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in the digestive system, which together represent the most common form of can-

nostics and treatment, the incidence and mortality rate of GI cancer are on the
rise. Myeloid-derived suppressor cells (MDSCs) are a heterogeneous population

Abbreviations: GI, gastrointestinal; MDSCs, myeloid-derived suppressor cell; WHO, World Health Organization; TAMs, tumor associated
macrophages; IMCs, immature myeloid cells; PMNs, pre-metastatic niches; PBMC, peripheral blood mononuclear cells; CI, confidence interval; EC,
esophageal cancer; ESCC, esophageal squamous-cell carcinoma; GC, gastric cancer; CRC, colorectal cancer; HCC, hepatocellular carcinoma; PC,
pancreatic cancer; HNSCC, head and neck squamous cell carcinoma; DCs, dendritic cells; M-MDSC, monocytic MDSCs; G-MDSC, granulocytic
MDSCs; ROS, reactive oxygen species; GM-CSF, granulocyte macrophage colony-stimulating factor; TDFs, tumor-derived factors; SLFN4t,
Schlafen4™; ARGI, arginase I; NOS2, nitric oxide synthase 2; ADP, adenosine diphosphate; iNOS, inducible nitric oxide synthase; IL-6, interleukin 6;
IL-8, interleukin 8; PI3K-AKT, phosphatidylinositol 3-kinase (PI3K)/protein kinase B (AKT); NOX-2, NADPH oxidase 2; TGFp, transforming growth
factor B; PD-L1, programmed death-ligand 1; IDO, indoleamine 2, 3-dioxygenase; TCR, T-cell receptor; IFN-y, interferon y; CDK-4, cyclin-Dependent
Kinase 4; CCL2, C-C motif chemokine ligand 2; STAT1, signal transducer and activator of transcription 1; ADCC, antibody-dependent cellular
cytotoxicity; NF-xB, nuclear factor kappa-light-chain-enhancer of activated B cells; G-CSF, granulocyte colony-stimulating factor; IL-3, interleukin 3;
IL-10, interleukin 10; PDGF, platelet-derived growth factor; STAT3, signal transducer and activator of transcription 3; Th, T helper; T-bet, T-box
transcription factor TBX21; GATA3, GATA Binding Protein 3; NKT, natural killer T; IL-13, interleukin 13; IL-4R, interleukin 4R; STAT®6, signal
transducer and activator of transcription 6; Treg, regulatory T cell; NKG2D, natural killer group 2 member D; IL-12, interleukin 12; TLR, Toll-like
receptors; HIF-1a, hypoxia-inducible factor; NKP30, natural killer protein 30; FAS-L, Fas ligand; M-CSF, macrophage colony-stimulating factor;
VEGF, vascular endothelial growth factor; ENTPD2, ectonucleoside triphosphate diphosphohydrolase 2; ATP, adenosine triphosphate; 5’-AMP,
adenosine 5’-monophosphate; CTLs, cytotoxic T lymphocytes; MMPs, matrix metalloproteinases; MAC-1, macrophage-1 antigen; ICAM-1, intercellular
adhesion molecule-1; CTCs, circulating tumor clusters; NETSs, neutrophil extracellular traps; NRF2, nuclear erythroid 2-related factor 2; ARE,
antioxidant responsive element; CAFs, cancer associated fibroblasts; TDSFs, tumor-derived suppressor factors; FAP, fibroblast activation protein;
a-SMA, alpha smooth muscle actin; CXCL1, C-X-C motif chemokine ligand 1; CXCR2, C-X-C motif chemokine receptor 2; MCP-1, monocyte
chemoattractant protein 1; CCL5, C-C motif chemokine ligand 5; CCL12, C-C motif chemokine ligand 12; CCL9, C-C motif chemokine ligand 9; CCL15,
C-C motif chemokine ligand 15; CXCL17, C-X-C chemokine ligand 17; VEGFA, vascular endothelial growth factor A; MMP9, matrix metalloproteinases
9; Bv8, bombina variegate peptide 8; SI00A8/A9, S100 calcium-binding protein A8/A9; TME, tumor microenvironment; IL-13, interleukin-13; Nlrp3,
NOD-like receptor family pyrin domain containing-3 protein; IL-17, interleukin-17; TRAIL-Rs, TNF-related apoptosis-induced ligand receptors; SCF,
stem-cell factor; KIT, stem cell factor receptor; GIST, gastrointestinal stromal tumors; CAR-T cells, chimeric antigen receptor T cells; ATRA, all-trans
retinoic acid; GSS, glutathione synthase; 4-NQO, 4-nitroquinoline 1-oxide; CCR7, C-C chemokine receptor 7; CpG ODN, CpG motif-containing
oligodeoxynucleotides; pDCs, plasmacytoid DCs; IFN-«, interferon-o; CSFIR, colony-stimulating factor 1 receptor; CXCR2, C-X-C motif chemokine
receptor 2; STING, stimulator of interferon genes; HSC, hepatic stellate cell; SDF-1, stromal cell-derived factor 1; PDE-5, phosphodiesterase-5; CIKs,
cytokine-induced killers; L-NOHA, N omega-Hydroxy-L-arginine; L-NMMA, NG-monomethyl L-arginine; ENO1, a-enolase; LPS, lipopolysaccharides;
Tcl7 cells, CD8*T cell with the production of interleukin 17; IL-23, interleukin-23; VEGFR2, vascular endothelial growth factor receptor 2; MUCI1,
mucinous glycoprotein 1

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium,
provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2021 The Authors. Cancer Communications published by John Wiley & Sons Australia, Ltd. on behalf of Sun Yat-sen University Cancer Center

Cancer Communications. 2021;1-30. wileyonlinelibrary.com/journal/cac2 | 1


https://orcid.org/0000-0001-7638-2429
https://orcid.org/0000-0003-2643-6278
mailto:gracelfu@szu.edu.cn
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://wileyonlinelibrary.com/journal/cac2

CUI ET AL.

L WILEY

Funding information

National Natural Science Foundation of
China, Grant/Award Numbers: 81772957,
82002546; China Postdoctoral Science
Foundation, Grant/Award Number:
2020M672815; National Key R&D Pro-
gram of China, Grant/Award Number:
2017YFA0503900; Science and Technology
Program of Guangdong Province in China,
Grant/Award Number: 2019B030301009;
Industry and Information Technology
Foundation of Shenzhen, Grant/Award
Number: 20180309100135860; SZU Top
Ranking Project, Grant/Award Number:
86000000210

of immature myeloid cells that increase in number under certain pathological
conditions, such as infection and inflammation, and this expansion is of partic-
ular relevance to cancer. MDSCs are heavily involved in the regulation of the
immune system and act to dampen its response to tumors, favoring the escape of
tumor cells from immunosurveillance and increasing both metastasis and recur-
rence. Several recent studies have supported the use of MDSCs as a prognostic
and predictive biomarker in patients with cancer, and potentially as a novel treat-
ment target. In the present review, the mechanisms underlying the immunosup-
pressive functions of MDSCs are described, and recent researches concerning the
involvement of MDSCs in the progression, prognosis, and therapies of GI can-
cer are reviewed. The aim of this work was to present the development of novel
treatments targeting MDSCs in GI cancer in the hope of improving outcomes for
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1 | INTRODUCTION

