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Abstract. Liver fibrosis is a common pathological process
of chronic liver diseases, including viral hepatitis and alco-
holic liver disease, and ultimately progresses to irreversible
cirrhosis and cancer. Hepatic stellate cells (HSCs) are
activated to produce amounts of collagens in response to
liver injury, thus triggering the initiation and progression of
fibrogenesis. Natural killer (NK) cells serve as the essential
component of hepatic innate immunity and are considered
to alleviate fibrosis by killing activated HSCs. Current
antifibrotic interventions have improved fibrosis, but fail to
halt its progression in the advanced stage. Clarifying the
interaction between NK cells and HSCs will provide clues to
the pathogenesis and potential therapies for advanced liver
fibrosis.
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1. Introduction

Liver fibrosis presents as a common pathological process char-
acterized by the overproduction of extracellular matrix and
impaired matrix degradation in the progression of different liver
diseases, such as viral hepatitis and alcoholic liver disease (1).
Hepatic stellate cells (HSCs) are the predominant non-paren-
chymal cells which are activated to repair tissue in response
to liver injury; however, hyperactivation of HSCs results in
extracellular matrix deposition and thus hepatic fibrosis (2).
As an essential component of innate immunity in the liver,
natural killer (NK) cells play a critical role in the removal
of pathogens, including bacteria, virus, and cancer cells (3).
Manipulation of NK cell activation has become a potential
cancer immunotherapy, such as adoptive transfer of allogeneic
NK cells, genetic engineered NK cells, NK cell-targeted
chemotherapy and others (4). Several previous reviews have
revealed that NK cells exert antifibrotic functions through
their cytotoxicity against activated HSCs and production of
various cytokines that further intensify this effect (5). Thus,
the activation of NK cells is regarded as a novel therapeutic
strategy for hepatic fibrosis (6). However, dysfunction of NK
cells in the advanced stage of diseases, including liver fibrosis
and tumors, limits its efficacy and clinical application, and the
mechanisms of NK cell dysfunction are still elusive. Further
clarifying the molecular mechanism of NK cells affecting
HSCs during different stages of fibrosis is still required in
this research field. Currently, many treatments have improved
fibrosis at the early stage of this disease, but fail to halt fibrosis
progression in the advanced stage (7). One reason for this is
that the cytotoxic function of NK cells is compromised and
HSCs become resistant to NK cell killing (8). Therefore,
understanding the crosstalk between NK cells and HSCs is
vital for developing novel therapeutic strategies. This review
concisely summarizes the role of HSCs in fibrogenesis, and the
phenotypic and functional characteristics of NK cells in the
liver. It emphasizes the research progression on the crosstalk
between NK cells and HSCs, and the molecular mechanism of
NK cell dysfunction in advanced fibrosis, as well as discusses
the therapeutic potential of the combination of activating NK
cell therapies with TGF-f inhibitors for advanced liver fibrosis.
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2. Review criteria

In order to summarize the interactions between NK cells
and HSCs in liver fibrosis, a PubMed search was performed
in March 2022. Articles containing the following key words
were considered for inclusion: ‘natural killer’ (or ‘NK’) AND
‘hepatic stellate cells’ (or ‘HSCs’) AND ‘liver fibrosis’ (or
‘hepatic fibrosis’). Relevant articles were also identified from
a manual search of reference lists within those included. The
abstracts of identified articles were screened and classified for
inclusion in the review. To be included, the article must have
described original data concerning the crosstalk between NK
cells and HSCs in liver fibrosis, and have been published in a
peer-reviewed journal and written in English.

