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Abstract Myeloid-derived suppressor cells are key com-
ponents of tumor-induced immune suppression. They are
composed of a heterogeneous population of immature
myeloid cells that abrogates innate and adaptive immune
responses. Myeloid-derived suppressor cells accumulate
not only in peripheral blood, secondary lymphoid organs
and tumors, but also in the liver in preclinical tumor mod-
els and in hepatocellular carcinoma patients. The liver, con-
tinuously exposed to food and microbial antigens from the
intestine, avoids autoimmune damage through the use of
specialized mechanisms of immune tolerance. In the con-
text of cancer, myeloid-derived suppressor cells profit the
intrinsic tolerogenic properties of the liver to accumulate
and exert various immune-suppressive and tumor-promot-
ing mechanisms which go from inducing immune cell dys-
function to supporting the generation of liver metastases.
In this review, we seek to describe the phenotype, function,
accumulation and therapeutic targeting of hepatic myeloid-
derived suppressor cells both in preclinical settings and in
the context of human hepatocellular carcinoma.
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mTOR  Mammalian target of rapamycin
NOX2  NADPH oxidase 2

NK Natural killer
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OVA Ovalbumin

PBMC  Peripheral blood mononuclear cell
PD-L1  Programmed death ligand 1

PNT Peroxynitrite

RNS Reactive nitrogen species

ROS Reactive oxygen species

T Regulatory T cell
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TGF-B1 Transforming growth factor beta 1

Introduction

Tumors are heterogeneous tissues composed of multiple
distinct cell types that participate in tangled interactions
with each other. The tumor microenvironment manipu-
lates the host’s immune system to remain unnoticeable.
Tumors recruit immunosuppressive cell subsets to control
and bypass the host’s anti-tumor immune responses and to
promote cancer invasiveness and metastasis. Among other
cell subsets, myeloid-derived suppressor cells (MDSCs)
have been long recognized as key players in tumor-induced
immune suppression.

MDSC:s represent a diverse population of immature cells
of myeloid origin at different states of differentiation. In the
context of cancer, immune-suppressive MDSCs accumulate
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in peripheral blood, bone marrow, tumor and secondary
lymphoid organs. In healthy patients, these immature mye-
loid cells give rise to mature dendritic cells, macrophages
or granulocytes. However, cancer-derived MDSCs remain
immature and promote tolerance to tumor growth by sup-
pressing innate and adaptive immune responses [1].

The liver performs multiple tasks: uptake of blood borne
pathogens, metabolite detoxification and filtration of bac-
terial agents, thus exposing the liver to a high antigenic
load. The local hepatic immune environment is committed
to the induction of immune tolerance in order to avoid the
generation of autoimmune disorders [2]. The liver serves
as an ideal site for tumor-induced immune suppression.
Tumors secrete diverse factors that circulate in the blood-
stream resulting in the migration and accumulation of
immature myeloid progenitors from the bone marrow into
the hepatic tissue. This process has been described in mice
bearing extrahepatic tumors of diverse origin such as mam-
mary, lung, colon, skin and thymus [3—7]. Mouse models of
liver metastases show that immature myeloid-suppressive
cells from the bone marrow cluster into the liver [6, 8—10].
MDSCs also accumulate when tumors are injected ortho-
topically into the liver [11-13]. Intrahepatic liver tumor
incidence correlates with MDSC infiltration both in carcin-
ogen-induced [5] and in genetic-engineered mouse models
[5, 14].

This review will cover the phenotype, mechanisms of
immune suppression and therapeutic interventions involv-
ing liver-infiltrating MDSCs in preclinical models of
extrahepatic and intrahepatic tumors. It will also address
MDSCs in patients suffering hepatocellular carcinoma
(HCO).