Gastrointestinal (GI) cancer accounts for a third of all new
diagnoses and a similar proportion of cancer-associated
mortality worldwide, and its incidence and mortality rate
are on the rise [1, 2]. A number of malignancies fall under
the wide umbrella of GI cancer, including esophageal can-
cer (EC), gastric cancer (GC), colorectal cancer (CRC),
hepatocellular carcinoma (HCC), and pancreatic cancer
(PC) [3, 4]. Current research shows that the estimated
number of increased GI cancer cases (not include pancre-
atic cancer) in both sexes and ages were 4,296,333 (23.8%)
and the number of deaths was estimated at 2,953,693
(30.9%) in 2018, which promotes GI cancer to be the largest
public health concern in general [1]. According to the
World Health Organization (WHO), the number of deaths
from cancer will increase by nearly 80% by 2030 world-
wide, with most occurring in low- and middle-income
countries [5]. A broad range of therapeutic strategies has
been developed to treat these diseases, which include
surgery, chemotherapy, radiotherapy, and immunother-
apy. While these approaches have improved outcomes for
patients with GI cancer, the overall survival rate of these
patients remains relatively poor [6, 7]. This is at least in
part due to the tendency of GI cancer to resist chemother-
apy and escape immune surveillance via the activation and
expansion of the populations of immunosuppressive cells,
such as myeloid-derived suppressor cells (MDSCs), regula-
tory T-cell (Treg) as well as tumor-associated macrophages
(TAMs), leading to immunosuppression and an increased
propensity for metastasis [8-10].

patients with this condition.
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MDSCs are a heterogeneous population of immature
monocytes and granulocytes that have been observed in a
number of murine tumor models, where they are identi-
fied by their expression of the CD11b and Gr-1 markers [11].
In humans, similar populations of immature myeloid cells
(IMCs) were initially described in head and neck squa-
mous cell carcinoma (HNSCC) [12], and their presence
has since been well-documented in cancers of the esoph-
agus, stomach, pancreas, colon, and skin [13-15]. MDSCs
accumulate in tumor sites (both primary and metastatic),
where they inhibit T-cell-mediated tumor clearance, and
have also been found to suppress natural killer (NK) cell
populations [11, 16, 17]. Furthermore, MDSCs appear to
confer some level of protection to circulating tumor cells
and to be involved in the formation of pre-metastatic
niches (PMNs), which encourage the invasion of can-
cer cells [18]. Their involvement in this process has been
known for decades; in the 1970s, the “seed and soil”
hypothesis was conceived by Paget [19], describing the link
between tumor metastasis and MDSCs. More recently, in
2005, PMNs were defined for the first time as the spe-
cific cell microenvironment that favors the colonization of
metastatic cancer cells in distant organs [20].

In GI cancer patients, MDSCs levels are closely asso-
ciated with both therapeutic efficacy and overall clinical
outcome [21]. For example, Limagne et al. [22] reported
that accumulation of MDSCs in metastatic CRC patients
was correlated with the efficacy of a 5-fluorouracil
(5-FU), oxaliplatin, and bevacizumab treatment reg-
imen. Markowitz et al. [23] studied the correlation
between MDSC frequency in peripheral blood mononu-
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clear cells (PBMCs) and disease progression among 16
chemotherapy-treated PC patients and found that a higher
chance of progression was observed in the patients with
increased frequency of MDSCs in peripheral blood (P
= 0.0013). A meta-analysis showed that the combined
hazard ratio for overall survival of GI cancer patients in the
association between MDSC level and prognosis was 1.26
(95% confidence interval [CI] = 1.10-1.44, P = 0.0003) [21].
Karakasheva et al. [24] reported that CD38" monocytic
MDSC (M-MDSC) expansion could be associated with a
subset of advanced CRC patients. Additionally, a recent
study showed that peripheral circulating MDSCs were sig-
nificantly correlated with the prognosis of ESCC patients
[25]. Since substantial progress has been made in recent
years towards understanding the function of these cells,
as well as their genomic and biochemical characteristics
[26-28], further investigation into their role in GI cancer
is still required. In this review, we summarize the known
functions and effects of MDSCs in GI cancer, as well as
detail the involvement of MDSCs in immunosuppression,
metastasis, and prognosis. The aim of this work was to
present the development of novel treatments targeting
MDSCs in GI cancer in the hope of improving outcomes
for patients with this condition.

2 | THE ORIGIN AND PHENOTYPE OF
MDSCS IN CANCERS

MDSCs are a heterogeneous population of cells that
include both myeloid progenitors and IMCs. Under
healthy conditions, IMCs are formed in the bone marrow
and rapidly differentiate into mature macrophages, den-
dritic cells (DCs), or granulocytes [11]. However, IMCs are
often prevented from fully differentiating into mature cells
under certain pathological conditions, including cancer
[12, 11], infection [29], sepsis [30], trauma [31], and some
autoimmune disorders [32], leading to an expansion of this
population.

In tumor bearing mice, two main MDSC subtypes have
been identified, termed granulocytic MDSCs (G-MDSC)
and monocytic MDSCs (M-MDSC), respectively [33]. G-
MDSC is defined as CD11b*Ly6G* Ly6Clo"/~ cells, while
M-MDSC is defined as CDI11b*Ly6G!°"/~Ly6Chigh cells.
Both of these cell subsets are expanded in murine tumor
models and have primarily been documented in the bone
marrow, peripheral blood, spleen, liver and lung tissues,
and a range of tumor tissues [34].

In humans, MDSC populations are even more complex.
In 1995, MDSCs bearing the cell surface marker CD34 was
first reported in HNSCC patients [12]. Further researches
defined the criteria for the phenotypic characterization of
these cells by flow cytometry [35, 36]. Among the human
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PBMCs, M-MDSC is defined as CD14* while G-MDSC is
CD15%, and both these subsets are HLA-DR™CD33%. A
further subset of HLA-DR™CD33" lineage-negative (Lin ™)
early MDSCs (e-MDSCs) has since been proposed, which
lack the expression of mature cell lineage markers such
as CD3, CDi14, CD15, CD19 and CD56. This subset con-
tains mixed groups of MDSCs and is comprised of more
immature progenitors [37]. In healthy individuals, IMCs
with the phenotype described above comprise ~0.5% of
PBMCs [11]. Importantly, the evidence indicates that these
subpopulations may have different functions in cancer
[38], infections [39], and autoimmune diseases [32], with
both G-MDSC and M-MDSC populations being expanded
in those cases. Youn et al. [40] reported that the expan-
sion of G-MDSC population was greater than that of M-
MDSC subset in the spleen of 10 different tumor models
of lung, breast, colon, melanoma, and sarcoma in three
different strains of mice. They also found that the two
subpopulations used different mechanisms to suppress
T-cell function: G-MDSC mainly generated reactive oxy-
gen species (ROS), whereas M-MDSC mainly produced
nitric oxide (NO). As MDSCs are a group of myeloid
cells comprised of precursors of macrophages, granulo-
cytes, and DCs at earlier stages of differentiation, these
two subsets of MDSCs remained in different differentia-
tion directions. Previously, it has been reported that 20%
of G-MDSCs differentiated to F4/80" macrophages com-
pared with more than 60% of cells differentiated from M-
MDSCs in an in vitro culture system with granulocyte
macrophage colony-stimulating factor (GM-CSF). Addi-
tionally, 10% of G-MDSC differentiated into CD11ct DCs,
whereas more than 50% of cells differentiated from M-
MDSC were CD11ct cells [40]. Therefore, M-MDSCs have
been found to be restricted to mature macrophages and
DCs in vitro more than G-MDSCs, and various tumor-
derived factors (TDFs) produced by different tumor cells
define the expansion of MDSC subsets.

