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Metabolic reprograming of MDSCs within tumor
microenvironment and targeting for cancer immunotherapy

Qing Li' and Ming Xiang'

A number of emerging studies in field of immune metabolism have indicated that cellular metabolic reprograming serves as a
major administrator in maintaining the viability and functions of both tumor cells and immune cells. As one of the most important
immunosuppressive cells in tumor stroma, myeloid-derived suppressor cells (MDSCs) dynamically orchestrate their metabolic
pathways in response to the complicated tumor microenvironment (TME), a process that consequently limits the therapeutic
effectiveness of anti-cancer treatment modalities. In this context, the metabolic vulnerabilities of MDSCs could be exploited as a
novel immune metabolic checkpoint upon which to intervene for promoting the efficacy of immunotherapy. Here, we have
discussed about recent studies highlighting the important roles of the metabolic reprograming and the core molecular pathways
involved in tumor-infiltrating MDSCs. In addition, we have also summarized the state-of-the-art strategies that are currently being
employed to target MDSC metabolism and improve the efficacy of antineoplastic immunotherapy.
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INTRODUCTION

Tumorigenesis relies on the alternations in cellular metabolism to
meet the demands of unbridled growth and metastasis, a process
called “metabolic reprogramming” as a recently revisited hallmark
of cancer development, which further sculpts the commonly
acidic, hypoxic, and hypo-nutrient tumor microenvironment (TME)
[1]. TME is an intricate and dynamic structure consisting of
multiple immunosuppressive signals and diverse cells that
participate in heterotypic interactions with one another [2]. The
immunosuppressive signals within TME include, but are not
limited to, the expression of suppressive ligands, soluble
mediators and metabolites [3]. These signals facilitate tumor
progression in plenty of ways: [4] sustaining tumor proliferative
signaling, shielding tumor from host immunity, fostering che-
motherapy resistance, rendering tumor-infiltrating immune cells
to immunosuppressive status and recruiting the immunosuppres-
sive cells such as myeloid-derived suppressor cells (MDSCs) to
primarily evade anti-tumor immune responses, among others
(Fig. 1).

The field of cancer metabolism has become a topic of emerging
interest in the past decade, while the potential roles of MDSC
metabolic pathways in the context of cancer have been
investigated recently [5]. MDSCs dynamically reprogram the
physiologically metabolic ways to meet their bioenergetic and
biosynthetic needs during the various stages of tumorigenesis,
thereby adapting to the alterations in TME, such as hypoxia and
neo-vascularization [6]. For this reason, it should be further
illustrated that how the complex TME manipulates the fate of
MDSCs in a metabolic fashion. The aim of this review is to

summarize the ways that TME effectively fuels metabolic rewiring
in regulation of MDSCs, and to highlight the various opportunities
for targeting metabolic vulnerabilities of MDSCs in order to form
the basis for novel antineoplastic strategies.

MDSCS

MDSCs are immature cells originating from the bone marrow [7].
As one of the most important immunosuppressive cells in tumor
milieu, they possess certain similarities with tumor cells related to
the mechanisms of metabolism and adaptive survival. MDSCs
belong to a heterogeneous innate cell population and comprise
two different subsets: the monocytic MDSCs (M-MDSCs) and
polymorphonuclear MDSCs (PMN-MDSCs; also named granulocy-
tic MDSCs, G-MDSCs). MDSCs are known to express multifarious
surface biomarkers. The M-MDSCs and PMN-MDSCs from mice
display the phenotype of CD11b" Ly6G*Ly6C"9" and CD11b*
Ly6G’Ly6C'°"", respectively [8]. In addition, the human MDSCs are
approximately classified as CD33% HLA-DR'"/~, with M-MDSCs
defined as CD11b"CD337CD147CD15 HLA-DR®"~ and PMN-
MDSCs defined as CD11b"CD337CD14 CD15 HLA-DR®"/~ [9].
Simultaneously, a small group of early-stage MDSCs (e-MDSCs) in
human displays the phenotype of Lin~ (CD3, CD14, CD15, CD19,
CD56) CD33"HLA-DR ~ [10]. In the pathological conditions like
cancer, MDSCs are effectively mobilized from bone marrow to the
tumor sites by selective chemokines (such as CCL-2, CCL-5, etc.)
and tumor-derived factors (containing GM-CSF, G-CSF, M-CSF,
VEGF, S100A8/9, interleukin-1, etc.) [11]. Thereafter, the transcrip-
tion factors STAT3/5, CCAAT-enhancer-binding proteins 3 (C/EBPp)
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Fig. 1 Metabolic interactions of MDSCs with TME. Tumor-derived factors VEGF, CCL, MIF, GM-CSF, G-CSF, M-CSF and S100A8/9 mobilize