Phenotype of tumor-induced hepatic MDSCs

Tumor-induced MDSCs express the myeloid surface marker
CDI11b and the granulocyte/monocyte marker Grl [15].
Several studies describe an accumulation of CD11b*Grl1™*
cells in the liver of mice bearing either extrahepatic or
intrahepatic tumors [3, 16]. Hepatic CD11b*Gr1™ absolute
cell number is estimated in 2x10° cells per gram liver, more
than 20 % of non-parenchymal cells in mice bearing estab-
lished extrahepatic tumors [4]. Similarly, MDSCs infiltrat-
ing transplantable intrahepatic tumors constitute 20 % of
liver non-parenchymal cells [5, 12]. Fluorescence-activat-
ing cell sorting of CD11b*Gr1'™" and Gr1"&" cells from
mice bearing intraperitoneal colorectal tumors reveals the
different monocytic and granulocytic MDSC populations.
MDSC subsets were further characterized by Giemsa stain-
ing and by differential expression of the glycoprotein Ly6C
and myeloid differentiation antigen Ly6G [6]. As described
for splenic and bone marrow-derived MDSCs, extrahepatic
tumor-induced hepatic MDSCs express low levels of major
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histocompatibility complex-II (MHC-II), co-stimulatory
molecules CD40, CD80, CD86 and low levels of glyco-
protein CD1d [7]. Several studies used the surface marker
CD244 [17] to distinguish liver granulocytic MDSCs from
granulocytes [4, 7]. Tumor-induced hepatic MDSCs are
phenotypically similar to MDSCs accumulating in tumors
or in peripheral organs.

Suppression of T cell function as hallmark
of tumor-induced hepatic MDSCs

A major limitation in the study of MDSC biology is the
lack of specific markers to distinguish MDSCs from neu-
trophils [18], which represent a major intrahepatic popula-
tion in acute or chronic inflammation. Unlike naive hepatic
CD11b™Grl* cells or neutrophils, tumor-induced hepatic
MDSCs suppress antigen-specific and antigen-independent
T cell proliferation in vitro [3, 5-7, 14, 19]. Liver MDSCs
induced by extrahepatic tumors or isolated from either
intrahepatic lesions or liver metastases suppress T cell pro-
liferation in vitro to a similar extent. MDSC-mediated sup-
pression of T cell responses is considered as the ultimate
marker of their functional activity.

The effects of tumor-induced hepatic MDSCs on pre-
venting T cell function in vivo are a matter of discussion in
the field. Connolly et al. transfer ovalbumin (OVA)-T cell
receptor (TCR)-specific splenocytes into naive mice vac-
cinated 24 h later either with dendritic cells pulsed with
OVA or with a mixture of OVA-pulsed dendritic cells with
hepatic MDSCs. Addition of hepatic MDSCs decreases
OVA Tetramer™ CD8" T cell expansion caused by OVA-
pulsed dendritic cell immunization [6]. Using oncogene-
driven liver tumor models of distinct immunogenicity
where SV40 oncogene/antigen retention in the liver causes
local T cell tolerance, hepatic MDSC accumulation in the
liver does not result in hepatic cytotoxic T lymphocyte
unresponsiveness to tumor antigens in an in vivo cytotox-
icity assay [14]. These results have to be interpreted care-
fully, since both experiments do not recapitulate the in vivo
situation, where few antigen-specific intrahepatic CD8* T
cells and low antigen loads are present.

Immunomodulatory roles of tumor-induced hepatic
MDSCs

Hepatic MDSCs influence both innate and adaptive immune
responses by depleting nutrients utilized by lymphocytes,
promoting oxidative stress and reducing lymphocyte traffick-
ing to the liver (Fig. 1). These effects mediated by hepatic
MDSC:s are linked to metabolic consequences in the liver.
Liver metabolism is tightly controlled to regulate glu-
cose, lipid and amino acid processing. L-arginine contrib-
utes to liver lipid metabolism and is catabolized in the liver
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Fig. 1 Immune modulatory functions exerted by tumor-induced
hepatic MDSCs. a In mice bearing extrahepatic tumors, liver-infil-
trating CD11b™Gr1*™ MDSCs suppress T cell responses either by
depletion of L-arginine via ARG1 or by production of reactive oxy-
gen species through NOX2. Tumor-induced MDSC:s in the liver exert
impaired antigen-presenting capacity due to low expression levels
of MHC-II, glycoprotein CD1d and various co-stimulatory mol-
ecules. Hepatic MDSC-derived TGF-f1 induces NK cell anergy by