From the perspective of GI cancer, multiple reports
have shown involvement of MDSCs in tumor progres-
sion. For instance, Ding et al. [41] have demonstrated
that bone marrow-derived Schlafen4*(SLFN4%) MDSCs
could migrate to the stomach during Helicobacter infec-
tion. Later, they found that high MiR-130b expression in
SLFN4*t MDSCs was responsible for neoplastic stimula-
tion before GC. Mechanistically, miR-130b-mediated inhi-
bition of cylindromatosis (Cyld) leads to release/activation
of NF-kB, which in turn promotes MDSC immunosup-
pression via up-regulating the expression of arginase I
(ARG1) and nitric oxide synthase 2 (NOS2). Suppression
of miR-130b impaired MDSCs function and restored CD8*
cytotoxic T-cell infiltration of the stomach. Moreover, ele-
vated levels of miR-130b were found in the serum of both
Helicobacter-infected mice and gastric cancer patients that
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correlated with the respective metaplastic changes in the
stomach, showing a strong correlation with pre-neoplastic
changes prior to GC [42]. CD38 is a transmembrane gly-
coprotein and belongs to the ADP-ribosyl cyclase fam-
ily, possessing both ectoenzyme and receptor functions. It
was first reported by Karakasheva et al. [24] that CD38high
MDSCs are more immature than MDSCs lacking CD38
expression, possess a greater capacity to suppress acti-
vated T cells, and promote tumor growth to a greater
degree, with an increased inducible nitric oxide synthase
(iNOS) production in EC. Later, Karakasheva et al. [43]
also proved that CD38% M-MDSC expansion character-
izes a subset of advanced CRC patients, and targeting M-
MDSCs with an anti-CD38 monoclonal antibody would
bring a benefit to the metastatic CRC patients. In GC
patients, the nature of most MDSCs has been recognized
as granulocyte-like cells or monocyte-like cells, which
have been reported in many studies [44, 45]. Recently,
a novel subset of CD45"CD33°VCD11b4™ MDSCs in GC
patients was identified by Zhuang’s group [46]. Compared
to healthy individuals, CD45"CD33°YCD11b4™ MDSCs
morphologically resembled neutrophils with the expres-
sion of CD66b, showing a more immunosuppressive func-
tion. Serum IL-6 and IL-8 derived from GC patients could
activate granulocytic MDSCs to express ARG1 through
the PI3K/AKT signalling pathway. Evidence showed that
the percentage of CD45*CD33°VCD11bY™ MDSCs in the
peripheral blood and the levels of IL-6, IL-8, and ARGI in
the serum were positively correlated with GC progression
and negatively correlated with overall patient survival.
Nevertheless, it remains unclear whether these special
subsets of MDSCs would lead to a resistance to anti-cancer
therapy, such as chemoresistance, as current treatments
for GI cancer patients retain little effect. From a personal
opinion, apart from the reported agents or clinical trials,
other cytokines, chemokine ligands/receptors, genes and
molecules, especially those first reported in GI cancer that
affect the number and function of MDSCs, could be poten-
tial therapeutic targets and promising drugs for GI cancer.

3 | THE UNDERLYING MECHANISMS
OF MDSC-MEDIATED
IMMUNOSUPPRESSION IN GI CANCER

Suppression of the immune system is a primary function
of MDSCs in cancer and occurs both through direct
targeting and release of soluble mediators that regulate
immune response [11]. The main factors involved in
MDSC-mediated immune suppression includes ARGI,
iNOS, NADPH oxidase 2 (NOX-2), ROS, transforming
growth factor 8 (TGFfB), programmed death-ligand 1
(PD-L1), and indoleamine 2,3-dioxygenase (IDO), which

specifically target T cells and other immune cells [34]
(Figure 1).

3.1 | L-arginine mechanisms

MDSC-induced immunosuppression is associated with
increased L-arginine metabolism in the tumor microen-
vironment [38]. L-arginine serves as a substrate for both
arginases, particularly ARGI [47, 48], and iNOS (generates
NO) [49]. These enzymes are strongly expressed in MDSCs,
where they function as T-cell inhibitors. In GC patients,
depletion of arginine reduces T-cell receptor (TCR) expres-
sion and suppresses both T lymphocyte proliferation and
interferon-y (IFN-y) production [50-52]. The mechanism
of impaired proliferation of T cells was demonstrated pre-
viously that ARG1 converts arginine from the microenvi-
ronment into urea and L-ornithine, leading to cell cycle
arrest at GO-G1 phase in T cells via the up-regulation of
cyclin D3 and cyclin-dependent kinase 4 (CDK-4), limit-
ing T-cell activation and proliferation [53]. In GC patients,
ARG1T MDSCs have been found to accumulate in the
peripheral blood of patients and foster immunosuppres-
sion and cancer progression [54, 55]. Furthermore, MDSCs
have been found to suppress CD8*' T-cell activity through
ARGI1-mediated IL-6/IL-8 axis in GC [46]. In a colon tumor
model (CT26 cells), the presence of ARG1 impairs the
proliferation of tumor-infiltrating CD8" T cells and NK
cells, as well as the production of inflammatory cytokines
and expression of interferon-inducible genes [56, 57]. The
link between immunosuppression and iNOS expression
by MDSCs is well established in different cancer types.
In GI cancer, NO not only mediates MDSCs’ inhibitory
effects on the proliferation and function of immune cells
[58] but also regulates the nitration of the CCL2 chemokine
by diminishing CD8*% T-cell infiltration [59]. Markowitz
et al. [60] demonstrated that MDSC-derived NO medi-
ates the inhibition of antigen presentation from DCs to
CD4* T cells through STATI nitration in pancreatic tumor
model. They have also demonstrated that MDSC-derived
NO impairs the Fc receptor-mediated proliferation and
function of NK cells through multiple mechanisms includ-
ing the reduction of the antibody-dependen T-cellular
cytotoxicity (ADCC) of NK cells and inhibition of IFN-
y production in pancreatic tumor model [61]. In murine
esophageal tumor model, CD38"&" MDSCs were found
producing high iNOS level, likely due to NF-xB activation
in these cells [24]. In colitis-associated colorectal cancers,
granulocyte colony-stimulating factor (G-CSF) has been
reported to increase the level of iNOS™ MDSCs, which in
turn supported tumor immune escape. In contrast, block-
ing G-CSF could reduce the expression of iNOS in MDSCs
[62].
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FIGURE 1 Molecular mechanisms involved in MDSC-mediated immunosuppression in GI cancers. In GI cancer, MDSCs accumulate

and expand in the tumor microenvironment that regulated by the expression of STAT3, with TDFs, exosomes, and hypoxia-inducible factor
1a, etc. MDSCs suppress proliferation and function of T cells and NXK cells through the enzymes of ARG1 and iNOS, ROS, and expression of
PD-L1. Peroxynitrite (ONOO™) causes the nitration of the CCL2 chemokine, which diminishes CD8* T-cell infiltration. At the same time, NO
production can suppress DCs antigen presentation to CD4" T cells. Additionally, the effect of ADCC function and anergy of NX cells are
induced by the production of NO and the inhibition of NKG2D by TGFp, respectively. While the expression of NKP30 ligand on MDSCs
induces NK cell apoptosis, activation of TRAIL receptor could lead MDSC apoptosis conversely. MDSC-derived IL-10 suppresses DCs’
function, promotes M2 macrophage differentiation, and increases the number and immunosuppression of Treg. MDSC-derived TGFf can
promote Treg expansion and immunosuppression as well. In return, MDSCs secret MMPs, exosomes, and VEGF to promote GI cancer cell
proliferation and metastasis. The specific markers of CD38" and SLFN4* MDSCs were first reported in GI cancer. MDSCs, myeloid-derived
suppressor cells; M-MDSC, monocytic MDSCs; G-MDSC, granulocytic MDSCs; GI cancer, gastrointestinal cancer; TDFs, tumor derived
factors; MMPs, matrix metalloproteinases; VEGFs, vascular endothelial growth factors; HIFs, hypoxia-inducible factors; PDI1, programmed cell
death protein 1; PD-LI, programmed death-ligand 1; TCR, T-cell receptor; CDK4, cyclin-dependent kinase 4; ARGI, arginase I; NK cells, natural
killer cells; NKP30, natural killer protein 30; iNOS, inducible nitric oxide synthase; NO, nitric oxide; ONOO-, peroxynitrite; MHC II, major
histocompatibility complex class 2; CCR2, C-C motif chemokine receptor 2; NF-kB, nuclear factor kappa-light-chain-enhancer of activated B
cells; MiR-130b, microRNA 130b; SLFN4, Schlafen4; TGFp, transforming growth factor §; NKG2D, natural killer group 2 member D; Foxp3,

forkhead box P3; Treg, regulatory T-cell; IL-10, interleukin 10; IL-12, interleukin 12; TAMs, tumor associated macrophages; DCs, dendritic