MDSCs from the bone marrow to tumor sites. Disorganized tumor vasculature brings about inadequate oxygen and glucose for energy
supply. Hypoxic tumor cells secrete elevated lactate through glycolysis and consequently contribute to the acidic TME. During tumor
progression, the stressed cells release ATP to avoid excessive damage. Tumor stromal adipocytes and neoplastic fat tissues increase the
extracellular liberation of fatty acids and cholesterol. MDSCs produce multifarious immunosuppressive mediators to remarkably impair T cell
functions. VEGF, vascular endothelial growth factor; CCL chemokine (C-C motif) ligand, GM-CSF granulocyte-macrophage colony-stimulating
factor, G-CSF granulocyte colony-stimulating factor, M-CSF macrophage colony-stimulating factor, MIF macrophage migration inhibitory
factor, NO nitric oxide, IDO indoleamine 2,3-dioxygenase, Arg-1 arginase-1, iNOS inducible nitric oxide synthase, ROS reactive oxygen species,
GLUT glucose transporter, MCT monocarboxylate transporter, LDH lactate dehydrogenase.

and nuclear factor kappa-B (NF-kB) drive MDSC expansion,
accumulation and immunosuppressive functions [7].

More importantly, MIF derived from several immune and tumor
cells confreres advantages for the recruitment, survival and
immunosuppressive functions of MDSCs in TME [12-16]. More
recently, a second member of the cytokine MIF family, the
D-dopachrome tautomerase (DDT, also known as MIF2), also
possesses potentiality in regulation of MDSCs [17]. In addition,
several MIF inhibitors, including sulforaphane and ibudilast, have
shown excellent anti-glioblastoma activity in different preclinical
studies through reducing the expansion and functions of
circulating MDSCs, thereby ultimately enhancing anti-tumor
responses of immune effector cells [15, 18].

The immunosuppressive potencies of MDSCs mediated either
through cell-surface receptors and/or the release of short-lived
soluble mediators have been well-recognized. MDSCs release
multiple oncogenic mediators, typically containing ROS, iNOS,
Arg-1, IDO, prostaglandin E-2 (PGE-2), NADPH oxidase-2 (NOX2)
and transforming growth factor-B (TGF-B), deplete key amino
acids (L-arginine, L-cysteine, etc.), express immune checkpoint
including programmed cell death-ligand 1 (PD-L1) and also recruit
other tolerant immune cells such as regulatory T cells (Tregs) to
significantly impair T cell-mediated immune responses [19, 20].
Furthermore, they also influence the tumor angiogenesis by
producing VEGF, basic fibroblast growth factor (bFGF), prokineti-
cin 2 (Bv8), MMP-9, etc [10].

Metabolism is a determinant that effectively shapes the
differentiation, functional plasticity, and survival of immune cells
[21]. Correspondingly, MDSCs evolve rapid and effective metabolic
strategies to maintain immunosuppressive activity and adapt to
the drastic changes under a variety of stressed conditions. The
metabolic reprograming controls the availability of nutrients and
oxygen, as well as the critical receptor signaling events to
manipulate the fate of MDSCs. It has become evident that
metabolic alternations encompass all the stages of MDSC-TME
interactions: (1) In the well-established amino acid metabolism,
MDSCs deprive L-arginine via releasing frequently over-expressed
metabolic enzymes Arg-1 and iNOS, leading to the deficiency or
alteration of TCR- chain (i.e., nitration/nitrosylation) and inhibition
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of T cell proliferation [22, 23]. Moreover, MDSCs also produce rate-
limiting enzyme, IDO, which catalyzes tryptophan along the
kynurenine pathway and produces immune-toxic metabolites to
induce T cell cycle arrest and stimulate the expansion of Treg cells
[24]. (2) The hypoxia and low pH condition of TME contributes to
switching the metabolic pathways of MDSCs from oxidative
phosphorylation (OXPHOS) to glycolysis, and thus make them
compete with the immune effector cells for the limited glucose
[25]. (3) Lipid accumulation in TME renders MDSCs to undergo
metabolic reprogramming from glycolysis to fatty acid oxidation
(FAO), and to use oxidized lipids as the major energy source to
potentiate their immunosuppressive activity [26]. Multiple meta-
bolic mechanisms converge to meet the increased requirements
of MDSCs: rapid ATP synthesis to maintain energetic status,
increased production of immune-toxic metabolites for enhancing
their immunosuppressive activity, and dynamic modulation of the
metabolic pathways to reduce the unfavorable impact of TME.