by arginase I into ornithine and urea. Interestingly, arginase
I has been shown to participate in tumor-induced immune
dysfunction and immune escape [20]. Increased activity of
arginase I by MDSCs leads to enhanced L-arginine catab-
olism and abolishes T cell function. It has been recently
demonstrated that tumor-induced hepatic MDSCs catabo-
lize L-arginine through arginase I, thereby depleting L-argi-
nine locally and suppressing T cell proliferation [5, 7, 21].
Hepatic MDSC-mediated catabolism of L-arginine contrib-
utes to T cell dysfunction.

Reactive oxygen species (ROS) and nitrogen species
(RNS) are chemically reactive by-products of oxygen and
nitrogen metabolism in cell signaling and homeostasis.
ROS and RNS metabolism is shared by all myeloid cells.
In the context of cancer, MDSCs release superoxide (O,7),
hydrogen peroxide (H,0,), peroxynytrite (PNT) and nitric
oxide (NO) catabolized by NADPH oxidases, arginase I
and inducible nitric oxide synthase (iNOS) in different
MDSC subsets. Release of PNT induces the nitration of
the T cell TCR. Then, T cells are not able to bind antigen-
specific peptides, leading to T cell dysfunction and antigen-
specific immune tolerance [22].

decreased IFN-y production and impaired ADCC. b In mouse models
of orthotopic liver tumors or hepatic metastases, hepatic MDSCs sup-
press T cell responses by depletion of L-arginine and induce NK cell
anergy through diverse mechanisms including NKG2D downregula-
tion. Liver MDSCs cause B cell dysfunction by inducing downregu-
lation of CD80 on B cells in a contact-dependent manner, resulting
in poor CD4™ T cell activation. In a mouse model of orthotopic liver
tumors, hepatic MDSCs express co-inhibitory receptor PD-L1

Tumor-induced hepatic MDSCs release high amounts
of ROS compared to their naive hepatic counterparts [7].
The production of ROS and RNS is tightly regulated in the
liver microenvironment since their release leads to hepato-
cyte killing and liver inflammation. A recent study shows
that accumulation of MDSC:s in the liver induced by extra-
hepatic tumors results in moderate liver damage [4]. This
effect is more prevalent in mice with growing tumor bur-
den and increasing serum transaminases that correlate with
more intense hepatic MDSC infiltration. Tumor-induced
hepatic accumulation of MDSCs influences the degree of
liver damage in the steady state.

Tumor-induced infiltration of MDSCs into the liver
affects the intrahepatic lymphocyte pool. Natural killer
(NK) cells comprise more than 15 % of intrahepatic lym-
phocytes in mice and human [23]. Li et al. [16] show in
orthotopic liver tumor models that intrahepatic NK cell
infiltration diminishes while MDSCs increase. Hepatic NK
cell numbers do not vary in mice bearing subcutaneous
tumors [4]. Tumor-induced hepatic MDSCs (regardless of
the site of tumor implantation) inhibit NK cell function and
cytotoxicity, reflected by low levels of interferon gamma
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Fig. 2 Schematic representa-
tion of tumor-induced MDSC
generation and migration into
the liver. Upon growth, tumor
masses secrete various factors
into systemic circulation,
reaching various organs such CXCLA
as the bone marrow and the CXCL5
liver. Once in the bone marrow, o [ CCL2
tumor-derived factors promote g%ois
the generation of immature S100A9 |
MDSCs, which express various °
chemokine receptors such as
CXCR4, CCR2, CXCR2 and
CXCRS. The liver releases
cytokines and chemokines such
as CXCL1, CCL2 and CCLS in
response to tumor-derived fac-
tors, resulting in MDSC recruit-
ment from the bone marrow and
accumulation in the liver

G-CSF
GM-CSF

vessel

(IFN-y). Hepatic MDSCs impair antibody-dependent cel-
lular cytotoxicity (ADCC), and liver tumor-infiltrating
NK cells decrease surface NKG2D (NK activating recep-
tor) expression in contact with MDSCs. This mechanism
of MDSC-induced immune suppression is dependent on
membrane-bound transforming growth factor beta 1(TGF-
B1), a multifunctional cytokine involved in HCC progres-
sion [24]. This body of work support that tumor-induced
hepatic MDSCs influence the intrahepatic NK cell pool by
promoting NK cell anergy.

