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Abstract

MDSCs are immature myeloid immune cells, which accumulate in models of liver cancer to reduce effector immune cell
activity, contribute to immune escape and treatment resistance. The accumulation of MDSCs suppresses the role of CTL
and the killing effects of NK cells, induces the accumulation of Treg cells, and blocks the antigen presentation of DCs,
thus promoting the progression of liver cancer. Recently, immunotherapy has emerged a valuable approach following
chemoradiotherapy in the therapy of advanced liver cancer. A considerable increasing of researches had proved that
targeting MDSCs has become one of the therapeutic targets to enhance tumor immunity. In preclinical study models,
targeting MDSCs have shown encouraging results in both alone and in combination administration. In this paper, we
elaborated immune microenvironment of the liver, function and regulatory mechanisms of MDSCs, and therapeutic
approaches to target MDSCs. We also expect these strategies to supply new views for future immunotherapy for the
treatment of liver cancer.

Abbreviations

MDSCs  Myeloid-derived suppressor cells
DCs Dendritic cell

HCC Hepatocellular carcinoma

ICC Intrahepatic cholangiocarcinoma
Treg Regulatory T cells

TAMs Tumor-associated macrophages
TME Tumor microenvironment

LSEC Liver sinusoidal endothelial cells
KC Kupffer cells

NK Nature kill

NKT Nature kill T

PD-1 Programmed death-1

CTLA-4 CTlL-associated antigen-4
Arg-1 Arginase-1

INOS Inducible nitric oxide synthase
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NO Nitric oxide
ROS Reactive oxygen species
HSCs Hematopoietic stem cells

LOX-1 Lectin-type oxidized LDL receptor 1

TGF-B Transforming growth factor

IL-10 Interleukin 10

FGL2 Fibrinogen-like protein 2

GM-CSF  Granulocyte macrophage colony stimulating factor
G-CSF Granulocyte colony stimulating factor

EMH Extramedullary hematopoiesis

IDO Indoleamine 2,3-dioxyenase

TCR T cell receptor

APC Antigen-presenting cells

CTL Cytotoxic T-Lymphocyte

BM Bone marrow

TLRs Toll-like receptors

NLRs Nucleotide oligomerization domain (NOD)-like receptors
RLRs Retinoic acid-inducible gene-l (RIG-I)-like receptors

CLRs C-type lectin receptors
ALRs Absent in melanoma-2 (AIM2)-like receptors

1 Introduction

Liver cancer is the third most common reason of cancer-associated fatalities globally next only to stomach and lung can-
cer [1-4]. HCC is the major kind of liver cancer [5, 6], the ratio roughly 75% of cases [7], while ICC accounts for about 10%
[8-10], liver cancer also includes other rare tumors including fibrous lamellar carcinoma and hepatoblastoma [11]. The
prevalence of liver cancer has stabilized currently compared to other cancers, but the relative 5-year survival rate for HCC
still low at 18% [12, 13]. Patients can be treated at earlier stage hepatoma by surgical, local ablation or liver transplanta-
tion, with a three-year survival rate of 30-45% [14]. There was still inadequacy of therapeutic approach for advanced liver
cancer that cannot be treated surgically or primary HCC with distant metastases [15]. Therapeutic resistance and toxicity
remain to be major challenges for HCC first-line drugs, such as Sorafenib and Lenvatinib. In recent years, it is well known
that immunotherapy, especially immune checkpoints, has shown significant therapeutic effect in some cancers [16, 17].

The unsatisfactory results of cancer treatment have been partly explained by immune escape owing to the inability
of cancer cell antigens to be recognized by immune cells and the development of immunosuppressive microenviron-
ment [18]. This may be partly due to liver cancer’s tendency to release chemokine [19] and evade immune surveillance
by activating and recruiting immunosuppressive cells like MDSCs, Treg, and TAMs, leading to immunosuppression and
accelerated metastatic tendencies. There are numerous immunosuppressive cells in the TME, which take essential part
in the process of tumor formation as well as immune escape [20, 21]. Immunotherapy is on the ground of the Physical
body own immune system, which can improve the body'’s ability to kill tumor cells actively or passively through cytokine
regulation, relay cell transfusion back, tumor cells and their subcellular tumor antigen components vaccine, DC vaccine,
etc., in order to achieve the goal of cancer treatment [22].

In the last few years, research on the effect of MDSCs has further deepened our understanding of oncology [23, 24].
The characteristics of MDSCs inhibit the function of immune cells in the body, so that cancer cells avoid detection and
attack by host immune system [25, 26]. Moreover, they encourage the survival of cancer cells by inducing a number of fac-
tors, like stimulating angiogenesis [27] and formation of pre-metastasis microenvironment as well as other non-immune
mechanisms to stimulate the growth of tumors [28]. In patients with tumors and tumor-bearing mice, MDSCs levels are
closely related to poor prognosis as well as treatment outcomes. At present, targeting MDSCs therapy has become one
of the therapeutic strategies for liver cancer [29].

This review describes the potential association of MDSCs in the TME with HCC progression. Further, the review sum-
marized the links between MDSCs and other immune cells, regulation of MDSCs signaling pathways, and targeted therapy
of MDSCs. Finally, we discussed the prospects and challenges of preclinical research on MDSCs.
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2 Characteristics of liver microenvironment formation

Liver is the largest metabolic and detoxification organ in physical body, as well as a significant immune organ of the
body, with roles of metabolism, detoxification, biotransformation, synthesis and immunity [30-32]. At the same time,
the liver has a dual blood source system that includes hepatic arterial system and portal venous system. This portal vein
provides about 70-80% of the blood to the liver, which can transfer microorganism’s bacteria and carrying nutrients.
Meanwhile, the liver needs to provide immune detection for the stability of the body while removing harmful antigens
[33, 34]. In order to avoid liver injury caused by immune system overreaction, the hepar has formed a unique immune
tolerance microenvironment. Clinical data show that patients in transplantation of the liver without or with lower levels
of immunosuppressive agents are able to establish immune tolerance [35]. This unique phenomenon of immune toler-
ance is closely associated with the functions performed by the immune cells.