3. Role of HSC:s in liver fibrosis

The activation of HSCs is regarded as the initial event in
liver fibrosis. Various pathological agents, such as viruses,
ethanol, and lipids, induce persistent hepatic damage, which
is primarily responsible for HSC activation and transforma-
tion (9). Although signals that trigger the activation of HSCs
are intricate and remain incompletely elucidated, it has been
demonstrated that several compounds released from dead
hepatocytes, including apoptotic bodies, DNA and inflam-
masomes can promote HSC activation (10). Moreover,
inflammatory cells are recruited to lesions and produce
numerous cytokines and growth factors, thereby accelerating
HSC proliferation and differentiation (11). For instance, the
platelet-derived growth factor (PDGF) is the key factor driving
HSC proliferation, while transforming growth factor (TGF)-3
promotes HSC transformation into myofibroblast-like cells
that produce a large amount of collagens, whose deposition
beyond degradation by matrix metalloproteases (MMPs) leads
to extracellular matrix accumulation and thus fibrosis (1).

In healthy livers, HSCs are normally quiescent, while resi-
dent HSCs are activated during liver injury. Activated HSCs
become resistant to Fas ligand (FasL) and tumor necrosis
factor-related apoptosis-inducing ligand (TRAIL)-induced
apoptosis, thereby aggravating fibrogenesis (12). Persistent
inflammatory and immune responses in the liver commonly
establish an inflammatory microenvironment that results
in the expansion of fibrosis, which makes it susceptible to
progression into cirrhosis and cancer (13). Therefore, removal
of activated HSCs is essential for a reduction in collagen depo-
sition and suppression of hepatic fibrosis.

4.NK cells in the liver

NK cells are cytotoxic large granular lymphocytes that secrete
various cytokines and kill target cells infected by different
pathogens, playing a vital role in the innate immune system.
Human liver NK cells were first described as ‘pit cells’ by
electron microscopy and were found to reside in liver sinu-
soids (14,15). Liver-resident NK cells nearly account for 50% of
intrahepatic lymphocytes in the human, and the percentage of
NK cells in the liver is higher than that observed in the spleen
and the peripheral blood (5). Compared with circulating NK
cells, liver NK cells are less mature under the resting condition,
but become more activated in response to pathogenic stimulus

and present higher cytotoxicity (16). These results suggest that
the enrichment of NK cells in the liver might occur in prepa-
ration for exerting particular functions to resist against liver
damage. NK cells are classified into CD56"" and the CD56%™
subsets based on the expression levels of the activation marker
CD69, and CD56™¢" NK cells display more responsiveness to
cytokines while CD56%™ NK cells harbor more cytotoxicity
against pathogens (17). In the liver, the percentage of these two
types of NK cells is equal (18). However, it remains unknown
what regulates the frequency and function of these two types
of NK cells in the liver.

Once hepatocyte damage is triggered by pathogens such
as alcohol and viruses, NK cells are recruited to the hepatic
lesions. Within the hepatic microenvironment, the recruitment
and retention of NK cells are regulated by chemokine receptors
expressed on the surface of NK cells, including CXCR6 and
CCRS, which are engaged in the binding with their cognate
ligands expressed on hepatocytes, thus mediating their migra-
tion to the liver and exerting their immune and cytotoxic
functions (19). The main functions of NK cells are to kill
target cells through receptor-ligand interactions and to secrete
a variety of cytokines for assisting the cytotoxicity. In response
to virus infection or tumorigenesis, numerous genomes that are
responsible for encoding activating and inhibitory receptors
are induced to regulate the opposing receptor-ligand signals to
kill target cells (20). When the activating receptors and inhibi-
tory receptors expressed on NK cells bind to the corresponding
ligands expressed on target cells, NK cells are either activated
or suppressed, respectively (21). Therefore, the activation of
NK cells depends on the balance between the signals from
the stimulatory and inhibitory receptors. Currently, increasing
studies have identified various receptor-ligand signals between
NK cells and their target cells (21), and several crucial signals
will be discussed below. The activated NK cells kill the target
cells through several mechanisms: granule exocytosis, death
receptor-mediated apoptosis (22,23), and cytokine secre-
tion (24). Thus, activation of NK cells is expected to becoming
a promising strategy to halt the progression of liver diseases.