B cells constitute (along with NK cells) the main intra-
hepatic lymphoid population. Although extrahepatic tumors
do not modulate the liver B cell pool [4], B lymphocytes
are essential to control local tumor growth in the liver in
different preclinical models [25, 26]. Hepatic B cells down-
regulate surface co-stimulatory CD80 expression by inter-
action with intrahepatic MDSCs in a colorectal liver metas-
tasis model, leading to decreased T cell activation [25].
CD80 downregulation in hepatic B cells is reversible in
the absence of MDSCs and dependent on Stat3 activity, a
crucial transcription factor regulating MDSC biology [27].
Therefore, hepatic B cell activity depends on the interaction
with the hepatic MDSC pool in the context of liver cancer.

Accumulation of MDSC:s in the liver: a chemokine
romance

The mechanisms underlying the accumulation of MDSCs

in tumors and in peripheral compartments are governed
by the cytokine/chemokine system [28, 29]. Chemokines
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induce migration of tumor-induced immature myeloid-
suppressive cells generated in the bone marrow to the
liver (Fig. 2). Hepatic MDSCs express chemokine recep-
tors such as CXCR2, CCR2, CXCR4 and CXCRS5 [13,
30]. Extrahepatic and liver tumors secrete large amounts
of CXCL1, CCL2, CCL5, CXCLS5, S100A8 and S100A9
[4, 5, 13, 26, 31]. These data point out the importance of
tumor-derived factors in modulating the immune myeloid
microenvironment.

Several studies provide a link between chemokines
and MDSC accumulation into the liver. Antibody block-
ade of CXCL1 reduces the influx of MDSCs to the liver
in mice bearing subcutaneous HCC [5]. Mice deficient in
the CXCL1 receptor CXCR2 show reduced accumulation
of MDSCs in mice bearing intraperitoneal tumors [6]. y3T
cells in the liver tumor microenvironment secrete interleu-
kin-17A (a pleiotropic cytokine associated with the defense
against microbial pathogens but also expressed in several
tumors [32]). Interleukin-17A induces CXCLS5 secretion
by the liver tumor mass, thus attracting CXCR2-expressing
MDSCs [13]. CCR2/CCL2 chemokine axis plays a pivotal
role in the migration of innate immune cells to the liver in
acute and chronic inflammation [33-35]. In a recent study,
antibody blockade or genetic ablation of CCR2 reduces
MDSC numbers and significantly decreases the occurrence
of colorectal metastasis into the liver [8]. In this model,
myeloid cell ablation using CD11b-DTR mice reveals that
CD11b" Gr1'™¥ monocytic MDSCs promote metastasis to
the liver. In this setting, CD11b™ Gr1'®" cells decrease the
expression of angiopoietin-like 7 in cancer cells, enhancing
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their metastatic potential by inducing tumor blood vessel
formation [36]. Therefore, tumor-induced CD11b* Gr1'¥
monocytic MDSCs accumulate in the liver in a CCR2-
dependent manner and promote metastasis formation by
facilitating tumor angiogenesis. In summary, these data
highlight the chemokine system as an attractive target with
therapeutic potential to decrease tumor-induced MDSC
recruitment to the liver.