3 Mechanism of hepaticimmunosuppressive microenvironment

Plenty of immune-related cells are existed in the liver, inclusive of APC, lymphocytes as well as myeloid cells, which
regulate the immune response of the hepar. The APCs in the hepar include hepatic LSEC, hepatic macrophages or KC,
and DCs [36]. The presence of these cells forms the liver’s first line of safeguard the external pathogen invasion as well
as antigenic substances, and can eliminate harmful substances through endocytosis without affecting the absorption of
nutrients. In contrast to otherimmune organs, the phagocytic clearance of antigens by APCs in the liver normally limits
the activation of adaptive immunity and inhibits the differentiation as well as maturation of effector cells, promoting
the proliferation of regulatory cell subsets [37, 38]. Lymphocytes in the liver are usually located in the portal vein, but
some are also scattered among the liver parenchyma and inclusive a great deal of immune effector cells. Among them,
Foxp3 Treg, which are turning into CD4* T cells, can inhibit the secretion of granzyme B in CD8* T cells and thus impair
the effect of CTL [39-41]. The main mechanisms of immune suppression by Treg cells include: compromising T-cell
function by expressing IL-2 receptors that plunder IL-2 from the microenvironment in large numbers; expressing CTLA-
4, which binds to and downregulates CD80/CD86 costimulatory molecules selectively on APCs to prevent T cells from
receiving costimulatory signals; and generating immunosuppressive cytokines, for example, IL-10 and TGF-3 that affect
CTL function by forming extracellular adenosine from ATP via CD39 and CD73 to bind to the corresponding receptors
on T cells [42]. Chemokine ligand 20 (CCL-20) is a cytokine that recruits Treg, and liver cancer enhances Treg activity
through a transcriptional network comprising the cytokines CCL20-IL17-IL6 to promote tumor cell escape and metas-
tasis [43]. In addition, Treg cells influence the normal effect of NK cells by selectively expressing TGF-3 [45]. NK cells are
an important category of immune cells that can engage with tumor cells through the release of perforin or granzyme
to lyse cancer cells [44-46]. However, when the TME is hypoxic, it causes NK cells to consistently activate the target of
rapamycin-GTPase kinesin-related protein 1, leading to damaged mitochondria, reduced NK numbers and cytotoxicity,
and ultimately escape of HCC cells [47]. T cells are key cells in cellular immunity and are able to exert killing effects on
tumors by secreting enzymes, cytokines, etc. However, in some cases such as HCV chronic infection, T cells are intrinsically
regulated by increasing the level of immune checkpoints including PD-1 or CTLA-4, that lead to CD8* T cell dysfunction
as well as difficulty in suppressing the development of tumors [48].

Myeloid cells, inclusive of macrophages, DCs, neutrophils, as well as MDSCs, are the most plentiful immune cells
and are essential for maintaining hepatic immunological homeostasis. Among them, neutrophils, as the most preva-
lent immune cells in the body, is a significant element of the immunosuppressive microenvironment of HCC and are
closely related to the development of HCC, immune escape and drug sensitivity. Neutrophils were classified into two
phenotypes, the N1 phenotype and the N2 phenotype. Neutrophils of the N2 phenotype promote tumor cell growth
and migration by releasing pro-tumor growth factors and remodeling the extracellular matrix [49]. In addition, they
can promote angiogenesis of tumor cells and suppress the effect of CTLs and NK cells [50]. MDSCs are a diverse subset
of cells that have significant immunosuppressive properties, and various factors (e.g., tumor-associated inflammation,
angiogenic factors, and chemokine gradients) coordinate the expansion as well as accumulation of MDSCs. An increas-
ing of MDSCs is related to poor survival in the tumor-bearing host. The level of Arg-1, the generation of NO as well as
ROS were all elevated by the activation of MDSCs in malignancies [51]. It is TLR2 ligands and T cell-derived IFN-y that
enhanced M-MDSC-mediated immunosuppression [52]. Through these mechanisms, MDSCs are trapped in the formation
of immunosuppressive microenvironment of liver tumors as well as accelerate the progression of HCC.
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4 The origin of MDSCs and the mechanism of mediated immunosuppression

MDSCs are highly heterogeneous immature myeloid cells (IMCs) that originate from HSCs. HSCs can develop into myeloid
progenitor cells when the environment is healthy, which can eventually differentiate into DC, macrophages and neu-
trophils [53-55]. In healthy individual, MDSCs are barely detectable (IMCs are detected according to the protein marker
CD11b+Gr-1+in mice). Nevertheless, under pathological conditions, like infection, trauma and especially in the case
of tumors, sustained stimulation often results in defective differentiation of IMCs, and a large number of cells in a non-
maturing state accumulate in multiple organs, which stimulated by some inflammatory factors, eventually induce the
formation of MDSCs [56]. MDSCs are accumulated into peripheral blood, BM, spleen, lung, liver and tumor, especially
MDSCs in the spleen, which is 40% taller.