METABOLIC INTERACTIONS OF MDSCS WITH TME

Tumor cells are proficient in utilizing the nutrients preferentially
assigned to the metabolic pathways that contribute to cellular
oncogenic properties [5]. In fact, competition for essential
nutrients between enormously proliferative cancer cells and
intertumoral cells drastically imparts profound effects on the fates
of both innate and adaptive immune cells [27]. Metabolic
reprogramming and its underlying signaling events of MDSCs
are directly modulated by the complex TME (Figs. 2 and 3). A
better understanding of this process may be conducive for
development and optimization of novel anti-cancer strategies
based on drug repositioning and innovation.

Deregulated uptake of glucose

Glycolysis is a typical metabolic change with an increasing reliance
on glucose uptake, thereby supplying numerous metabolites as
anabolic precursors and rapidly generating energy [28]. Myeloid
cells up-regulate their glycolytic genes when they are confronted
with tumor-derived factors and have the greatest capacity to take
up intertumoral glucose across a range of cancer models [29, 30].
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Fig. 2 An overview of cellular metabolic reprograming in MDSCs. This diagram depicts several important metabolic pathways affected in

MDSCs in response to the complex TME. G6P glucose-6-phosphate, MPO
kinase M, LDL low-density lipoprotein.

Besides, the metabolic signature of immune cell is highly anabolic
and provokes a striking increase in glucose uptake especially
during the periods of proliferation and/or maturation [31].
Although less efficient in generating ATP and more dependent
on the requirements for glucose, glycolysis allows for effective
disposal of excessive carbon and regeneration of NAD" while
preserving the mitochondrial enzymatic activity for anabolic
processes [1]. Recent study reveals that the immature MDSCs
share an ability to acquire heavy glucose utilization within TME,
exhibiting the flexibility of metabolism [32]. Correspondingly, as
dynamic metabolic flux analysis reveals that the maturation of
MDSCs is pertaining to the high glycolytic flux and tricarboxylic
acid cycle (TCA) activity, while the pentose phosphate pathway
(PPP) and OXPHOS activity are remaining at a low level to ensure
anabolic precursors synthesis and NADPH production [25]. NADPH
provides reducing power for a wide variety of biosynthetic
reactions and also helps retain the cellular redox capacity. A
prominently increased consumption of glucose by MDSCs
generates energy-rich nucleotides and carbon intermediates to
support their immunosuppressive mechanisms, with 95% ATP
production obtained by glycolysis [25]. Compared with splenic M-
MDSCs, tumor-invasive M-MDSCs exhibit stronger suppressive
activity coupled with more glucose uptake and lower oxygen
consumption rate (OCR), similar to the Warburg effect of cancer
cells [33]. In addition, the up-regulation of glycolytic catabolism
leads to the production of phosphoenolpyruvate (PEP), as a vital
antioxidant agent able to prevent the surplus ROS overproduced
by MDSCs, which protects MDSCs from apoptosis [29]. Glycolysis
restriction impairs the suppressive potencies of intertumoral
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myeloperoxidase, MPC mitochondrial pyruvate carrier, PKM pyruvate

MDSCs. For instance, 2-deoxyglucose (2-DG), an inhibitor of the
glycolytic pathway, significantly inhibits M-MDSC differentiation
from their precursors in TME [34]. Besides, recent research reveals
that GLUT3 knockdown by siRNA significantly triggers apoptosis
and reduces glucose uptake in PMN-MDSCs, suggesting that the
survival of PMN-MDSCs is dependent on both the glucose uptake
and GLUT3 overexpression [35].