Presence and functions of MDSCs in HCC patients

Numerous studies have reported the presence of MDSCs
in peripheral blood of patients with cancer [37]. Regard-
ing HCC, MDSCs accumulate in peripheral blood and in
the tumor of HCC patients [38—40]. Human MDSCs are
defined as CD11b"CD33"HLA-DR"*"/™¢, Monocytic and
granulocytic MDSC subsets are distinguished by the expres-
sion of the monocyte marker CD14. Likewise, monocytic
MDSCs are characterized in HCC tumor tissue and PBMCs
as CD14THLA-DR!¥ cells. Further phenotypic analysis did
not find differences between CD14" HLA-DR®” monocytic
MDSCs and CD14THLA-DR™ monocytes. Functional stud-
ies showing suppression of T cell proliferation and impaired
T cell-derived IFN-y production due to CD14*HLA-DR"¥
cells highlight human monocytic MDSCs as immunosup-
pressive [38]. Recent studies show that activated hepatic
stellate cells (a cell subset involved in the development of
liver fibrosis in pathological conditions) promote monocytic
CDI14THLA-DR™ cell conversion from mature CD14"
monocytes in a contact-dependent manner via CD44 expres-
sion [41] and catalase production [42].

Granulocytic CD14~CD15TCD11b*tCD33% MDSCs
from patient PBMCs are sensitive to sample cryopreser-
vation, a limiting factor for performing functional assays
[43]. Mesenchymal stem cells (multipotent stromal cells
very abundant in adipose tissue that can get mobilized
and derive into a variety of cell types, including hepato-
cytes) induce granulocytic CD14~CD11bTCD33" MDSCs
in vitro through the production of hepatocyte growth fac-
tor, associated with angiogenesis and tumorigenesis [44].
Recently, granulocytic MDSCs have been reported in
PBMCs from HCC patients [39], although no functional
studies were performed using this cell subset.

Human MDSCs exert immune suppressor mecha-
nisms, highlighting the translational relevance of MDSCs
in human liver disease. CD14" HLA-DR™“ monocytic
MDSCs from HCC patient PBMCs catabolize L-arginine
[38] and therefore abrogate IFN-y production by T cells.
Addition of exogenous L-arginine to the co-culture restores
IFN-y secretion. Human monocytic MDSCs isolated from
gastrointestinal cancer patient PBMCs express higher Argi-
nase I mRNA levels than CD14" HLA-DR"#" monocytes

[21]. vr-arginine catabolism by HCC-induced human
MDSCs influences T cell responses in vitro.

MDSCs from HCC patients influence the function of
diverse immune cell subsets. NK cells isolated from periph-
eral blood and tumor of HCC patients display reduced
cytotoxicity compared to naive controls [40]. CD147"
HLA-DR"®" monocytic MDSCs from HCC patient PBMCs
reduce NK cell cytotoxicity and IFN-y production in a con-
tact-dependent fashion by blocking the expression of the
activating NK cell receptor NKp30 [40]. Human monocytic
MDSC:s control NK cell activation in HCC.

T,eqs are key components involved in the maintenance
of peripheral immune tolerance. In the context of cancer,
Ticqs establish tumor-induced tolerance and thus promote
immune escape [45]. T, abundance among PBMCs and in
the liver has been linked to decreased CD8" T cell num-
bers, lacks T cell activation and is associated with poor
prognosis in HCC patients [46—48]. A recent study shows
highly suppressive T, expressing glycoprotein A rep-
etition predominant (GARP) and cytotoxic T lymphocyte-
associated protein 4 (CTLA-4) in the peripheral blood of
HCC patients [39]. Tumor-induced MDSCs promote the
expansion of natural (nT,,) and influence the conver-

regs.
sion of CD4" T cells int§ inducible FoxP3* T and
IL-10—expressing CD4™ T cells (Trl cells). We described
the interplay between MDSCs and T, in the context of
HCC [38]. We show that CD14+ HLA-DR'®" monocytic
MDSCs from HCC patient PBMCs convert CD4™ T cells
into FoxP3™" iT,.p- Human monocytic MDSCs also induce
IL-10 secretion by CD4" T cells, promoting the generation
of Trl cells. The human monocytic MDSC compartment

promotes T, expansion and function in HCC.

Therapeutic interventions affecting tumor-induced
hepatic MDSCs

In the context of cancer, several therapeutic regimes have
proven to modulate the tumor-induced hepatic MDSC pool.
These strategies either reduce MDSC infiltration in the
liver or exploit MDSC properties such as enhanced migra-
tion and plasticity in the liver using diverse therapeutic
agents to induce pro-inflammatory responses.