cells; STAT3, signal transducer and activator of transcription 3

3.2 | ROS generation

ROS is also produced by MDSCs and has emerged as one of
the main immunosuppressive mechanisms in both tumor-
bearing mice and cancer patients [63-66]. Increased gen-
eration of ROS by MDSCs is induced by TDFs, includ-
ing TGFg, IL-3, IL-6, IL-10, platelet-derived growth fac-
tor (PDGF) and GM-CSF [67, 68]. High ROS levels in the
colon carcinoma microenvironment down-regulated the
response of antigen-specific T cells by altering their expres-
sion of CD3¢ chains; in PC patients, a high level of ROS was

correlated with the reducing cytokine secretion [69, 70].
Nagaraj et al. [71] showed that the nitration of TCR on CD8
T cells was induced by ROS and peroxynitrite generated
from MDSCs during direct T-cell-cell contact in a MC38
xenograft model. MDSCs also suppressed T-cell prolifera-
tion to favor tumor cell growth via ROS in CRC [72]. Again,
in colon tumor models (CT26 and MC38 cells), the up-
regulated activity of NOX-2, primarily p47°P°% and gp91°Phox
subunits, produces ROS in MDSCs, which is mediated by
STAT3 [73].
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3.3 | Cytokine secretion

TGFp and IL-10 are two other soluble cytokines that are
secreted by MDSCs and have been found to be involved in
the suppression of T cells and NK cells and in macrophage
polarization, respectively. Previously, TGFf was reported
to target CD4" T helper (Th) lymphocytes undergoing
differentiation towards Thl and Th2 phenotypes through
inhibiting T-box transcription factor TBX21 (T-bet) and
GATA-binding protein 3 (GATA3) expression [74-76]. In
an early stage of GI cancer, CD1d-restricted natural killer
T cells have been reported to induce TGFS production by
MDSCs through an IL-13-IL4R-STAT6 signaling pathway;
abrogation of this population of cells partially enhanced
the antitumor immunity in a CT26 colon tumor model [77].
In the MCAZ26 colon tumor model, MDSCs were reported
to suppress Ag-specific CD4™ T cells by promoting the
development of inducible CD4+CD25* Foxp3t Treg via the
production of TGFf as well as IL-10 [17]. In return, Treg
cells support MDSC functions to promote an immunosup-
pressive environment that is suitable for tumor progres-
sion as well [78, 79]. In a hepatocellular tumor model,
membrane-bound TGFf1 in MDSCs can directly inhibit
natural killer group 2 member D (NKG2D) expression
and IFN-y production of NK cells, inducing anergy of NK
cells [16]. For IL-10, a study showed that IL-10 secretion
by MDSCs induced macrophage polarization towards the
M2 type with reduced IL-12 secretion [80]. Similarly, in a
hepatocellular tumor model, the secretion of IL-10 from
MDSCs suppressed the function of DCs as well, which
inhibited Toll-like receptor (TLR)-induced IL-12 produc-
tion and reduced DC-mediated activation of T cells [81].

3.4 | Other factors

Other factors involved in the immunosuppressive func-
tion of MDSCs, such as hypoxia-inducible factor 1-alpha
(HIF-1ar), PD-L1, natural killer protein 30 (NKP30) lig-
and, IDO, and NOX-2, have all been well reported. For
example, Noman et al. [82] demonstrated that MDSCs at
the tumor site showed a differential expression of PD-
L1 as compared with MDSCs from the spleen, which
was caused by the HIF-1a expression that selectively up-
regulated PD-L1 on splenic MDSCs in tumor-bearing mice.
Further blockade of PD-L1 under hypoxia was accompa-
nied by the down-regulation of IL-6 and IL-10 in MDSCs
and enhanced T-cell activation. Meanwhile, PD-L1 and
Fas ligand (FAS-L) were also found to be expressed
on the surface of MDSCs, promoting T-cell apoptosis
[83-85]. As shown in in vitro culture system and clin-
ical investigation, PD-L1* MDSCs could be induced by

macrophage colony-stimulating factor (M-CSF) and vas-
cular endothelial growth factor (VEGF) released by a liver
cancer cell line; peripheral blood collected from HCC and
CRC patients had significantly higher frequency of PD-
L1* MDSCs compared to those from healthy donors and
patients after treatment [86, 87]. Again, in a hepatocellu-
lar tumor model, HIF-1a induced ectonucleoside triphos-
phate diphosphohydrolase 2 (ENTPD2) expression in the
liver cancer cells; ENTPD2 converted extracellular adeno-
sine triphosphate (ATP) to adenosine 5’-monophosphate
(5-AMP), which prevented the differentiation of MDSCs
and maintained their immunosuppression [88]. In HCC
patients, MDSCs inhibited autologous NK cell cytotoxic-
ity and IFN-y release through contact with NKP30 ligand
and receptor, instead of ARG1 and iNOS [89]. Both IDO and
NOX-2 in MDSCs played an important role in the inhibi-
tion of cytotoxic T lymphocytes (CTLs), DCs, and NK cells,
in addition to inducing the expansion of Treg, to make an
immunosuppressive tumor microenvironment [11, 90-94].

4 | THE INVOLVEMENT OF MDSCS IN
THE MALIGNANT PROGRESSION OF GI
CANCER

MDSC-mediated tumor metastasis is a complex,
multi-stage process characterized by the secretion of
chemokines, cytokines, and enzymes, all of which con-
tribute to tumor cell proliferation, invasion, survival, and
chemoattraction [33]. MDSCs favor tumor cell invasion
and metastasis through remodeling of the basal mem-
brane via the secretion of matrix metalloproteinases
(MMPs), which opens a route for tumor cell migration and
invasion [95]. This process may also involve macrophage-1
antigen (MAC-1)/ligand intercellular adhesion molecule-1
(ICAM-1) interactions [96, 97] and TGFf1 [98]. In addition,
MDSCs protect circulating tumor cells and promote their
extravasation [99], serving a critical role in the formation
of circulating tumor clusters (CTCs). These CTCs are
strongly associated with immune escape. Furthermore,
MDSCs also support tumor cell extravasation and invasion
through the release of neutrophil extracellular traps
(NETs) [100] and promote tumor cell survival via the ROS-
nuclear erythroid 2-related factor 2 (NRF2)/antioxidant
responsive element (ARE) axis and Notch signaling
pathway [101, 102]. With CTCs being favored in this way
by MDSCs, patients with GI cancer are more likely to
experience rapid metastasis and poor prognosis [103, 104].

In addition, MDSCs have been found to promote the
generation of PMNs in different cancer patients, includ-
ing GI cancer. Prior to the arrival of tumor cells to a sec-
ondary site, MDSCs infiltrate the healthy tissue and induce
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their transformation to future metastatic sites. The accu-
mulation, expansion, and recruitment of MDSCs in dis-
tant organs may be induced by a range of cytokines and
chemokines, which are derived from the distant organs,
tumor cells, and cancer-associated fibroblasts (CAFs). In
the tumor microenvironment, several tumor-derived sup-
pressor factors (TDSFs) have been found to influence the
accumulation and expansion of myeloid precursors in
PMNs, including G-CSF, GM-CSF, IL-6, and Flt3-ligand
[105, 106]. Meanwhile, chemokines such as CCL2, which
is produced by both tumor cells and target organs, drive
MDSCs into normal tissues to form PMNs [107]. Expres-
sion of CAFs, such as fibroblast activation protein (FAP)
and alpha smooth muscle actin (a-SMA), further promote
the recruitment and sustainment of MDSCs in PMNs via
the STAT3-CCL2 signaling pathway [108].