5. Interaction between HSCs and NK cells

The interaction between NK cells and HSCs is manipulated by
various stimulatory and inhibitory receptors on NK cells and
the corresponding ligands on HSCs. Among activating NK
cell receptors, NK group 2D (NKG2D) and NKp46 have been
extensively studied in liver fibrosis. It has been reported that
expression levels of NKG2D ligands, including major histocom-
patibility complex (MHC) class I polypeptide-related sequence
A (MICA) and UL16 binding proteins (ULBPs), are increased in
senescent HSCs that are more susceptible to NK cell killing by
granule exocytosis (25). These ligands bind to NKG2D on NK
cells and subsequently induce the activation of NK cells, which
leads to the production of a variety of cytotoxic mediators and
ultimately to HSC death. With the progression of fibrosis, the
expression level of NKp46 is upregulated to kill activated HSCs
by binding to its ligand NCR1 (26). However, the expression
level of NKp46 and cytolytic activity of NK cells are reduced
with the development of fibrosis into the advanced stage (27,28).
This result suggests that interactions between activating NK cell
receptors and ligands are compromised in the advanced stage
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of liver fibrosis. In addition, emerging activating receptors are
found to be involved in the NK cell-mediated killing of HSCs,
such as NKp44, killer cell lectin-like receptor G1 (KLRGI),
and Toll-like receptor 9 (TLR-9) (29-31). Under physiological
conditions, decreased major histocompatibility complex
(MHC) I expression activates HSCs, which are further induced
to undergo apoptosis by NK cells (32). Experimentally, the
genetic deletion of specific inhibitory receptors such as killer
cell immunoglobulin-like receptors (KIRs) and Ly49 increases
the NK toxicity to HSCs and attenuates hepatic fibrosis (33).
As a consequence, disruption of the interaction between inhibi-
tory NK cell receptors and ligands on HSCs could increase the
killing of HSCs and alleviate fibrosis.

6. Cytotoxicity of NK cells to HSCs

Quiescent HSCs. HSCs are the predominant non-parenchymal
cells in the liver and regulate the blood flow in hepatic sinusoids.
They are also potent liver-resident antigen presenting cells
that express MHC I molecules to enhance antigen presenta-
tion (34,35). According to the missing-self hypothesis, NK cells
target abnormal cells that lack or express low levels of MHC
class I, since MHC I recognizes NK cell inhibitory receptors
and thus dampens their effector function (36). It is generally
accepted that the amount of MHC I expressed on target cells
is proportional to the degree of inhibition. Consequently, NK
cells fail to kill quiescent HSCs under normal condition. In
response to liver injury, HSCs are activated to downregulate
the expression of MHC I, which reduces NK cell suppression
and increases the cytotoxicity of NK cells against activated
HSCs (32,33). Compared with activated HSCs, quiescent
HSCs generate less retinoic acid and have decreased expres-
sion of retinoic acid early transcript-1 (RAETIE), a ligand for
activating NK cell receptors, thereby preventing them from
NK cell-mediated killing (37).

Activated HSCs. Generally, the activation of HSCs induced by
hepatocyte damage is attributed to increased NK cell stimula-
tion and decreased NK cell inhibition (3). Activated NK cells
produce a large amount of perforin and granzyme and induce
activated HSC apoptosis (32). At the early stage of fibrosis, NK
cells are recruited to the liver and harbor potent degranula-
tion activity that are responsible for the removal of activated
HSCs, thus delaying the progression of fibrogenesis (38). With
the development of this disease, the degranulation activity of
NK cells is impaired in the advanced fibrosis stage (39). These
findings suggest that activated HSCs are sensitive to NK killing
at the initial stage but become blunt in the advanced stage of
fibrosis. In addition, activation of HSCs upregulates the expres-
sion of TRAIL receptor and Fas, which interact with NK cells
by TRAIL/TRAIL receptor and Fas/FasL signaling, leading to
enhanced cytotoxicity of NK cells against activated HSCs. For
example, activated HSCs highly express RAE-1, and are killed
by activated NK cells through TRAIL-mediated apoptosis (40).
Increased TRAIL expression on NK cells promotes the killing
attack against activated HSCs (41,42). A clinical investigation also
confirmed that NK cells from HCV-infected patients induced
apoptosis of activated HSCs in the TRAIL and FasL-dependent
manners (43). These results are consistent with the fact that
administration of TRAIL induces apoptosis of activated HSCs

and thus alleviates liver fibrosis (44). Furthermore, activated NK
cells secrete various antifibrotic cytokines to induce activated
HSC death. Several studies have revealed that IFN-y released
from NK cells mediates cell cycle arrest and proliferation inhi-
bition of activated HSCs (41,45,46).