In mice and humans, MDSCs can be divided into PMN-MDSC and M-MDSC based on their density, morphol-
ogy as well as phenotype [57]. The PMN-MDSC are regarded as CD157CD14 - CD33%™HLA-DR"9 or, and M-MDSC as
CD15"CD14*CD33P°*HLA-DR"% in human [58, 59]. In addition, another immature cell subpopulation in humans defined
as lacking spectral markers, inclusive of CD3, CD14, CD15, CD19, CD56, HLA-DR, as well as expressing CD33, was defined
as early MDSCs. It is similarly that neutrophils and PMN-MDSC in phenotype and function, make it difficult to distinguish
between the two. Dmitry Gabrilovich’s group confirmed that LOX-1 is a specific marker to recognize neutrophils and PMN-
MDSC of humans [60, 61]. In tumor-bearing mice, MDSCs is described by markers different from those used in humans.
The subpopulations of MDSCs can be distinguished by identifying CD11b and Gr-1 [62]. These markers can be used to
separate MDSCs groups more accurately. In tumor-bearing mice, PMN-MDSC can be regarded as CD11b*Ly6G*Ly6C"° and
M-MDSC as CD11b*Ly6G Ly6CM, with other markers under investigation [63]. The main characteristic of MDSCs is immu-
nosuppression and play an immune role through numerous mechanisms of cancer [64, 65]. The function, distribution
and immunosuppressive mechanisms of M-MDSC cells are different from PMN-MDSC cells. In general, PMN-MDSC are
very common in the TME, while M-MDSCs mainly accumulate in peripheral blood, which promotes tumor growth and
metastasis in various ways [66]. M-MDSC produces stronger immunosuppressive activity than PMN-MDSC due to the fact
that M-MDSC expresses Arg-1 and produces IL-10, TGF-$ and NO, while PMN-MDSC produces more ROS (present for a
shorter period of time). The role of MDSCs immunosuppressive functions can involve in various pathways, such as increase
production of Arg1, iINOS, ROS, and nitrogen substances like peroxynitrite (PNT), and other immunosuppressive factors.
L-arginine, an important amino acid necessary for T cell proliferation, is depleted and converted to urea and L-ornithine
when Arg-1 is upregulated in MDSCs [67]. Under L-arginine restriction, the up-regulation of iNOS in MDSCs results in
the generation of NO, which interacts with superoxide to generate PNT [68]. The production of PNT by MDSCs leads to
nitration and nitrosoylation of TCR, which disrupts the role of CD8* T and leads to T cell tolerance [69, 70]. In addition,
PNT lead to nitration chemokines, such as CCL2, and reducing the interacting of antigenic peptides and cancer cell, and
reducing infiltration of CD8" T cells. Therefore, elucidating the key mechanisms of recruitment and MDSC's invasion into
the TME is an important method to block MDSCs from reversing the immunosuppressive TME.

Moreover, factors in TME such as GM-CSF, G-CSF, SCF or S100A8/9 released from tumor cells can recruit MDSCs for
proliferation via STAT3 and c¢/EPB [71]. MDSCs recruitment and expanding population, and suppressing body’s immune
response including inhibiting the function of CD8" T cells [53], CD4* T cells, NK cells as well as B cells, and promoting
CD4* T cells transform into Treg cells may represent potential tumorigenic mechanisms. Therefore, blocking direct cell-
to-cell contact and MDSCs recruitment as well as amplification may exhibit an effective treatment strategy of liver cancer.

5 Crosstalk of MDSCs with other immune cells

Comprehensive multi-omics and single-cell examination of liver cancer has confirmed the existence of immunosup-
pressive cell populations, involving in Treg and MDSCs, which can lead to organismal immune dysfunction. MDSCs
have an important influence on the immune modulation of the body, and nowadays targeting therapy MDSCs has
become one of the studies hotspots in the field of oncology. Here, we mainly elaborate that MDSCs can block the
response of CD4™ T cells, CD8* T cells, NK cells as well as DCs directly or indirectly, and improve the proliferation of
Treg cells, thus exerting a powerful immunosuppressive function (Fig. 1) [72].
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5.1 Tcell

Tumor-associated recruitment of MDSCs also suppresses the amount and function of CTL. For the last few years,
many research results have confirmed that MDSCs in TME are more immunosuppressive than MDSCs in lymphatic
organs and blood. Because it was caused by the low oxygen levels in tumor tissues, which have a regulatory effect on
the enhanced inhibitory ability of MDSCs. Suresh Kalathil et al. showed that immunosuppressive cells and cytokines
involving in MDSCs, Treg, TGF-3 and IL-10 mediated the function of anti-tumor T cells in advanced HCC patients due to
the inhibition of cytokine release of cytotoxic T cells. Therefore, depletion of endogenous inhibitory cell populations
and restoration of T cell antitumor effect is a therapeutic strategy in liver cancer [73]. In the Akt/N-RAS-induced liver
cancer mouse model, myeloid-derived TAMs and MDSCs were found to be co-cultured with T cells, respectively, and
the conclusion confirmed that the inhibitory ability of MDSCs was better than that of TAM [74]. In addition, Jianpi
Huayu Decoction have been found to promote the differentiation of MDSCs extracted from the spleen of murine
hepatoma toward macrophages and DCs, and suppress the generation of ROS. Therefore, the suppression ability of
MDSCs to CD4* T cells was weakened [75]. Tumor-released IL-1a accelerates the progression of HCC by promoting
MDSCs recruitment and infiltration in spleen and tumor via CXCR2 and suppressing the capacity of CTL [76]. As early
as 2008, CD4* T cells co-cultured with MDSCs were confirmed to have increased population of CD25* and FOXP3*
cellsin clinical liver cancer samples [51]. Immunosuppressive factors secreted by MDSCs, involving in TGF-f and IL-10,
both of which promote Treg proliferation. Studies of advance HCC patients have confirmed that increased levels of
Treg expression and remarkably improved in the proportion of circulating MDSCs in the blood [73].