Mechanistically, mTOR and Nrf2 function as the master
regulators of glycolic reprograming in MDSCs. mTOR phosphor-
ylation level has been found to be elevated in tumor M-MDSCs,
and mTOR blockade by rapamycin decreases the glycolysis,
thereby impairing the suppressive activity of these cells and
consequently impeding the tumor growth [33]. Besides, Tuo et al.
found that methionine enkephalin (MENK), an endogenous opioid
peptide, reduced glycolysis and decreased ROS production of
MDSCs through PI3K/AKT/mTOR pathway, thus preventing the
development of colon carcinoma [36]. Hence, mTOR signaling is
central to enhancing immunosuppressive functions of MDSCs via
glycolysis regulation. Nrf2 activated by ROS drives the expression
of antioxidant genes and protects cells from oxidative damage.
Although the dysregulated ROS levels are toxic to the majority of
cells, MDSCs can survive despite their elevated release of ROS,
which is regulated by Nrf2 [37]. Nrf2 by increasing H,0,
production of MDSCs potentiates their suppressive activity, as
well as increasing the quantity of tumor-infiltrating MDSCs
through reducing their oxidative stress and rate of apoptosis. In
mouse model with a constitutively active form of Nrf2, the
activated Nrf2 was demonstrated to regulate activation and
balance between glycolysis and mitochondrial metabolism of
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Fig. 3 An overview of key metabolic pathways and their
associated signaling events in MDSCs during metabolic alterna-
tions. HIF-1a accumulation induced by hypoxia in MDSCs manip-
ulates the transcription of multiple metabolism-related genes. PI3K/
Akt/mTOR pathway and the activated HIF-1a facilitate glycolysis,
and the AMPK pathway drives glycolysis towards OXPHOS. JAK/
STAT3/5 axis promotes FAO via upregulating the expression of
FATP2. PI3K phosphatidylinositol 3-kinase, AKT protein kinase B,
mTOR mammalian target of rapamycin, JAK janus kinase, STAT
3/5 signal transducer and activator of transcription 3/5, Nrf2 nuclear
factor E2-related factor 2, PPARy peroxisome proliferator-activated
receptor y, AMPK adenosine 5-monophosphate (AMP)-activated
protein kinase, SIRT1 sirtuin 1, MMPs matrix metalloproteinases.

MDSCs, thus ultimately increasing the expansion of highly
suppressive MDSCs [38]. Concurrently, a high mTOR phosphoryla-
tion in Nrf2-induced MDSCs was detected [38]. Rapamycin inhibits
the Nrf2-induced MDSC generation, as a direct mTOR activation by
Nrf2 has been shown in MDSCs [38]. As discussed above, these
investigations clearly demonstrate that mTOR and Nrf2 regulate
the diverse suppressive potencies of MDSCs in a glycolytic fashion,
and maintain a steady-state level of circulating MDSCs in tumor-
bearing individuals.

Hence, restraining deregulated glucose uptake of MDSCs in TME
may provide a potential strategy to overcome cancer. Of note,
strengthening immune responses via balancing the glycolysis and
mitochondrial OXPHOS of MDSCs should be a more reliable
strategy than exclusive glycolysis inhibition [39].

Immunosuppressive role of elevated lactate

High transcriptional activity of hypoxia-inducible factor-1a (HIF-
1a), Myc, and p53 in cancer cells up-regulates the expression of
glycolytic genes to enhance glucose uptake and then provides
ATP in a faster way [40]. Along glycolytic pathway, pyruvate
dehydrogenase (PDH) catalyzes pyruvate into Acetyl-CoA, the
substrates of TCA cycle. Nevertheless, in most cancers, pyruvate
dehydrogenase kinase (PDK) is activated by HIF-1a and Myc thus
causing the selective repression of PDH [40]. As a result, pyruvate
fails to enter the TCA cycle and finally gets converted into large
amounts of lactate. Subsequently, excessive lactate (up to 40 mM)
produced by tumor cells is excreted from cytoplasm into
extracellular environment by MCT, which leads to the TME with
associated low pH (6.0~6.5) [41, 42]. But glycolysis is not the sole
pathway responsible for producing lactate, as it has been found in
MDSC cell line (MSC-1) that L-glutamine serves as another
potential source of carbon which leads to an increased lactate
production through glutaminolysis-TCA cycle-NADP"-dependent
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malic enzyme axis [43]. Metabolically, metabotropic glutamate
receptor (MGIuR) 2/3 transports glutamine from TME into MDSCs
[44]. Thereafter, glutamine is metabolized by glutaminase (GLS) to
glutamate, which replenishes the TCA cycle after conversion by
glutamate dehydrogenase (GLUD1) to a-ketoglutarate (a-KG). And
a-KG is subsequently metabolized to malate along TCA cycle,
thereby supporting lactate production, a process called anaplero-
sis [1].