TAMs have also been found to impact the formation of
liver PMNSs in a murine colon tumor model by releasing
CXCL1, which attracts CXCR2-expressing MDSCs [109].
Other chemokines, such as monocyte chemoattractant
protein 1 (MCP-1) [110], CCL5 [111], CCL12 [112], CCL9
[113], CCL15 [114], and CXCL17 [115], have also been
reported to promote the transport of MDSCs to PMNs,
although the source of these cytokines in PMNs remains
unclear. Furthermore, MDSCs initiate and sustain the
development of PMNs by autocrine signaling: secreting a
variety of regulatory molecules including PDGF [115], vas-
cular endothelial growth factor A (VEGFA) [116], matrix
metalloproteinase 9 (MMP9) [117], bombina variegate pep-
tide 8 (Bv8) [118], and S100 calcium-binding protein A8/A9
(S100A8/A9) [119]. For example, S1I00A9-deficient mice
showed reduced accumulation of MDSCs in PMNs dur-
ing colonic metastasis [120]. Notably, MDSCs have also
been found to differentiate into fibrocytes and osteo-
clasts in tumor mice, which may further enhance tumor
growth and metastasis in cancer patients [121, 122]. In the
clinic, recent investigations have documented a correlation
between MDSC frequency in GI cancer patients and pro-
gression, which is summarized in Table 1.

5 | MDSCS AS A POTENTIAL
PROGNOSTIC MARKER IN GI CANCER

Several clinical studies have suggested a strong relation-
ship between prognosis and an increased frequency of
MDSCs in the peripheral blood or tumor tissue of patients
with GI cancer. For example, in HCC patients, a high
MDSC frequency is correlated with the early recurrence
after resection [123]. For CRC patients, a number of stud-
ies have demonstrated that the frequency of circulating
MDSCs is correlated with reduced overall survival both
before and after chemotherapy and radiotherapy, and this

WILEY-1

correlation was of clinical relevance [124]. A study includ-
ing both healthy donors and ESCC patients showed that
MDSC levels (CD11b*CD14t*HLA DR") in the PBMCs of
patients with stage IIIb or IV tumors were increased com-
pared with those of patients with stage II or IIla disease
[125]. Also, the authors reported that 14 of the 23 patients
(60.9%) in the low MDSC frequency group were respon-
ders, while only 1 of 12 patients (8.3%) in the high MDSC
frequency group responded to the chemotherapy [125]. A
further clinical report showed that increased peripheral
blood MDSCs level was correlated with a 22% increased
risk of death, based on data from 60 patients with EC, 25
patients with GC, and 54 healthy controls [13]. Another
study also showed the correlation among MDSC frequency,
cancer stage, and survival rates of GC patients [52]. Current
studies concerning the relationship between the frequency
of MDSCs and cancer progression, as well as prognosis, are
summarized in Table 1. These findings suggest that the fre-
quency of MDSCs could be used as a prognostic marker in
patients with GI cancer and may also be a useful tool when
selecting individual treatment regimens.

6 | MDSC-TARGETED STRATEGIES FOR
TREATING GI CANCER

As described above, many studies have demonstrated that
the existence of MDSCs in the tumor microenvironment
remained an obstacle for the efficacy of cancer treatment.
Fortunately, to date, many therapeutic approaches against
GI cancer by targeting MDSCs, including small molecules,
vitamins, conjugates, nucleotide, and immunotherapy,
have been developed. These therapies work by affecting the
accumulation, recruitment, differentiation, and immuno-
suppression of MDSCs (Table 2).

6.1 | Depletion of MDSCs
6.1.1 | Gemcitabine, 5-fluorouracil, and
oxaliplatin

Cytotoxic agents are widely used for cancer treatment.
In addition to their direct cytotoxic effects, these agents
harness the host’s immune system, which contributes to
their antitumor activity. In preclinical models, the two
chemotherapy drugs which have been demonstrated to
directly reduce the number of MDSCs are gemcitabine
and 5-FU [126]. Recent studies demonstrated that gem-
citabine and 5-FU did not directly reduce the number
of MDSCs in cancer patients. For instance, Annels et al.
[126] reported that in advanced PC patients receiving gem-
citabine and capecitabine (a 5-FU pro-drug), only 42%
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rate in the periphery, which was correlated with the
expression of TNF-related apoptosis-induced ligand recep-
tors (TRAIL-Rs) on their surface. It seems that targeting
TRAIL-Rs by selective agonists would be an option for can-
cer therapy by reducing the population of MDSCs. Later,
Dominguez et al. [131] tested the TRAIL receptor 2 agonist
(DS-8273a), which targeted elimination of MDSCs selec-
tively in 16 advanced cancer patients including colorectal,
pancreatic, and liver cancer patients. The treatment with
DS-8273a resulted in reduction of the number of MDSCs in
the peripheral blood of most patients without affecting the
numbers of neutrophils, monocytes, and other populations
of myeloid and lymphoid cells. The author also showed
that the decreased number of MDSCs was inversely cor-
related with the length of progression-free survival. In
tumor tissues, DS-8273a treatment resulted in a decrease
of MDSCs in 50% of the patients who provided pre-
and on-treatment biopsies. However, in several patients,
MDSCs rebounded back to the pretreatment level by
day 42.

It is reported that tumor-derived stem-cell factor (SCF)
plays an important role in the expansion and accumula-
tion of MDSCs. A study by Pan et al. [132] showed that
in a colon tumor model, knockdown SCF or blockade of
SCF receptor (c-kit) could significantly reduce the MDSC
expansion, leading to restored proliferative response of
tumor-infiltrating T cells, suppressed Treg development,
and inhibited tumor angiogenesis. Evidence has shown
that further prevention of the MDSC accumulation in con-
junction with immune activation therapy showed syner-
gistic therapeutic effect in a colon tumor model.

Another study from Garton et al. [133] targeted the stem
cell factor receptor (KIT), which is an established onco-
genic driver of tumor growth in gastrointestinal stromal
tumors (GIST). Evidence showed that anti-KIT mAb treat-
ment could selectively reduce the immunosuppressive
M-MDSC population and restore the population of CD8*
and CD4" T cells in the CT26 tumor-bearing mice. Also
anti-KIT mAb treatment enhanced the anti-tumor effect of
anti-CTLA-4 and anti-PD-1 mAbs by promoting immune
responses, which showed a rationale for investigation
of the KIT-specific mAb combined with immune check-
point inhibitors and other immunotherapeutic agents
in clinic.

More recently, Fultung et al. [134] reported the antibody-
drug conjugate, named Gemtuzumab ozogamicin, on the
depletion of MDSCs in GI cancer (pancreas and colon
cancers). Treatment of human MDSCs with Gemtuzumab
ozogamicin could deplete MDSCs by increasing the activ-
ity of p-ataxia telangiectasia mutated kinase (ATM) and
cell death, leading to restoring T-cell proliferation and
chimeric antigen receptor (CAR)-T-cell activity.

6.2 | Differentiation of MDSCs into
mature cells

6.21 | ATRA

All-trans retinoic acid (ATRA) is a metabolite of vitamin A,
which differentiates MDSCs into DCs, granulocytes, and
monocytes [135]. ATRA treatment also reduces ROS pro-
duction to improve the CTL-mediated immune response
in both cancer patients and tumor-bearing mice through
the activation of extracellular signal-regulated kinase [136].
For instance, Nefedova et al. [136] showed that ATRA could
specifically up-regulate gene expression and protein level
of glutathione synthase (GSS) in MDSCs, leading to the
MDSC differentiation in CT26 and MC38 tumor-bearing
mice.

6.2.2 | Vitamin D3

It is generally believed that, vitamin D3, similar to ATRA,
also differentiates MDSCs and improves the antitumor
immune response [137]. GI cancer research on vitamin D
was mainly related to its role in inhibiting cancer cell pro-
liferation, metastasis, and invasion or killing cancer cells
by cell cycle arrest and apoptosis [138]. For example, a clin-
ical trial using the combination of vitamin D with beva-
cizumab in patients with advanced or metastatic CRC is
recruiting (clinical trail: NCT04094688). It was reported
that vitamin D could reduce the recruitment of MDSCs
in ESCC. In a 4-nitroquinoline 1-oxide (4-NQO)-induced
esophageal tumor animal model, Chen et al. [139] found
that vitamin D could inhibit the IL-6 signaling, reduce
MDSCs recruitment, and decrease the incidence of inva-
sive esophageal tumors. Little is known about vitamin D on
the regulation of MDSC differentiation in GI cancer, except
their role on MDSC recruitment. More researches should
be done to demonstrate the role vitamin D plays on the dif-
ferentiation of MDSCs into mature cells in GI cancer.