5.2 DGCs

As the most effective APC, the DCs are recognized to have an important influence on mediating the intrinsic and adap-
tive immune response. The accumulation of MDSCs recruited into the TME reduces antigen-presentation and migration
of DCs, and limits the response to CD8" T and NK cells. DCs dysfunction is unable to present antigen to T cells, resulting

Fig. 1 The mechanisms elaborate to MDSC-mediated immunosuppression in Liver cancer. In the TME, GM-CSF and G-CSF released by tumor
cells accumulate and recruit MDSCs. MDSCs suppressed the response and proliferation of T and NK cells via TGF-f3, Arg-1 or ROS. MDSCs
derived IL-10 and TGF-B accelerate accumulation and immunosuppression of Treg. Similarly, MDSCs derived IL-10 inhibit DC function as
well. IL1-a promotes MDSCs recruitment and immunosuppression and suppresses T cells function. Tumor-derived CCL20, IL-17 and IL-6 pro-
mote Treg expand and immunosuppression. NK cells can lyse tumor cells by direct contact and release of perforin and granzyme B. Treg
cells deprivate for IL-2 to T cells and NKP30 on MDSCs binds to receptors on NK cells to suppress NK function. These constitute the immune
microenvironment of liver cancer
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in T cell apoptosis and inactivation. It is confirmed that MDSCs suppress the activation, expansion and function of DC
by increasing IL-10 level [77]. In addition, the percentage of Treg and MDSCs was remarkably accumulated in AD-mIL12-
DC-treated tumors, which increased intratumoral immunosuppression [78].

5.3 NK

NK cells are an important member of a large family of human immunologic effector cells, and activated to secrete
cytokines, involving in granzyme B and perforin, which have an important influence on regulating the immunity of the
body [79]. Regulatory NK cells (NK,.,) in the immunosuppressive network can also activate MDSCs and specifically limit
the function active of NK cells under different pathological conditions. In mouse models of orthotopic implant HCC, tumor
cells associated MDSCs can exert an inhibitory function on NK cells through TGF- on the membrane [80]. Furthermore,
the activity and function of NK cells was found to be suppressed in liver cancer patients from peripheral blood provided
by healthy donors and liver cancer patients, and NKp30 on MDSCs was found to inhibit NK cells toxicity and cytokine
release by binding to the NKp30 receptor in vitro study [81]. Moreover, clinical data show that about 20% of viral hepa-
titis progresses to cirrhosis and roughly 10%-20% of these cirrhotic patients may evolute liver cancer. An increasing of
research has indicated that MDSCs can suppress NK cell effect, for example, Celeste C Goh et al. showed that HCV can
induce CD33*CD11b"°HLA-DR"® MDSC inhibits mTOR activation via Arg-1 to suppress NK cells release of IFN-y [82].

6 Signaling pathways underlying MDSC-mediated immunosuppression in liver cancer

The amplification and activation of MDSCs are regulated by signaling pathways in the microenvironment, including
inflammatory microenvironment and TME. Some studies suggest that inflammatory factors or tumor-derived cytokines
can block the further differentiation into mature myeloid cells, resulting in rapid proliferation and differentiation of
these cells into MDSCs. Multiple signaling pathways like JAK/STAT, NF-kB and PI3K/Akt are participated in regulating the
recruitment and immunosuppressive ability of MDSCs. Regulation of these signaling pathways by small molecules or
inhibitors reduces recruitment of MDSCs (Table 1).

6.1 STAT3

The STAT3 pathway have an important impact on regulating the immunosuppressive activity and recruitment of MDSCs
[83, 84]. Blockade of STAT3 in tumor-associated myeloid cells increases the turning IMCs to DCs and TAMs, and decreases
the recruitment of MDSCs to eliminate immunosuppressive function. According to a recent study, GSBXD (Gansui-Banxia
Decoction extraction) exhibited anti-tumor immune activity by blocking AKT/STAT3/ERK signaling pathway, limiting
IL-1B and IFN-y level, and decreasing the accumulation and growth of MDSCs in hepatoma-bearing mice [85]. M Thorn
et al. demonstrated that cancer cells secreting GM-SCF activate the JAK2/STAT3 signaling pathway, induce STAT3 phos-
phorylation in liver MDSCs and translocate to the nucleus to bind to the IDO1 and PD-L1 promoters to perform immu-
nosuppressive functions in mouse liver [86]. Some studies establishing liver metastasis models demonstrated that STAT3
inhibitors increased the level of p38 and JNK, decreased the level of Bcl-2 and upregulated the level of Bax, activated
caspases-dependent pathways leading to apoptosis in MDSCs [87]. STAT3 oligonucleotide inhibitor danvarisen (AZD9150)
was assessed in clinical tests (NCT01839604) in patients with metastatic HCC [84].