Senescent HSCs. Senescence is a cellular process that irrevers-
ibly blocks cell proliferation. Senescent HSCs have reduced
viability, decreased production of extracellular matrix compo-
nent, enhanced secretion of extracellular matrix-degrading
enzymes, and increased immune surveillance, resulting in
limited fibrosis (47). The senescence of activated HSCs renders
them susceptible to killing by NK cells, thereby facilitating the
resolution of fibrosis (48). In liver injury, intrahepatic NK cells
are activated to produce high levels of interleukin (IL)-10 and
IL-22, which are able to trigger the innate immune response,
protection from damage, and regeneration (49,50). Several studies
have shown that both IL-10 and IL-22 promote the senescence
of activated HSCs via the STAT3/p53/p21 pathway, attenuating
liver fibrosis (51-53). A recent study demonstrated that activation
of this pathway accelerates HSC senescence and makes them
more vulnerable to being eliminated by NK cells (54). These
findings indicate that NK cells produce cytokines to facilitate
the senescence of activated HSCs and further to promote cell
death. In addition, senescent HSCs induced by the natural
product curcumin through the PPARY/P53 signaling, can be
easily removed by NK cells (25,55), suggesting that curcumin
serves as a senescence inducer to play a protective role in fibrosis.
The mechanism by which NK cells kill senescent HSCs is still
unclear, but a study revealed that the lack of granule exocytosis
in NK cells resulted in excessive accumulation of senescent
HSCs and aggravated liver fibrosis, indicating that NK cells
kill senescent HSCs by granule exocytosis; moreover, senescent
HSCs with high Dcr2 expression are killed by NK cells through
granule exocytosis (56). Therefore, further clarifying the mecha-
nisms of the killing of senescent HSCs by NK cells may provide
an effective therapeutic strategy for liver fibrosis.

7. Resistance of HSCs to NK cells

The initial activation of NK cells in the early stage of
fibrosis is believed to eliminate activated HSCs and restrict
fibrogenesis; however, these effects are weakened and HSCs
become resistant to the killing of NK cells in the advanced
stage. Previous research has revealed that NK cells from
patients with cirrhosis directly contact cultured HSCs and
are subsequently engulfed by HSCs via the Racl and Cdc42
pathways (57). The phagocytosis of NK cells by HSCs is
referred as emperipolesis that is mediated by TGF-f, an
immunosuppressive cytokine derived from HSCs. This
process promotes NK cell apoptosis and contributes to NK
cell depletion, impairing the anti-fibrosis capacity of NK
cells (58). Phagocytosis of apoptotic NK cells further makes
HSCs resistant to FasL and TRAIL-induced apoptosis via
the JAK/STAT and Akt/NF-kB-dependent pathways (12).
These findings suggest that TGF-f3-mediated emperipolesis
of NK cells exacerbates liver fibrosis. Indeed, TGF-f is
also known to suppress NK cell-induced cytotoxicity and
cytokine production (59). Data from a pre-clinical setting
demonstrated that overproduction of TGF-f3 by HSCs renders
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Table I. Crosstalk between HSCs and NK cells in the fibrosis of various liver diseases.

Research finding Study design Refs.