The Grl (clone RB6-8C5) antibody binds with high
affinity to Ly6G molecules and with less affinity to Ly6C
and is widely used to deplete CD11b*Gr1™ cells in tumor-
bearing models. Although Grl depletion is effective in the
tumor and in the periphery, tumor-induced MDSCs repopu-
late the liver in 24 h making Grl depletion less effective
in the liver [49]. Tumor-induced hepatic MDSCs die upon
Grl depletion, but there is an enhanced repopulation that
comes from the bone marrow. Although the reason under-
lying this lack of depletion remains unknown, there is
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confidence in the efficacy of MDSC-specific peptibodies in
depleting tumor-induced hepatic MDSCs [50].

Chimeric antigen receptor-modified T (CAR-T) cells
constitute a successful approach in the treatment of lym-
phoid cancers. The therapeutic efficacy of CAR-T cells
engineered against the carcinoembryonic antigen in hepatic
metastases is compromised due to the accumulation of
MDSCs [10]. In this model, hepatic MDSC accumula-
tion is dependent on GM-CSF, a growth factor that sup-
ports MDSC recruitment and blocks MDSC maturation
[1]. Hepatic MDSCs express programmed death ligand 1
(PD-L1), a co-inhibitory receptor that engages PD-1 in T
cells and inhibits TCR-mediated T cell activation and pro-
liferation. Therefore, PD-L1 on liver-infiltrating MDSCs
suppresses CAR-T cell proliferation and function. Decreas-
ing MDSC accumulation in the liver using anti-Grl, anti-
GM-CSF or blocking MDSC suppressive function using
anti-PD-L1 synergizes with anti-carcinoembryonic antigen
CAR-T cell therapy and results in anti-tumor responses.
Blockade of molecules involved in MDSC biology and
function enhances adoptive T cell therapy against colorec-
tal cancer metastases.

Multitarget receptor tyrosine kinase (RTK) inhibitor
sorafenib is the only approved systemic drug for the treat-
ment of unresectable HCC, but provides limited survival
benefits. Sorafenib slows tumor growth in subcutane-
ous HCC by decreasing T,,, and MDSC accumulation in
the spleen [51]. Interestingly, sorafenib has been recently
shown to decrease tumor burden. However, sorafenib
induces a compensatory accumulation of immune-sup-
pressive MDSCs, tumor-associated macrophages and T,
related to intratumoral hypoxia and CXCL12 in orthotopic
HCC models [52]. Combining sorafenib with CXCR4
chemokine receptor blocker AMD3100 achieved better
responses and decreased immune-suppressive cell recruit-
ment to the liver. Combination of sorafenib, AMD3100 and
checkpoint blockade inhibitor anti-programmed death-1
(PD-1) showed synergistic anti-tumor responses in treat-
ment of orthotopic HCC by promoting CD8* T cell infiltra-
tion from the tumor rim to the center.

Sunitinib is a RTK inhibitor with inferior overall sur-
vival in HCC patients when compared to sorafenib in a
phase III clinical trial [53]. Sunitinib modulates the tumor
microenvironment by decreasing tumor-infiltrating T,, and
MDSC numbers in an intrahepatic colorectal metastases
model [54]. This decrease was impaired in tumor-bearing
mice deficient for the tyrosine kinase receptor c-kit, thus
demonstrating a direct effect of sunitinib in MDSC reduc-
tion. Moreover, tumor-infiltrating MDSCs lose the expres-
sion of PD-L1 upon sunitinib treatment. Treatment of intra-
hepatic colorectal metastases using sunitinib combined
with anti-CD137 and an adenovirus coding for the immune
stimulatory cytokine interleukin-12 resulted in prolonged
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survival compared to anti-CD137 and adenovirus express-
ing interleukin-12 alone.