6.2 HIF

Hypoxia-inducible factor a (HIF-1a) is a key factor of MDSCs differentiation and immunosuppressive level in the TME,
which promotes the turning M-MDSCs into TAMs through mechanisms associating with CD45 tyrosine phosphatase
activity and reduction of STAT3 activity. The CCL26 binds tightly to HIFs and recruits MDSCs to hypoxic regions of the
tumor, indicating that hypoxic mechanisms are closely related to tumor infiltration of MDSCs in HCC-bearing mice
models [88]. It has been reported that hypoxia-inducing factors have been shown to regulate the expression and dif-
ferentiation of MDSCs [89]. It has been shown that HIF-1a binds to the promoter Hypoxia responsive elements (HREs)
of ENTPD2 to initiate transcription in HCC cells. And ENTPD2 transform extracellular ATP into 5’-AMP, impeding MDSCs
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from differentiating and maintaining MDSCs immunosuppressive function [88]. He Qin et al. indicated that IL-1(3 lead
to SLC7A11 overexpression of akg-HIF1a axis upregulated PD-L1 and CSF1, which promoted recruitment of TAM and
MDSCs, inducing liver metastasis [90]. The conclusion indicated that hypoxia facilitates the aggregation and infiltration
of immunosuppressive MDSCs in tumor cells, thus making it possible for tumor cells to undergo immune escape.

6.3 NF-kB

The NF-kB pathway is involved in various diseases, such as tumors, chronic inflammation, viral infections, and autoim-
mune diseases, which has been intensively research [91, 92]. The absence of SPTBN1 increases the stability of p65 protein
through inhibition of SOCS1 and improves the activation of NF-kB. This process stimulates the level of inflammatory
factors in liver, promoting MDSCs and Treg cell accumulation, thus accelerating the formation and progression of HCC
[93]. In addition, G9-mediated H3K9 dimethylation (H3K9me?2) silences SLC7A2 expression, and SLC7A2 absence medi-
ates CXCL1 upregulation via the PI3K/Akt/NF-kB pathway, recruiting MDSCs and promoting HCC growth and metastasis
[94]. It has also been shown that in mouse models of HCC, NF-kB signaling upregulates A3B, which interacts with PRC2 to
inhibit H3K27me3 in order to increase CCL2 mRNA and protein levels, thereby recruiting TAMs and MDSCs to tumors [95].
Porta et al. found that tumor-derived PGE2 facilitates p50 NF-kB mediated inhibitory function of MDSCs. Inhibition of the
PGE2/p50/NO axis suppresses MDSCs function and restores the anti-tumor effects resulting from immunotherapy [96].

6.4 Metabolic signaling pathways

Tumor cells go through metabolic reprogramming to provide essential capacity and biomolecules for tumor proliferation
in order to meet the requirements of their own rapid proliferation. An increasing of evidence showed that dysregulation
of energy metabolism in the human body have an important influence on tumorigenesis and survival by generating
inhibitory TME that inhibit anti-tumor immune responses [97].

Metabolism of Arg-1 and IDO1 in TME is an important player in MDSC-induced immunosuppression. These two
enzymes are strongly expressed in MDSCs and can significantly suppress the proliferation of T cells. L-arginine is a sub-
strate for both arginines, especially Arg-1 and INOS [98]. MDSCs activation promotes L-Arg catabolism and suppresses
T and NK cell functions through upregulation of Arg-1. Further, the Arg-1 downregulates the expression of the T cell
receptor CD3¢ and ( chain, a key component of the TCR signaling complex, thereby impairing T cell function [138, 139].
MDSCs was revealed to be dependent on IDO1 support and play an important role in forming the immunosuppressive
TME. Smith et al. showed that impaired function of circulating MDSCs isolated from Idol™~ mice, which weakens sup-
pression of T cells.

There are several metabolic signaling pathways that affect the immunosuppressive function of MDSCs. In a preclinical
in situ ICC patient-derived CAF cells co-injected with tumor QBC939 cells increased cancer stemness, and Gr-1+ MDSCs
deletion attenuated this effect. Furthermore, conditioned medium (CM) of CAF educated MDSCs increased the level
and activity of 5-LO in MDSCs, thereby enhancing the stemness of MDSCs, and determined that CAF have an important
influence on the formation of ICC stemness by mediating the overactivated 5-LO/LTB4-BLT2 metabolism in MDSCs [99].
MDSCs has been reported to suppress tumor-infiltrating lymphocytes by secreting specific metabolites [100]. At present
research by Tobias Baumann et al. confirmed that MDSCs present in tumor patients block the metabolic function of T cells
by accumulating pyruvate, which exhaust L-arginine or loses L-arginine protein function [15]. New studies have shown
that mice with PSC and colitis have decreased intestinal barrier function, resulting in the presence of gut-derived bacteria
and lipopolysaccharides (LPS) in the liver, leading to increased accumulation of PMN-MDSC to control hepatocytes to form
an immune microenvironment, resulting in hepatocarcinogenesis [101]. Microbiota abnormalities caused by intestinal
barrier damage observed in NIrp6~/~ mice recruit the expansion of hepatic M-MDSC and suppress the proliferation and
function of T cells, accelerating the progression of HCC [102].

