation in hepatocytes can result
in their necrotic death, resulting in the release of DAMPs such
as high-mobility group box 1 into the extracellular space, which
further promotes inflammation in a TLR4-dependent fashion
[100, 101].

In summary, hepatic stress is sensed by innate tissue-resident
lymphocytes, which license nonimmune cells to recruit proinflam-
matory cells predominantly of myeloid origin. Once there, these
cells are activated by DAMPs, proinflammatory metabolites, and
blood-born PAMPs which triggers their release of pro-fibrotic fac-
tors (Fig. 2).

The cascade: Escalation
Steatohepatitis is fully established in the third stage of liver

inflammation, when adaptive immune cells such as CD4" Th17
cells, CD8" T- and B cells infiltrate the liver and start contributing
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to pathology [9, 55, 102]. This phase is associated with exten-
sive hepatocyte cell death and the deposition of extracellular
matrix by activated hepatic stellate cells. If a sufficient level of
fibrotic scar tissue is generated, damage to the liver becomes
irreversible. Recruitment and activation of adaptive immune cells
requires an inflammatory environment created by myeloid cells in
the liver and involves the activation of conventional type-1 den-
dritic cells (¢cDC1) [103-105]. Inflammation causes an increase of
XCR1* conventional type-1 dendritic cells in the liver and blood
of mice and patients with MASH. These cells were shown to pro-
mote the activation of adaptive immune cells and liver pathol-
ogy, which was significantly reduced after their genetic ablation
[105]. In addition, several chemokines mediate the recruitment
of T cells into the liver. Hepatic expression of CXCL9 and CXCL10
is increased in mice with MASH, which is recognized by CXCR3
on inflammatory (i)Th17 cells. As a result, proinflammatory CD4"
Th17 cells increase both in mice and MASLD patients during the
later stages of MASH. Neutralization of Cxlcl9 and Cxcl10 or defi-
ciency of Cxcr3 on CD4 T cells therefore significantly reduces liver
pathology in animal models of MASH [11, 103, 104, 106].

B cells are pivotal components of the adaptive immune sys-
tem and are particularly sensitive to intestinal microbiota and
oxidative stress-derived antigens [98, 102, 107]. B-cell numbers
are increased in the livers of mice and patients with MASH and
hepatic pathology was ameliorated in animals with B-cell defi-
ciency [102, 107]. Activation of B cells relies on the detection of
DAMPs or PAMPs by pattern recognition receptors such as TLR4
or through the engagement of microbiota-derived antigens by
their B-cell receptor [102]. Activated B cells release profibrotic
cytokines such as TNF and IL-6 and contribute to the formation of
effector memory CD4 and CD8 T cells within the liver [102, 108].
In addition, IgA derived from metabolically activated B cells in the
small intestine contributes to myeloid cell activation and inflam-
mation in the liver [98].

Activated macrophages promote the accumulation of CD8 T
cells in the livers of mice in dietary models of MASH and HCC
[109, 110]. Numbers of CXCR6TCD8™" T cells are increased in the
livers of both mice and humans with MASH and these cells acquire
auto-aggressive properties toward hepatocytes upon exposure to
acetate [111]. Depletion of CD8 T cells therefore significantly
reduced liver damage and lowered the incidence of HCC in the
choline-deficient/high-fat diet model of liver MASH [55]. Certain
CD8 T-cell subsets however may also protect against MASLD dis-
ease progression. CD69"CD103~CD8" tissue-resident memory T
cells secrete CCL3, CCL4, and CCL5, which recruits HSCs in a
CCR5-dependent fashion. Subsequently, these cells are killed by
CD8 T cells via FasL/Fas interactions, thus reducing the develop-
ment of fibrosis [112].

In the context of MASH, the immune system causes liver dam-
age through several mechanisms, but its impact on liver fibrosis
is predominantly mediated via the activation of hepatic stellate
cells. These stem cell-like cells are found in the perisinusoidal
space of Disse and under homeostatic conditions mainly regulate
vitamin A secretion [113]. Upon activation, these cells obtain an
elongated, fibroblast-like appearance and mediate extracellular
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Figure 2. Phases of inflammation in the context of MASH. Phase 1: During MASLD, hepatocytes are subject to several stress factors, including oxida-
tive stress, lipid accumulation, ER stress, and endotoxins. This results in the induction of stress ligands, such as those for the activating immune
receptor NKG2D, which are recognized by tissue-resident immune cells. These cells secrete cytokines, predominantly IL-17A, which licenses hep-
atocytes to secrete chemokines. In phase 2: hepatocyte-derived chemokines recruit proinflammatory myeloid cells. These cells are activated by
PAMPS and DAMPS, for example, derived from necrotic death of hepatocytes, which triggers the production of proinflammatory cytokines. These
activate hepatic stellate cells, which subsequently deposit extracellular matrix. In phase 3: chemokines produced by myeloid cells recruit adap-
tive immune cells. These further potentiate the inflammatory response and perpetuate the pro-fibrotic effect on HCSs. As a result, inflammation
becomes chronic and liver repair can no longer be accomplished by HSC, leading to large-scale extracellular matrix deposition and fibrosis.