Senescent HSCs highly express MICA and are more CCl,-induced liver fibrosis, LX2 and (25)

susceptible to NK cell killing by granule exocytosis HSCs NK-92 cell line culture

are activated with decreased MHC I expression, and are CCl,-induced liver fibrosis, primary (32)

induced apoptosis by NK cells cell culture form human

HSC:s are killed by NK cells with iKIR knockdown CCl,-induced liver fibrosis, cell culture (33)
from HCV-infected patients

Quiescent HSCs have a low expression of RAE-1, and are Primary cell culture from mice 37

fail to be killed by NK cells

Activated HSCs highly express RAE-1, and are killed by DDC and CCl,-induced liver fibrosis (40)

activated NK cells through TRAIL-mediated apoptosis

NK cells are activated to induce apoptosis of activated Cell culture from HCV-infected patients 43)

HSCs in TRAIL and FasL-dependent manners

Activated NK cells kill activated HSCs via producing IFN-y S. japonicum-induced liver fibrosis (46)

Senescent HSCs are more vulnerable to NK cell killing S. japonicum-induced liver fibrosis (54)

Senescent HSCs with high Dcr2 expression are killed by CCl,-induced liver fibrosis, primary cell (56)

NK cells through granule exocytosis culture form human

NK cells in advanced liver fibrosis are engulfed by HSCs Cell culture from HBV- and 57

via the Racl and Cdc42 pathways HCV-infected patients

Activated HSCs induce NK cell apoptosis by TGF-§3- Cell culture from HBV-infected patients (58)

mediated emperipolesis

HSC:s are resistant to the killing of NK cells that have Alcohol and CCl,-induced liver fibrosis (60)

reduced expression of NKG2D, TRAIL and IFN-y

NK, natural killer; HSCs, hepatic stellate cells; RAE-1, retinoic acid early inducible gene 1; MICA, major histocompatibility complex class I
polypeptide-related sequence A; KIRs, killer cell immunoglobulin-like receptors; TGF-f3, transforming growth factor-f; NKG2D, NK group
2D; TRAIL, tumor necrosis factor-related apoptosis-inducing ligand; IFN-y, interferon-y.

them resistant to NK cell killing and inhibits the anti-fibrotic
effect of NK cells in advanced liver fibrosis where NK cells
have reduced expression of NKG2D, TRAIL and interferon
(IFN)-v (8,60). The mechanisms by which TGF-f impairs
the cytotoxicity of NK cells against HSCs remain to be inves-
tigated. A recent study has shown that the defective capacity
to produce IFN-vy in NK cells is reversed by TGF-f blockade
in patients with chronic hepatitis B virus infection (61). It
can be assumed that the increased TGF-f levels inhibit the
production of IFN-y in NK cells and makes HSCs resistant
to IFN-y-induced cell cycle arrest and apoptosis in the liver
with advanced fibrosis. Moreover, a series of studies have
uncovered that elevated TGF-p suppresses the antifibrotic
function of NK cells via downregulation of NKG2D and 2B4
surface expression (62-64), thereby reducing the activation of
NK cells. Therefore, TGF-f derived from HSCs mediates the
resistance to NK cell cytotoxicity in advanced liver fibrosis.
Blockade of TGF-f might provide a promising therapeutic
strategy for this disease.

8. Therapy implications

With liver disease progression to fibrosis, the effector func-
tion of NK cells is activated to eliminate HSCs at the early
stage but exhausted at the advanced stage. Therefore, the
initial intensification of the antifibrotic function of NK cells