In addition, the environmental sensor General Control Nonderepressible 2 (GCN2) and ferroptosis process are also
very important parts of the metabolic signaling pathway affecting the function of MDSCs. Halaby et al. found that GCN2
regulates the immunosuppressive function of TAMs and MDSCs by facilitating the translation of CREB-2/ATF4 transcrip-
tion factors. However, deletion of GCN2 abolished the suppressive function of MDSCs and increased the infiltration of
CD8+T cells, which exerted anti-tumor function [103]. Further, Kim R et al. reported that ferroptosis is closely associated
with the immunosuppressive function of PMN-MDSC in tumors. The genetic and pharmacological inhibition of ferroptosis
eliminates the suppression function of PMN-MDC and inhibits the growth of tumors. In addition, it also exerts antitumor
effects in combination with PD-1 antibodies [104].
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6.5 Pattern recognition receptors

PRRs are a class of receptors expressed primarily on the surface of intrinsicimmune cells and are recognized by natural
immune cells as DAMPs and PAMPs to initiate immune and inflammatory processes, which consist of five families: TLRs,
RLRs, ALRs, NLRs and CLRs [105]. Activation of cell surface TLRs has been reported to contribute more to the suppres-
sive function and tumor-promoting effect of MDSCs. In contrast, TLR activation mainly reduces the ability of MDSCs and
exerts anti-tumor effects in vivo. Liu et al. reported that CXCL10 promotes apoptosis of hepatocytes via TLR4 on MDSCs.
In rodent models, expression of increased TLR4 promotes tumor recurrence. Inhibition of TLR4 or CXCL10 significantly
suppresses the recruitment of M-MDSC and the recurrence of liver tumors after orthotopic liver transplantation [106].
NLRs activation enables MDSCs recruitment and subsequent accumulate to the peritoneal cavity as well as increases
Arg-1 expression for immunosuppressive functions, thereby driving tumor progression [107]. RIG-I/MDA5 antagonists
reduce secretion of chemokines to limit MDSCs recruitment, thereby increasing the efficacy of CAR-T cells [105, 108].

6.6 Other potential

In addition to the above studied mechanisms, a number of preclinical research have explored that MDSCs also promote
tumor development of HCC via multiple signaling pathway, involving in p38 MAPK, TGF-B, etc. It was found that insuf-
ficient Radiofrequency ablation (iRFA) treatment exhibited liver tumor proliferation and metastasis, recruited PMN-MDSC
expansion, dampened CD8* T cells response, and blockade of the Mettl1/TGF-B2/PMN-MDSC axis alleviates tumor devel-
opment [109]. In two models of liver fibrosis, hepatic stellate cells (HSC) induce expansion and immunosuppression of
M-MDSCs through p38 MAPK-mediated enhancer reprogramming. Treatment with p38 MAPK inhibitors can eliminate
the interference of HSC M-MDSC and thus inhibits the growth of HCC [110]. The level of MDSCs was remarkably increased
of recurrent liver transplantation patients, which may have an important influence on the regulation of TLR4 by CXCL10,
a finding that was further validated in rat models of liver transplantation. Liu et al. showed that CXCL10/TLR4/MMP14
signaling pathway recruit M-MDSCs was responsible for the recurrence of hepar metastases in 331 HCC patients [106].
Previous studies have confirmed that FGL2 can regulate the tumor immune microenvironment to accelerate cancer
development. In the orthotopic liver cancer mouse model, FGL2 maintains the undifferentiated state of BM cells to pro-
mote the accumulation of MDSCs and thus the development of HCC [111]. There are also a number of non-traditional
signaling pathways including apoptosis proteins regulate MDSCs function. According to Haverkamp, death signaling
pathways are closely associated with the growth, survival and function of MDSCs. c-FLIP and Mcl-1 are apoptosis inhibi-
tory proteins that regulate tumor apoptosis and necrosis signaling pathways, which affect the suppressive function of
MDSCs [112]. Fiore et al. reported that FLIP expression in M-MDSC can confer immunosuppressive properties to suppress
T cell proliferation, and targeting FLIP therapy can eliminate the immunosuppressive function of M-MDSC. In addition,
the combination of inhibitors of FLIP with immune checkpoints also increases the immunotherapy [113].

In conclusion, the expression and mechanism of STAT3, HIF, NF-kB, metabolic pathways, pattern recognition receptors,
etc. will recruit MDSCs, increase the expression levels of Arg1, INOS, PD-L1, make them accumulate and expand rapidly
in the tumor microenvironment, increase their immunosuppressive function as well as inhibit the role of CD8*T, thus
promote tumor progression.

7 Basic strategies to therapeutically target MDSCs

MDSCs are a heterogeneous population of cells from the BM that suppressed the functions of immune effector cells
[114]. The enrichment and activation of MDSCs take part in different regulating immune effector cells and malignant
cells. MDSCs has strong immunosuppressive activity, supports immune escape, and promotes tumor metastasis as well
as angiogenesis through various non-immune activities. Therefore, inhibition of MDSCs is also one of the effective ways
to combat tumors [23] (Fig. 2, Table 2).
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Fig. 2 Basic therapeutic
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7.1 Traditional Chinese medicine therapy

In recent years, the exploring natural products to enhance immunity has become a worldwide research hotspot
[115]. The Traditional Chinese medicines (TCMs) have remarkable features such as low drug resistance, low toxic
side effects and long-lasting effects.

Data show that some TCMs has the function of killing and inhibiting the proliferation of tumor cells, among which
improving the immune microenvironment to accelerate immune effector cells to kill tumor cells is a significant
research direction at present [116]. Some herbal medicines (alkaloids, polysaccharides, polyphenols) have been
reported to improve the humoral immune functions of the body, such as improving the functions of CTL, NK cells,
DCs, TAMs as well as MDSCs [117].