6.2.3 | Curcumin

Curcumin was also reported to inhibit the accumulation
and promote the differentiation of MDSCs in some can-
cer types. A research from Wang’s group examined the
effects of curcumin on the activation and differentiation
of MDSCs and their interaction with tumor growth. They
found that treatment with curcumin could significantly
reduce the percentage of MDSCs in the tissues of spleen,
blood, and tumor in a human GC xenograft model and
a mouse CRC allograft model, as well as decrease the
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secretion of IL-6 by MDSCs in a co-culture system. Further-
more curcumin treatment differentiated MDSCs toward
Mi-like macrophages with an increased expression of
CCR?7 in vivo and in vitro. The evidence showed that the
mechanism of curumin-related MDSC differentiation was
due to the activation of STAT3 and NF-xB in MDSCs [140].

6.2.4 | TLRO9 ligands

Previously, Bourquin investigated the effect of TLR9 lig-
and, CpG motif-containing oligodeoxynucleotides (CpG
ODN) treatment on the proliferation and function of
MDSCs in CT26 tumor-bearing mice and in CEA424-
TAg mice bearing autochthonous gastric tumor. Evidence
showed that activation of TLR9 receptor by CpG ODN
significantly promoted maturation and differentiation of
MDSCs and decreased the proportion of G-MDSCs in
both tumor-bearing and tumor-free mice. Furthermore,
MDSC maturation and suppressive function inhibition
were induced by IFN-a secreted by plasmacytoid dendritic
cells (pDCs) in vitro; treatment of mice with recombinant
IFN-« is sufficient to block MDSCs’ suppressive function
invivo [141]. However, the regulation of IFN-¢ on the differ-
entiation and function of MDSCs needs to be further elu-
cidated.

6.3 | Inhibition of MDSC recruitment

6.3.1 | Anti-CSFIR antibody

A well-documented molecule that regulates the matura-
tion and recruitment of MDSCs is the colony-stimulating
factor 1 receptor (CSFIR), whose expression is restricted
to monocytes and macrophages. Various CSF1R inhibitors
have shown the inhibition of the trafficking of M-MDSC
and TAMs and also have been tested in combination with
chemo- or immunotherapies both in mice and patients
[142, 143]. For instance, Holmgaard et al. [144] tested the
inhibitor of CSFIR, PLX647, in a CT26 xenograft model
and found that inhibition of CSFIR signaling could func-
tionally block MDSCs trafficking to the tumor site, leading
to an enhanced anti-tumor T-cell response. Furthermore,
evidence showed that inhibition of CSFIR improved the
combined CTL-4 and PD-1 antibodies therapy for the IDO-
expressing tumors.

Another example from Gabrilovich’s group showed that
combination of CSFIR inhibitor with CXCR2 inhibitor
demonstrated a strong antitumor effect in a CT26 xenograft
model and patients with stage III-IV colon adenocar-
cinoma. Evidence showed that treatment with CSFIR

inhibitor, JNJ-40346527, disrupted cross talk between
cancer cells and CAFs. Further treatment combined
with CXCR2 antagonist triggered a profound decrease in
PMN-MDSC recruitment to tumor. Based on these stud-
ies, it seems that combination of CSFIR blockage with
immunotherapy should be considered a treatment regi-
men for eliciting tumor regression [145].

6.3.2 | Anti-CCR2 antibody

CCR2 receptor is commonly expressed on the surface of
MDSCs, particularly for the subset of M-MDSC. CCR2+
M-MDSCs are commonly found infiltrating various types
of cancers and facilitating tumor cell progression. CCR2
ligands (CCL2, CCL7, and CCLI12) are produced by vari-
ous types of cancer cells, including GI cancer [146]. Tar-
geting CCR2 ligand by a neutralized antibody reduced
the trafficking of MDSCs into tumor sites in many stud-
ies [108, 147]. Recently, a study from Weichselbaum’s
group showed that treatment with an anti-CCR2 anti-
body or germ-line knockout of CCR2 could significantly
block radiation-induced infiltration of M-MDSC in a MC38
tumor model. The combination treatment with anti-CCR2
antibody could abrogate the immunosuppressive effect
of radiotherapy or STING agonists by elimination of M-
MDSC infiltration [148].

6.3.3 | CXCR2and CXCR4 antagonists

Except for CCR2 expression on MDSCs, other chemoat-
tractant proteins, such as CXCR2 and CXCR4, are
expressed on the surface of MDSCs. Targeting these two
receptors could also lead to an inhibition of MDSC chemo-
taxis. For instance, Katoh et al. [149] presented the genetic
evidence that loss of CXCR2 dramatically inhibited the
infiltration of MDSCs into colonic mucosa and tumors
in a colitis-associated cancer mouse model, suppress-
ing chronic colonic inflammation and colitis-associated
tumorigenesis. The evidence also showed that reduced
trafficking of MDSCs by loss of CXCR2 enhanced the
CD8™* T-cell cytotoxic activity. Another study from Xu et al.
[150] found that hepatic stellate cells (HSCs) could induce
MDSCs migration through the stromal cell-derived factor
1 (SDF-1)/CXCR4 axis both in vivo and in vitro. Further
evidence showed that in an orthotopic mouse liver tumor
model, pre-treatment of MDSCs with AMD3100 (CXCR4
inhibitor) significantly inhibited MDSC migration to the
spleen and liver in the tumor-bearing mice, revealing an
effective approach for modulating the tumor microenvi-
ronment by targeting CXCR4.
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6.3.4 | SI100A8 and S100A9 inhibitors
S100A8/A9 are pro-inflammatory mediators, which are
abundant at inflammatory or tumor sites. Their levels in
the blood were correlated with the frequency, function,
and migration of MDSCs in GI cancer patients [52, 119].
Originally, Qin et al. [151] employed a competitive peptide
phage display platform to identify candidate peptides bind-
ing MDSCs specifically and generated peptide-Fc fusion
proteins (peptibodies). Treatment with peptibody in mul-
tiple tumor models showed an inhibition of tumor growth
in vivo by completely depleting blood, splenic, and intratu-
moral MDSCs in tumor-bearing mice, instead of affecting
other immune cells. Later evidence of immunoprecipita-
tion showed that S100 family proteins were the candidate
targets of peptibody among the other MDSC surface pro-
teins. A recent study from Duan’s group further confirmed
that SI00A9 protein could stimulate activation and chemo-
taxis of MDSCs, instead of their viability, through an acti-
vation of RAGE-mediated p38 MAPK and TLR4-mediated
NF-xB signaling pathways. Targeting SI00A9 protein with
an antibody could significantly reduce the immunosup-
pressive TME by decreasing MDSC chemotaxis and activa-
tion, thereby showing an optimal therapeutic effect [152].

6.4 | Targeting the immunosuppression
of MDSCs
6.41 | PDE-5inhibitors

Traditionally, phosphodiesterase-5 (PDE-5) inhibitors such
as sildenafil (Viagra), vardenafil (Levitra), and tadalafil
(Cialis) have been used therapeutically to treat erectile dys-
function [153], pulmonary hypertension [154], and cardiac
hypertrophy [155] and induce apoptosis in different human
cancers [156, 157]. For example, Serafini et al. [154] reported
that the use of PDE-5 inhibitors (sildenafil and tadalafil)
could modulate the antitumor immune response in a
murine colon tumor model. They found that the restored
immune response was induced by the down-regulation of
the ARGI and NOS?2 expression as well as recruitment of
MDSCs by tumors, which substantially delayed tumor pro-
gression.