Oncolytic vectors are viruses that preferentially infect
and lyse cancer cells. Oncolytic therapy against cancer is
an attractive therapeutic modality. However, oncolytic vec-
tors lack tumor tropism. Taking advantage of the migration
capacity of MDSCs, a study used MDSCs as carriers for
oncolytic vesicular stomatitis virus therapy of intrahepatic
tumors [55]. Eisenstein et al. showed that MDSCs are the
best cell subset in migrating to intrahepatic tumors. When
MDSCs are infected with vesicular stomatitis virus, the
combination significantly prolonged survival of tumor-bear-
ing mice compared to free virus [55]. Interestingly, vesicular
stomatitis virus infection enhances iNOS rather than argin-
ase I catabolism in MDSCs and promotes tumor cell kill-
ing, therefore polarizing MDSCs toward a pro-inflammatory
phenotype. MDSCs infected with oncolytic viruses serve as
a trojan horse in the liver tumor microenvironment.

The accumulation of tumor-induced MDSCs in the liver
can lead to unwanted side effects in therapeutic settings.
Tumor-bearing mice suffer severe liver damage compared to
naive counterparts in two models of immune-mediated hepa-
titis. Hypothetically, tumor-induced hepatic MDSCs would
contribute to suppress hepatitis in the liver, but the oppo-
site was observed [7]. Tumor-induced hepatic MDSC pool
increased upon acute hepatitis and MDSCs acquired not only
functional but also phenotypic characteristics of pro-inflam-
matory myeloid cells. The severity of hepatic damage was
caused by enhanced production of ROS by tumor-induced
hepatic MDSCs [7]. Therefore, hepatic MDSCs are polarized
toward inflammatory myeloid cells upon local inflammation.

Antibody-based immunotherapies are of great inter-
est in the oncology field. As the use of immunotherapies
increases, so do the concerns about their adverse effects
in clinical settings. Agonistic antibodies to tumor necro-
sis factor receptor molecules such as activating CD137
and CD40 antibodies have shown promising results along
with liver-related toxicities in both preclinical and early
clinical settings. CD137 agonistic antibody induces acute
liver damage by increasing the infiltration of intrahepatic
CD8" T cells. Systemic administration of interleukin-6
after CD137 agonistic antibody injection promotes recruit-
ment of MDSCs to the liver. MDSC accumulation in the
liver decreases the proliferation of CD8" T cells and alle-
viates liver damage [56]. Our group and others reported
that systemic administration of CD40 agonistic antibody
increased liver damage transiently, highlighting the impor-
tance of finding administration routes without liver toxicity.
CD40 agonistic antibody-induced liver damage is mediated
by tumor-induced hepatic MDSCs in subcutaneous and
liver metastases models and is dependent on ROS produc-
tion [21]. CD40 agonistic antibody-induced expression of
co-stimulatory molecules CD40 and CD80, enhanced loss
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Fig. 3 Differences between tumor-induced splenic and hepatic
MDSCs in suppressing antigen-specific CD8' T cell proliferation.
a Hepatic and splenic CD11b™ Gr1™ cells from EL-4 tumor-bearing
mice (n = 4) were FACS sorted. b Hepatic and splenic CD11b" cells
from B16 GM-CSF tumor-bearing mice (n = 2) were MACS sorted.

of arginase I activity and stimulated ROS production by
hepatic MDSCs resulting in increased hepatocyte cell death
in vitro. Importantly, decreased arginase I mRNA levels
and enhanced ROS production were assessed in CD14%
HLA-DR™ monocytic MDSCs from peripheral blood
mononuclear cells (PBMCs) as well as impaired T cell sup-
pression in vitro. CD40 agonistic antibody treatment pro-
motes hepatic MDSC polarization into pro-inflammatory
myeloid cells.

In conclusion, therapeutic modulation of tumor-induced
hepatic MDSCs in preclinical models has important conse-
quences in local tumor growth in terms of decreasing their
suppressive function. Strategies inducing hepatic MDSC
polarization would elicit potent local immune responses
with the adverse effect of increasing liver toxicity. Addi-
tional data on CD40 agonists in intrahepatic tumors would
determine whether the therapeutic activity overlaps liver
toxicity, offering a new immune modulatory compound in
the fight against HCC.