In preclinical tumor models, curcumin and Icaritin reduced tumor immunosuppressive mechanisms by inhibiting
MDSCs function. Curcumin [118] was shown to dampen the growth of hepatic tumor cells via regulating the TLR4/
NF-kB signaling mechanisms in a xenograft liver cancer model, possibly by reducing the releasing of related factors
such as GM-CSF and G-CSF, reducing recruitment and mobilization to MDSCs, and reducing the immunosuppressive
effect of MDSCs [119]. The Icaritin is an efficacious component obtained from the TCMs Epimedium by intelligent
Chinese scientists and has been approved for marketing. A study demonstrated that in tumor-bearing mice in situ
and transplanted liver cancer models, Icaritin dampened tumor-associated splenic EMH significantly reduced MDSCs
accumulation in tumors and spleens, and improved the amount and function of CTL, thereby inhibiting HCC devel-
opment and prolonging the survival of mice [120].

7.2 Clinical medication
7.2.1 Metformin

Metformin, an oral medication for the treatment of diabetes, has been in clinical application for more than 50 years.
It has been showed significantly that metformin can have beneficial effect on anti-tumor by enhancing immunity
[51]. Some reports have shown that metformin can exert antitumor role in mice with normal immunity, but does
not play an obvious antitumor role in mice with immune deficiency, indicating that metformin is supported by
antitumor effects through immunity [121, 122]. Recent studies have shown that metformin can restore the targeted
killing ability of CTL by reversing the inhibitory function of M-MDSC of tumor tissue origin in patients by neutralizing
pyruvate aldehyde when studying samples from patients with HCC [123]. Chronic hepatitis can promote the devel-
opment of HCC through several mechanisms, one of the reasons being the development of an immunosuppressive
environment, for example, leading to an increase in MDSCs that evade immune surveillance [124, 125]. Metformin
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prophylaxis ameliorates the chronic inflammatory response of pre-cancerous intrahepatic immune cells, a finding
that was demonstrated in vivo experiments. An increasing proportion of MDSCs was found in Ncoa5 + male mice of
liver, and metformin reversed the result. Metformin remarkably downregulating the population of myeloid cells and
MDSCs in the liver to prevent the development of HCC [126].

7.2.2 Sorafenib

Multikinase inhibitor sorafenib has demonstrated hopeful results in the therapy of patients with HCC, significantly extend-
ing their survival. It is a first-line clinical therapy option for HCC [127]. Previous studies reported that sorafenib can exert
anti-tumor effects in the aspect of both inhibition of tumor cell growth and angiogenesis. It can also regulate various
of effector cells to activate the immune system. Mengde Cao et al. confirmed that sorafenib can reduce the amount of
MDSCs and Treg cells in mouse HCC models, and these two kind immune cell populations were positively correlated
with tumor size [39]. In two major clinical trials (SHARP and phase Il of AP), sorafenib frequently developed resistance
during treatment, which may be related to CD11b*Gr1" myeloid cell infiltration into tumor tissues [128]. Yunching Chen
et al. found that sorafenib treatment increased Gr-1+ myeloid cell infiltration in orthotopic HCC mouse models, thereby
expressed higher levels of multiple pro-fibrotic factors, including SDF1a and CXCR4. The Gr-1+ MDSCs mediate hepatic
tumor resistance to sorafenib by increasing hepatic stellate cell survival, differentiation, and induction of tumor fibrosis.
Targeting the SDF1a/CXCR4 pathway or blocking Gr-1+ MDSCs infiltration might be an effective way to overcome resist-
ance to sorafenib therapy [129].

7.2.3 Combination therapy

Many studies have shown that, long-term administration results in drug resistance for most chemotherapeutics, probably
due to treatment leading to BM suppression and altered immune cell function. However, combination of drugs signifi-
cantly improves the therapeutic effect of chemotherapeutic agents, enhances tumor suppression, reduces toxic side
effects, and reduces BM suppression, etc. Chun-Jung Chang et al. demonstrated that Ly6G+ MDSCs with tumor-infiltrating
were improved in sorafenib treated liver tumors in situ, and that these cells with immunosuppressive properties attenu-
ated the therapeutic effect of sorafenib. Nevertheless, Sorafenib coupled with Anti-Ly6G or Anti-IL-6 can improve the
treatment of Ly6G +MDSC in orthotopic HCC mice [130]. In particular reduction of MDSCs in some HCC patients treated
with sorafenib may have been measured early and increased in MDSCs when acquired at a later time point, explaining the
different effects obtained with the same chemotherapeutic agent. Increasingly, studies have shown that the combination
of TCMs and chemotherapeutics can reduce the dose of chemotherapeutics administered, improve adverse effects and
patients’ quality of life, and increase the antitumor effect. Yangyang et al. confirmed that the combination of compound
kushen injection and sorafenib reshaped the TME, increased the anti-tumor abilities of sorafenib, and reduced adverse
reaction, blocking the recruitment of MDSCs [131]. IDO, an immune checkpoint protein, provides immunosuppression
through the mechanism of recruitment and activation of Treg and MDSCs [132]. It was showed that combination of
anti-PD-1 and YIV-906 administration significantly reduced IDO and M-MDSC of Hepa 1-6 tumor, enhanced IFNg action,
polarized macrophages toward M1 type, and enhanced anti-tumor effects [133].

7.2.4 Innovative technologies therapy

We currently lack tools to provide an elaborated description of the patterns of MDSCs activation and immunosup-
pression. However, the use of some new techniques such as scRNA-seq, spatial transcriptomics and multi-parametric
immunohistochemical analysis can be very enlightening in terms of the quantitative tools that can be applied to identify
the type of inhibition patterns. Darden et al. performed a preliminary study using single-cell RNAseq to establish the
transcriptomic landscape of MDSCs subpopulations in sepsis [134]. In addition, single-cell sequencing was used to form
a comprehensive single-cell landscape to determine the relationships between lymphocytes and myeloid cells after liver
transplant rejection [135]. It was showed that PDGF stimulation promoted chemokines release increased recruitment
to PMN-MDSC, and results using spatial transcriptome and single-cell sequencing showed that inhibition of PDGFRa/b
reduced the suppression of the immune microenvironment [136].