matrix deposition and fibrosis. Activation of HSCs is regulated by
multiple metabolic, epigenetic, and immune-dependent signals
(34-36) of which we will focus on the latter here. TGF- is gen-
erally considered one of the most potent pro-fibrogenic cytokines
which activate HSCs through the phosphorylation of SMAD
proteins downstream of the TGFp receptor. Hepatic macrophages
are a major source of TGF-, but they can also be produced by
other immune and non-immune cells [114-116]. In addition to
TGF-B, several other cytokines have been shown to be profibrotic,
including PDGE IL-1B, IL-6, and TNE produced by macrophages
and T cells [117-119]. IL-17A is produced during all stages of
MASH-pathogenesis and is initially derived from innate-like T
cells, whereas later in the disease Th17 cells are its major source.
Originally, IL-17A was therefore proposed to directly stimulate
HSC activation, which was mostly based on in vitro stimulation
assays [44]. More recent data indicates that this cytokine signals
to hepatocytes and modulates the development of CD9TTREM2+
profibrotic macrophages [42, 43, 120]. Finally, hepatocytes them-
selves contribute to the activation of HSC. In response to cytokine
stimulation and liver damage, stressed hepatocytes produce
bone morphogenic proteins in patients with MASH [121, 122].
These members of the TGF-B superfamily were shown to directly
induce HSC activation. Moreover, BMP8B deficiency resulted in
a significant reduction of liver fibrosis, whereas administration of

© 2024 Wiley-VCH GmbH

exogenous BMP9 enhanced liver pathology in mice in the CCl4
model of hepatotoxicity-induced liver damage [121, 122].

In summary, during the third phase of the immunological cas-
cade in MASH, adaptive immune cells are recruited into the liver.
These cells promote fibrosis through direct stimulation of hepatic
stellate cells and sustain the inflammatory environment through
the secretion of IL-17A. Thus, in the final stage of MASH, the
immune response escalates into chronic inflammation, leading to
fibrosis and hepatocyte cell death.

Clinical perspectives of MASH and
inflammation

Clinically, MASLD has long been underappreciated as a major
health concern and was mostly regarded as a minor compli-
cation of type 2 diabetes mellitus (T2D) [1]. As a result, most
drugs targeting MASLD were initially designed as antidiabetic
medications, and their impact on liver pathology was only con-
sidered as a secondary outcome in clinical trials. Modern drugs
impacting MASLD therefore typically target the metabolic, but
not the inflammatory components of the disease. This includes
incretin mimetics, which promote insulin sensitivity and reduce
body weight [123]. Recently, however, studies have emerged
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that describe the beneficial effects of anti-inflammatory drugs
on the pathophysiology of MASLD. Treatment of patients with
cenicriviroc, an antagonist of thechemokine receptors CCR2 and
CCRS5, showed a prolonged reduction in liver fibrosis compared
with placebo-treated controls [124]. Diacerein, an inhibitor of
IL-1B, caused a significant reduction in liver stiffness in patients
with fatty liver disease after 24 months of treatment [125]. The
phosphodiesterase inhibitor pentoxifylline, which inhibits inflam-
mation and reduces TNF production [126], caused a reduction
of liver enzymes in circulation, reduced hepatocyte ballooning,
and lowered the histological NAS score in patients with MASH
[127-129]. In addition, patients with psoriatic arthritis treated
for 6 months with TNF blockers in combination with methotrex-
ate showed a significant reduction in liver stiffness compared
with people receiving methotrexate alone [130]. Psoriasis is an
inflammatory disease of the skin, yet is associated with a very
high prevalence of MASLD [131]. Treatment of these patients
with secukinumab, a monoclonal antibody neutralizing IL-17A
showed a twofold reduction in high-sensitivity C-reactive protein
levels in serum [99]. Thus, anti-inflammatory drugs may be of
great benefit to patients with MASLD/MASH. However, some
anti-inflammatory drugs such as corticosteroids may actually
aggravate MASH due to their impact on systemic metabolism
[132], indicating that treatment should be chosen with care.

Apart from being therapeutic targets, inflammatory mediators
have great potential as diagnostic markers of liver disease. One of
the reasons why fatty liver disease long remained understudied is
because it is relatively difficult to diagnose. MASLD is defined as
hepatic steatosis in combination with overweight, diabetes mel-
litus, and/or evidence of metabolic dysregulation in lean people
[4]. However, noninvasive ultrasound-based techniques to mea-
sure steatosis and fibrosis in the liver have limited sensitivity
[133]. Blood parameters, such as the liver enzymes AST and ALT,
or C-reactive protein are very unspecific. The gold standard for
the classification of MASLD and MASH is therefore still through
biopsy, an invasive technique with a relatively high chance of com-
plications [4]. Immune responses are tailored to the threat they
try to resolve. MASH appears to be the result of a well-defined
sequence of type 3 inflammatory events (Fig. 2), which leave a
unique immunological footprint in the blood. Indeed, TNE IL-
6, and Pentatraxin 3 levels in the blood were shown to corre-
late with the severity of fatty liver disease [134-136]. Notably,
a recent study showed that levels of circulating y8'7 T cells, which
are directly associated with the pathophysiology of the disease,
but not Th17 cells correlate with the severity of liver stiffness in
patients with MASLD [43]. Thus, the inflammatory state in the
liver is an attractive target both for the diagnosis and treatment
of fatty liver disease.

Conclusion
The prevalence of MASLD is shockingly high in the global adult

population and MASH is likely to become an increasingly large
burden on our health system as it strongly increases the risk of
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developing cirrhosis and hepatocellular carcinoma. Fortunately,
current research is rapidly uncovering the cascade of inflamma-
tory events leading from MAFL to MASH. Not only does this
research reveal potential new therapeutic targets for the treat-
ment of MASLD it also holds promise for better and less invasive
biomarkers for the diagnosis of this disease.
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