There are few clinical studies addressing potential strate-
gies to target MDSCs in human cancer [37]. A recent study
shows how 5-phosphodiesterase inhibitor tadalafil induces
the reduction in MDSC and T, frequencies in peripheral
blood and a decrease in Arginase I mRNA expression by
MDSCs in head and neck cancer patients [57]. There are no
data available in the context of HCC. Similar to the preclin-
ical field, efforts must be directed to thoroughly character-
ize MDSCs in human HCC. This would turn into develop-
ing novel therapies aimed to target MDSC plasticity toward
mature, pro-inflammatory cells that would potentiate anti-
tumor immune responses.

Outlook and future directions

During the last decade, our basic understanding of tumor-
induced hepatic MDSCs has broadened extensively. Liver
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In both conditions, sorted cells were cultured with 10’ CFSE-labeled
OT-I splenocytes at different ratios in the presence of OVA,s;_ 564 Pep-
tide (0.1 g/ml). Proliferation of CFSET CD8" T cells was evalu-
ated after 48 h by flow cytometry. Data are shown as mean £+ SEM.
*p <0.05, **p < 0.01, ***p < 0.005; Student’s # test

MDSCs comprise a singular, immune-suppressive myeloid
cell subset. MDSCs display unique dynamics in hepatic
repopulation after depletion compared to other peripheral
organs and lose their immune-suppressive capacity upon
inflammatory insults to the liver.

There is a lack of studies focused on analyzing the dif-
ferences in the immunobiology of tumor-induced MDSCs
that accumulate in organs such as the pancreas and the liver
and their peripheral counterparts in spleen and blood. A
study shows that pancreatic CD11b% Grl* cells isolated
from pancreatic tumors in a model of spontaneous pancre-
atic ductal adenocarcinoma suppress antigen-specific T cell
proliferation in vitro to a larger extent than their splenic
counterparts [58]. In line with this, preliminary data from
our laboratory show that tumor-induced hepatic MDSCs
from two unrelated extrahepatic tumor models are more
suppressive than splenic MDSCs in vitro (Fig. 3). Although
the underlying mechanism remains unknown, progress in
our understanding of the organ-specific accumulation of
tumor-derived factors might help to unravel differences
between liver accumulating and peripheral MDSCs in
terms of immune regulation.

Progress must be made in deciphering the expression
and impact of regulatory molecules discovered in liver
pathologies on tumor-induced hepatic MDSCs. Molecules
such as the alarmin interleukin-33 and the leptin galectin-3
have been associated with liver fibrosis and cancer [59,
60], but their role on hepatic MDSCs remains unexplored
and could unravel novel mechanisms of MDSC-mediated
immune suppression in the liver.

Albeit notable, the findings highlighted in this review
have been obtained mainly using preclinical models with
extrahepatic or intrahepatic implanted tumors. The majority
of these models do not reflect the clinical situation, where
most of the HCC patients have underlying liver cirrhosis
as a consequence of lifelong chronic liver inflammation.
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Obesity is recognized as a major risk of HCC [61].
Although there is a study linking obesity to MDSC accu-
mulation in the liver [62], the lack of models mimicking
obesity-induced HCC complicates the study of hepatic
MDSCs. Therefore, developing new preclinical tumor
models that recapitulate human pathogenesis in liver cancer
not only would shed light on the regulatory mechanisms
exerted by hepatic MDSCs, but would also point out poten-
tial targets to approach in therapeutic settings.

Concentrating resources in addressing these impor-
tant topics would have direct implications in the study of
MDSCs in patients suffering HCC. It has to be considered
the gap between preclinical and clinical MDSC research in
HCC. Unfortunately, few studies use human MDSCs iso-
lated from HCC biopsies and human peripheral blood is
the standardized source for MDSCs. More progress toward
understanding the mechanisms underlying MDSC accu-
mulation in the peripheral blood of cancer patients and a
thorough definition of human MDSC phenotype must be
achieved. Clinical studies aiming at specifically targeting
MDSCs from HCC patients will help broaden the palette of
immune-targeted therapies against HCC.
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