As PDE-5 inhibitors have a significantly effect on mod-
ulating the immunosuppressive function of MDSCs, some
studies employed the PDE-5 inhibitors as a combination
agent for cancer therapy. Recently, Yu et al. [158] reported
that after adoptive cell transfer of cytokine-induced killers
(CIKs) into hepatocellular tumor-bearing mice, the pop-
ulation of MDSCs was significantly increased, which
impaired the antitumor efficacy by their immunosup-
pressive function. Evidence showed that treatment with
a PDE-5 inhibitor, tadalafil, rescued the efficacy of CIK

WILEY—2

cell therapy by reversing the immunosuppressive func-
tion via ARG1 and iNOS blockade and accumulation of
MDSCs in the tumor microenvironment. Further compar-
ison between the ARGI inhibitor L-NOHA [159] or iNOS
inhibitor L-NMMA [160] and tadalafil in CIK cell ther-
apy showed a similar effect of L-NOHA plus L-NMMA to
tadalafil alone, which further indicates tadalafil functions
through the blockade of ARG1 and iNOS together [158].

6.4.2 | Nitroaspirin

A similar study from De Santo et al. [161] reported
that nitroaspirin corrected immune dysfunction in CT26
tumor-bearing mice and promoted tumor eradication,
which relied on the interference of the immunosuppres-
sion of MDSCs to T lymphocyte proliferation and func-
tion. The decreased MDSC immunosuppressive function
was due to the administration of nitroaspirin, which could
inhibit the activity of ARG1 and iNOS.

6.4.3 | Triterpenoid

In a murine MC38 tumor host, Nagaraj et al. [162]
reported that administration of triterpenoid could elimi-
nate the immune suppressive effect of MDSCs and improve
immune responses in tumor-bearing mice as well as PC
patients. The mechanism of triterpenoid-mediated inhibi-
tion of immunosuppressive effect of MDSCs relies on the
reduction of ROS, rather than the MDSCs viability or level
of ARGI and NO.

6.4.4 | Anti-ENOI1 antibody

As reported before, a-enolase (ENO1) was expressed on the
surface of MDSCs, which increased after LPS stimulation.
Cappelloetal. [163] found that in the pancreatic ductal ade-
nocarcinoma model, ENO1 mAb treatment could decrease
the ARGI activity of MDSCs, while activated T cells in the
anti-ENO1 mAb-treated group increased IFN-y and IL-17
secretion and decreased IL-10 and TGFf secretion com-
pared to those in the control group. Therefore, anti-ENO1
antibodies may not only inhibit MDSCs infiltrating into the
tumor microenvironment but also attenuate their restrain-
ing of effector T-cell response.

6.5 | Potential molecules which could
regulate the accumulation, recruitment,
and immunosuppression of MDSCs

Apart from existing molecules that have been designed as
drugs for GI cancer, we have also reviewed related studies
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in the past decade and summarized potential molecules,
which could affect the accumulation, recruitment, and
immunosuppression of MDSCs in Table 3.

For instance, in 2019, Kobayashi et al. [164] studied
metastatic CRC patients and found that the frequency
of DC-HIL* MDSCs was highly elevated in the periph-
eral blood. Treatment with anti-DC-HIL mAb reduced
MDSC population and increased IFN-y-secreting T cells
in the tumor microenvironment (with similar outcomes to
anti-PD-L1 mAb), achieving the effect of attenuated pre-
established colon metastasis. Apart from direct regulation
of MDSCs with antibody or small molecules in GI can-
cer, the indirectly mechanism that regulated MDSCs was
also recorded. Previously, Zhuang et al. [165] found that
CD8™* T cells with the production of IL-17 (Tc17 cells) pro-
moted MDSC migration by inducing CXCL12 production
of tumor cells, resulting in impaired antitumor CD8™ cyto-
toxic T cells. The development of Tc17 cells was induced by
the cytokines (IL-6, IL-153 and IL-23) secreted from tumor-
activated monocytes, and it showed that percentages of
Tcl7 cells and MDSCs in gastric tumors were associated
with survival time of patients.

Based on current studies that clearly record the mech-
anism of MDSC regulation in GI cancer models, clinical
studies for GI cancer patients that target MDSC deple-
tion, recruitment, and immunosuppression are under-
way or have been completed. Tested drugs include small
molecule, antibody, vaccine, biotech, and oligonucleotides
and are summarized in the following section.

7 | CURRENT CLINICAL TRIALS IN GI
CANCER TARGETING MDSCS

Based on targeting MDSCs, several therapies in GI cancer
have been undergone or completed clinical trials. Here,
we reviewed the website of clinicaltrials.gov and selec-
tively summarized the therapeutic approaches involving
MDSCs by different treatment regiments for GI cancer in
Table 4.

For instance, a completed phase II clinical trial
(NCT02090101) involved 32 participants to evaluate
the influence of Anakinra on the vascularization of
liver metastases by targeting VEGFA in metastatic CRC
patients. Similarly, six participants were enrolled into a
phase I clinical trial of VXMO01 (NCT02718430), which is
targeting vascular endothelial growth factor receptor 2
(VEGFR2). This completed trial was set up to examine
safety, efficacy, and immune biomarkers in patients with
metastatic CRC. Both the two clinical trials employed
MDSCs as a secondary outcome measure. Unfortu-
nately, neither result of these two trials were posted on
the website. Another completed phase II clinical trial
(NCT01507103) enrolled 124 participants to determine

the impact of tecemotide (L-BLP25) administration on
the mucinous glycoprotein 1 (MUCI)-specific immune
response in subjects with newly diagnosed rectal cancer
who are eligible for neoadjuvant therapy. In this clinical
trial, the population of MDSCs (CD33*CD14") and other
immune cells such as NK cells, macrophages, and DCs
were set as secondary outcome measures. The treatment
showed a total risk of 25.64%, but the population change
of MDSCs after treatment was not found from their
posted results. The limitation of this study was that not
all efficacy data were analyzed as no acceptable ELISpot
assay is available, which led to the discontinuation of the
development of tecemotide (L-BLP25) in September 2014.
Currently, there are not enough completed clinical trials
that specifically target MDSCs in GI cancer, evidencing
that more work should be done around this field.

8 | CONCLUSIONS AND FUTURE
PROSPECTS

As described in this review, MDSCs modulate several dif-
ferent aspects of tumor growth and metastasis, includ-
ing immunosuppression, local invasion, and PMN forma-
tion. This broad range of functions suggests that these
cells could be used as targets to develop both innova-
tive liquid biopsy-based cancer diagnostics and novel anti-
cancer therapeutic approaches. In future, researches inves-
tigating the regulatory functions of MDSCs in GI cancer
should perhaps focus on their interactions with stromal
cells from the tumor microenvironment, such as CAFSs,
because their role in the MDSC lifecycle remains to be
fully elucidated. Furthermore, one of the most promis-
ing treatment approaches appears to be the promotion of
MDSC differentiation into mature myeloid cells, as these
lose their immunosuppressive functions. High-throughput
technologies will be of particular use as these allow the full
characterization of the genetic, epigenetic, and metabolic
pathways underlying the cross-talk between MDSCs and
cancer cells, as well as identifying relevant molecules. This
will likely clarify some unsolved aspects of the interaction
between MDSCs and GI cancer cells, laying the ground-
work for more effective therapeutic strategies in the future.
Finally, unlike in malignancies such as lung, renal, and
skin cancers, the efficacy of immunotherapeutic agents
on GI cancer has, on the whole, been much less remark-
able and do not apply to the majority [166]. This could be
explained by the permeated MDSCs in the tumor microen-
vironment, which eliminated the response of activated T
cells generated by PD1/PD-L1 blockade. Therefore, the pos-
sibility of combining checkpoint-based immunotherapy
with approaches targeting MDSCs may also represent a
promising avenue in the development of more personal-
ized treatments for GI cancer.
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TABLE 3 Factors implicated in the expansion and recruitment of MDSCs in GI cancer
Target Cancer Model Source Mechanism Reference”
IL-10 CRC Tumor microenvi- IL-10 deficiency increases MDSCs Tanikawa et al., 2012.
ronment and accumulation in the spleen and tumor. [189]
spleen

CEACAM1 CRC Liver Ceacaml deficiency diminished Arabzadeh et al., 2013.
CD11b* Gr1*MDSCs recruitment to the [190]
metastatic liver.