Moreover, Arg-1 is highly expressed in MDSCs, and the enzyme depletes L-arginine, which can lead to T-cell sup-
pression. Consequently, based on immunization tools, vaccination, antibody or nanoparticle-targeted Arg-1 thera-
pies may also be potential emerging approaches for the treatment of MDSCs. Aaboe Jgrgensen M. et al. reported that
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immunomodulatory capacity of myeloid cells isolated from vaccinated mice was significantly impaired and exerted an
anti-tumor effect [137]. Cané S. et al. reported a new pathway for generating an active form of hArg1 whose negative
impact on modulating immunity can be targeted by hArg1 monoclonal antibodies, and this can be combined with
immunotherapy as an anti-tumor strategy [138]. Besides, nanoparticle-targeted MDSCs approaches also deserve to be
investigated. The exploration of nanoparticle systems for effective imaging, localization and treatment of MDSCs will
represent a strategic therapeutic innovation to improve tumor treatment [139]. For example, LIC has been reported to
exert anti-tumor effects by targeting PI3Ky-AKT signaling pathway, reducing the expression of Arg1 and ROS, promoting
apoptosis of MDSCs cells, and reducing the inhibition of CD8 +T cells [140].

8 Discussion and future perspectives

Liver cancer is an extremely high malignant tumor disease with the incidence rate among cancers and the mortality rate
has been increasing all over the world. Due to the hidden nature of liver cancer, it is usually detected at an advanced
stage with poor prognosis and lack of effective treatment. More and more studies have shown that immunotherapy has
become the one of first-line treatments for liver cancer, but the effectiveness of treatment is still limited. Thus, improving
immune system of patients will respond well to therapy with advanced liver cancer.

MDSCs are heterogeneous immature cells and an indispensable element of the TME, which are involved in bad prog-
nosis in HCC patients. Currently, suppression of MDSCs expansion, function, metabolism, and promotion of MDSCs dif-
ferentiation and apoptosis are the basic measures for the therapy for liver cancer. Nevertheless, MDSCs have different
subtypes and are phenotypically similar to normal myeloid cells and neutrophils, making it more difficult to target MDSCs.
In clinical trials, neutrophils and PMN-MDSC can be distinguished by gradient centrifugation. But this method also had
some disadvantages. Because there will be activated neutrophils in the low-density area, which will lead to miscalcula-
tion of the cell ratio. In addition, variations in the PMN-MDSC ratio can also be caused by storage conditions and sample
handling methods. Similarly, we should also consider the impact of liver tumor site and stage, pathology type, and drug
treatment on MDSCs in clinical trial studies [26, 61, 141, 142]. At present, most studies focus on regulating MDSCs as a
whole; however, the mechanisms regulated by different MDSCs subtypes may differ. Only a few studies have explored
MDSCs with tumor infiltration, probably own to the difficulty and exorbitant price of isolating MDSCs, and their complex
attachment to tumor cells as well as their small proportion, thus effects and inhibitory mechanisms of MDSCs need to
be elaborated in detail [26, 143, 144].

MDSCs and other immune cells form a complex TME. This paper reviews the crosstalk between MDSCs and CD8*T,
CD4™T, Treg, NK and DCs in liver cancer and shows how they have influence on the development of liver cancer. Increas-
ing the amount and function of MDSCs decreases the response of CTL because cysteine required for T cell activation
has been deprived. Preclinical studies suggest that increased Treg may be associated with MDSCs-induced production
of Foxp3* Treg via IL-10 and TGF-B, MDSCs also amplify the number of Treg already present in vivo. Increased MDSCs
enhance competition between MDSCs and DCs and inhibit DCs maturation and antigen-presenting functions. There-
fore, MDSCs are inseparable from T cells, NK cells, as well as DCs, and the quantity and function of MDSCs influence the
multiplication and efficacy to other effector cells. The specific mechanism for how MDSCs regulated DCs and Treg cells
remains unclear in liver cancer.

Various chemotherapeutic drugs, checkpoint Inhibitors, herbal medicines, and small molecule compounds are cur-
rently demonstrated to suppress the proliferation and immunosuppressive level of MDSCs in liver cancer. Single drug
therapy seems to be unable to achieve ideal effect for MDSCs treatment with complex mechanism, such as clinical
drugs for liver cancer, including sorafenib, lenvatinib, PD-1 inhibitors, and curcumin, etc. The former may produce drug
resistance and some toxic side effects. And Chinese herbal medicine although with less toxic side effects, does not work
as fast as chemotherapeutic drugs. Current research shows that the respective mechanisms of combination drugs pro-
duce synergistic effects, reduce toxic side effects and improve therapeutic effect. However, not all combination drugs
can produce synergistic effects. It has been reported that 5-FU induces the increasing of MDSCs and impairs antitumor
efficacy of PD-L1 blockers in HCC [91, 144]. It is worth noting that there is not a clear indication of the dose and ratio
of combination drugs, so the drug dose dosage, timing of administration and treatment sequence should be carefully
determined when combining drugs.

With the development and innovation of research in the field of oncology, there will be more and more drugs target-
ing MDSCs. For the advancement of the better clinical results, it is indispensible to elucidate the mechanism of MDSCs
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in the microenvironment and develop as well as optimize the existing therapeutic regimens so as to serve the oncology
patients better and maximize their lives.
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