can halt the development of liver fibrosis. Experimentally,
several studies have unveiled that upregulation of the
expression level of NKG2D in NK cells by natural products,
such as Mycelium cordyceps sinensis and Salvia miltior-
rhiza, alleviates liver fibrosis (65,66). Using siRNA to
downregulate the expression of KIR also limits fibrosis (33).
These findings imply that modulation of the expression
of activating and inhibitory NK cell receptors may be
a promising strategy to activate NK cells. In addition, an
enhancement of NK cell-derived antifibrotic cytokines has
been confirmed to be effective in killing HSCs. For instance,
the herbal agent Yu Gan Long was found to increase the
expression level of IFN-y and facilitate extracellular matrix
degradation (67). Exogenous IFN-y supplementation deliv-
ered to HSCs directly elevates the antifibrotic potency of
NK cells (68). Thus, activation of NK cells is recognized as
a novel therapeutic strategy for treatment of liver fibrosis (5).
However, in the advanced fibrosis stage, the expression of
activating NK cell receptors, the production of IFN-vy,
the degranulation activity, and the cytotoxic function of
NK cells are diminished after interaction with activated
HSCs (39,69,70), suggesting a functional exhaustion of NK
cells. Unfortunately, as concluded above, HSCs become
resistant to these exhausted NK cells in the advanced stage
of disease. Only the activation of NK cells is insufficient to
recover their cytotoxic function in advance fibrosis. A recent
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Figure 1. Crosstalk between NK cells and HSCs in different stages of fibrosis. Under normal condition, NK cells fail to kill quiescent HSCs that express MHC
I, which binds to inhibitory NK cell receptors (KIRs). In the initial stage of fibrosis, activated NK cells express activating receptors (NKG2D) that bind the
corresponding ligands (MICA) expressed in activated HSCs thus leading to their death through TRAIL/FasL-mediated apoptosis, granule exocytosis and
IFN-vy secretion. Moreover, interleukin (IL)-10 and IL-22 released from activated NK cells promote the senescence of HSCs, which are more susceptible to
the killing mediated by granule exocytosis and IFN-y. In the advanced stage of fibrosis, NK cells present functional exhaustion and TGF-f3 produced by HSCs
further diminishes the expression of activating receptors and the cytotoxic effect of NK cells. NK, natural killing; HSCs, hepatic stellate cells; NKG2D, NK
group 2D; MICA, major histocompatibility complex (MHC) class I polypeptide-related sequence A; TRAIL, tumor necrosis factor-related apoptosis-inducing

ligand; IFN-v, interferon-vy.

study found that fasudil facilitates the apoptosis and inhibits
the proliferation of HSCs by decreasing TGF-f3 (71). Thus,
NK cell activation combined with TGF-p blockade may be
effective to restrict fibrogenesis in the advanced stage of the
disease.

9. Future directions

As the initial event in fibrogenesis, HSCs are activated to tissue
repair in liver injury, but hyperactivation of HSCs produces
excessive collagens and contributes to fibrosis. Hepatic NK
cells, an essential component of the innate immunity, are
activated to eliminate HSCs through receptor-ligand interac-
tions and to produce various antifibrotic cytokines to assist
their cytotoxicity. These effects are modulated by both acti-
vating and inhibitory NK cell receptors. Under physiological
condition, quiescent HSCs fail to be targeted by NK cells,
but activated and senescent HSCs can be killed by activated
NK cells in the early stage of fibrosis through granule exocy-
tosis, death receptor-mediated pathways, and production of
antifibrotic cytokines; however, in the advanced stage, the

cytotoxicity of NK cells against HSCs is defective (Fig. 1).
A summary of the crosstalk between HSCs and NK cells in
fibrosis of various liver diseases is described in Table I (25,32,
33,37,40,43,46,54,56-58,60).

Experimentally, a series of studies demonstrated that acti-
vating NK cells in the initial stage of disease postpone the
development of liver fibrosis, but fail to halt fibrogenesis in the
advanced stage (8,38,39,60). The mechanism of dysfunction
in NK cells is still elusive, but it is partially attributed to the
fact that HSCs become resistant to exhausted NK cells in a
TGF-p-dependent manner. This may provide an additional
clue to explain why activating NK cells fail in progressive
fibrosis. In this content, activating NK cell therapies combined
with a TGF-f inhibitor will likely represent a promising thera-
peutic strategy in the disease, and merits further verification
in clinical investigations. In addition, the cytotoxic function
of NK cells is regulated by a complex network of activating
and inhibitory receptors. Therefore, further clarification of NK
cell receptors and their cytotoxic functions will provide new
insight in the etiology of fibrogenesis, as potential therapies for
liver fibrosis.
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