IL-6 ESCC Peripheral blood MDSCs recruitment was associated with Chen et al., 2014. [125]
invasive esophageal tumors and with
increased IL-6 levels.

CD38 EC Spleen CD38 could promote monocytic MDSCs Karakashera et al.,
population expansion and regulate iNOS 2015. [24]
expression.

CCL2 CRC Colon CCL2 regulates G-MDSC accumulation and Chun et al., 2015. [191]

adenocarcinoma T-cell suppressive activity via STAT3.
tissue

CD40 GC Spleen and tumor CD40 expression upregulates the chemokine Ding et al., 2015. [192]

tissue receptor CXCR5 and promotes MDSCs
migration and accumulation.

G-CSF CAC Colon tissues G-CSF could promote MDSCs survival and Li et al., 2016. [62]
activation through the STAT3 signaling
pathway.

CCL15 CRC Tumor tissue CCLI15-CCRI1* axis promotes MDSCs Inamoto et al., 2016.
accumulation in the tumor [114]
microenvironment.

S1pr3 CRC Peripheral blood, GM-CSF promotes MDSCs via Slpr3 through Liet al., 2017. [193]

spleen and bone Rho kinase and the extracellular
marrow signal-regulated kinase-dependent pathway.
STAT6 Intestinal Spleen and lamina STAT6 promoted expansion of MDSCs in the Jayakumar et al., 2017.
tumorigenesis propria spleen and lamina propria of ApcMin/+ [194]
mice, implying regulation of antitumor
T-cell response.
VEGF- CRC Liver VEGF-A -CXCLI-CXCR2 recruits MDSCs to Wang et al., 2017. [109]
A/CXCL1 form a pre-metastatic niche.

GM-CSF CRC Colon tissues GM-CSF was sufficient to differentiate Ma et al., 2017. [195]
hematopoietic precursors into MDSCs.

CCR5 GC Periphery and CCL5-CCRS axis recruits MDSCs, and blocks Yang et al., 2018. [196]

tumor CCRS5 to reduce the accumulation of MDSCs
and enhances anti-PD1 efficacy.
Acid cerami- CAC Tumor tissue Acid ceramidase protects from tumor Espaillat et al., 2018.
dase incidence in colitis-associated cancer and [197]
inhibits the expansion of neutrophils and
G-MDSC in the tumor microenvironment.
RIPK3 CRC Colorectal tumor In MDSCs, PGE2 suppressed RIPK3 expression  Yan et al., 2018. [198]
tissues and enhanced NF-xB and COX-2 expression,
which catalyzed PGE2 synthesis.
CXCL4 CRC Tumor tissues and Surgical trauma contributes to colon cancer Xu et al., 2018. [199]
peritoneal cavity progression by downregulating CXCL4 and
hence promoting MDSCs recruitment,
which leads to an immunosuppressive
environment.
CXCR4 CAC Colon tissue CXCR4 overexpression promotes the Yu et al., 2019. [200]

infiltration of bone marrow-derived MDSCs.

(Continues)
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TABLE 3

Target
DCHLL

STAT3

PAR2

CUI ET AL.

(Continued)

Cancer Model

CRC

HCC

CAC

Source

Tumor, blood and
bone marrow

Liver

Tumor tissue

Mechanism

Blocking DC-HIL function is a potentially
useful treatment for at least colorectal
cancer with high blood levels of
DC-HIL*MDSCs.

Inhibition of STAT3, p-STAT3, upregulation of
the pro-apoptotic proteins Bax, cleaved
caspase-3, and downregulation of the
anti-apoptotic protein Bcl-2.

Absence of PAR2 in MDSCs directly enhanced
their immunosuppressive activity by
promoting STAT3-mediated ROS
production.

Information listed in the table are arranged in ascending chronological order.
Abbreviations: GI cancer, gastrointestinal cancer; MDSCs, myeloid-derived suppressor cells; G-MDSCs, granulocytic MDSCs; CRC, colorectal cancer; GC, gas-
tric cancer; HCC, hepatocellular carcinoma; ESCC, esophageal squamous cell carcinoma; CAC, colitis-associated colorectal cancer; IL-10, interleukin 10; CEA-
CAMI1, carcinoembryonic antigen-related cell adhesion molecule 1;IL-6, interleukin 6; iNOS, inducible nitric oxide synthase; CCL2, C-C motif chemokine ligand
2; STATS3, signal transducer and activator of transcription 3; CXCRS5, C-X-C chemokine receptor 5; G-CSF, granulocyte colony-stimulating factor; CCLI5, C-C
motif chemokine ligand 15; CCR1, C-C motif chemokine receptor 1; SIpr3, S1P receptor 3; GM-CSF, granulocyte macrophage colony-stimulating factor; STATS,
signal transducer and activator of transcription 6; VEGFA, vascular endothelial growth factor A; CXCL1, C-X-C motif chemokine ligand 1; CXCR2, C-X-C motif
chemokine receptor 2; GM-CSF, granulocyte macrophage colony-stimulating factor;CCR5, C-C motif chemokine receptor 5; RIPK3, receptor-interacting pro-
tein kinase 3; PGE2, prostaglandin E2; NF-kB, nuclear factor kappa-B; COX-2, cyclooxygenase-2; CXCL4, C-X-C motif chemokine ligand 4; CXCR4, C-X-C motif
chemokine receptor 4; DC-HIL, dendritic cell-associated heparan sulfate proteoglycan-dependent integrin ligand; Bax, Bcl-2-associated X; Bcl-2, B-cell lymphoma-

2; PAR2, protease activated receptor 2.

TABLE 4 Current clinical trials in GI cancer targeting MDSCs

Compound

Vicriviroc
SX-682
INCBO001158
L-BLP25
ARG1
peptides

VXMO1

DS-8273a

Anakinra

AZD9150

Type of

compound

Small molecule

Small molecule

Small molecule

Vaccine

Vaccine

Vaccine

Antibody
Biotech

Antisense

Reference®

Kobayashi et al., 2019.
[164]

Gubha et al., 2019. [201]

Ke et al., 2020. [202]

Oligonucleotide

Intervention

Pembrolizumab

Nivolumab

Pembrolizumab

CPA+Chemoradiotherapy

N/A

N/A

Nivolumab

LV5FU2 + Bevacizumab

N/A

Tumor type
(Only
showed GI
Therapeutic Cancer Clinical Clinical
target types) phase Trial status trial No.
CCR5 CRC Phase2  Active, not NCT03631407
recruiting
CXCR1/2 Metastatic Phasel  Recruiting NCT04599140
CRC
Arginase CRC and GC Phasel  Active,not = NCT02903914
recruiting
MUC1 RC Phase2 Completed NCTO01507103
Arginase CRC Phasel  Recruiting NCT03689192
VEGFR2 Metastatic Phasel Completed NCT02718430
CRC
TRAIL-R2 CRC Phasel Terminated NCT02991196
VEGF-A Metastatic Phase2 Completed = NCT02090101
CRC
STAT3 GI cancer Phase2 Terminated NCT02417753

Abbreviations: GI cancer, gastrointestinal cancer; CRC, colorectal cancer; GC, gastric cancer; RC, rectal cancer; CCR5, C-C chemokine receptor 5; CXCRI/2, C-X-C
motif chemokine receptor 1/2; MUCI, mucin 1; VEGFR2, vascular endothelial growth factor receptor 2; TRAIL-R2, TNF-related apoptosis-inducing ligand receptor
2; VEGF-A, vascular endothelial growth factor A; STAT3, signal transducer and activator of transcription 3.
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