In terms of immunosuppressive mechanism, circulating lactate
in TME has been reported that lactate acts as a “signaling
molecule”, binding to the G-protein coupled receptor 81 (GPR81)
via mTOR/HIF-1a/STAT3 pathway to activate MDSCs [45]. And the
endocellular lactate generated in MDSCs through glycolysis
elevates their expression of PD-L1 which interacts with cytotoxic
T lymphocyte-antigen associated protein 4 (CTLA4) and ultimately
impairs T cell-mediated immunity [46]. Moreover, lactate is an
essential mediator that significantly facilitates the recruitment of
MDSCs within tumor regions. Previous study has found that
exogenous lactate increases the frequency of MDSCs generated
from mouse bone marrow cells with GM-CSF and IL-6 in vitro [46].
Moreover, the depletion of glucose levels using a ketogenic diet to
lower lactate production by glycolytic tumor cells results in smaller
tumors, decreases MDSC frequency and improves effectiveness of
anti-tumor immune responses [46]. Experimental evidence has
also demonstrated that lactate and hypoxia act as synergistic cues
to stimulate VEGF and Arg-1 expression in tumor-associated
macrophages (TAMs), which induce revascularization of the
nutrient-deprived tumor regions and promote tumor progression,
as well as the recruitment of MDSCs [47]. Furthermore, in two
mouse models of triple-negative breast cancer (TNBC), the
knockout of lactate dehydrogenase A (LDHA) which catalyzes
pyruvate into lactate was observed to attenuate tumor G-CSF and
GM-CSF expression and decrease the number of MDSCs in spleen
and tumor [48]. Consequently, lactate in TME contributes to
MDSC-induced immune suppression. Inhibiting superfluous lac-
tate production may be an effective way to normalize TME and
then impair the immunosuppressive activity of MDSCs to enhance
tumor killing.

Lactate as the end product of glycolysis is often considered a
waste metabolite but also a fuel for oxidative cells during
conditions of nutrient depletion. It has been well established that
the poorly vascularized cancerous tissues contain normoxic and
hypoxic zones, and it has become increasingly clear that cancer
cell metabolism is heterogeneous. MCTs exert essential roles in
lactate shuttling between oxygenated and hypoxic regions of
tumors. Tumor cells adapt to acidotic TME with the cooperativity
that exists between lactate transporters (MCT1 and MCT4) in
regulating the lactate levels [49]. Under the anoxic condition,
MCT4 up-regulated as a direct target of HIF-1a also increases the
expression of various invasion-related genes in cancer cells, such
as VEGF, CD147 and MMP2/9, which recruit MDSCs and also
deteriorate TME [50]. Hypoxic cancer cells generally obtain energy
via glycolysis and subsequently release lactate of toxic levels
through MCT4. As lactate excreted by glycolytic cancer cells enters
into the aerobic cancer cells through MCT1, these cells are able to
preferentially utilize lactate and derive as much as 7.5-fold higher
ATP relative to aerobic glycolysis through Krebs cycle and
OXPHOS, thereby saving glucose for hypoxic tumor cells, a
process known as “metabolic symbiosis” [51, 52].

However, it is still to be ascertained whether superfluous lactate
as active participants in intracellular energy metabolism could also
be transported into MDSCs by MCT1 and/ or released into
extracellular environment by MCT4. Moreover, there are still
remaining gaps in knowledge concerning whether MDSCs also
use lactate to fuel mitochondrial respiration. Myeloid cells located
in tumor margins are considered to be less hypoxic than the
center of tumor mass [45]. It is likely that the balance between
lactate-generating glycolysis and OXPHOS is dependent on the
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degree of hypoxia in TME [53]. However, whether the phenotypes,
pro-tumor effects and metabolic ways of MDSCs in tumor
normoxic and hypoxic regions are heterogeneous and how
abundant lactate there affects this process still remain largely
elusive.

Hypoxia as a major regulator

A consequence of a lack of vascular oxygen delivery in growing
tumors leads to the emergence of hypoxic areas. Oxygen deficit
(oxygen tensions <10 mmHg) discovered in most human cancers
is a primary driver profiting immunosuppressive TME and
contributes to the activation of generous oncogenic transcription
factors in tumor cells, which encourage ultimately malignant
progression, escape from immunosurveillance, angiogenesis,
invasiveness and metastasis [54]. Hypoxia mainly relies on the
transcription factor HIF-1a which functions as a master regulator
to balance oxygen supply and requirement in mammalian
cells [55].

MDSCs accumulate in hypoxic area of tumors where they highly
express HIF-1a. Meanwhile, frequent HIF-1a accumulation in
MDSCs causes the up-regulation of the PD-L1, because of the
direct binding of HIF-1a to a transcriptionally active hypoxia-
response element (HRE) in the PD-L1 proximal promoter [56, 57].
Moreover, hypoxia via HIF-1a redirects MDSCs differentiation
towards TAMs, thereby dramatically raising their NO production
and Arg-1 activity [58]. As such, hypoxia and HIF-1a are found to
be primarily responsible for the effects observed in TME on MDSC
recruitment, differentiation and functions.

The metabolic shift of tumor MDSCs from OXPHOS to glycolysis
is mainly dominated by HIF-1a [59]. Mechanistically, in hypoxia
state, PI3K/mTOR signaling stimulates HIF-1a-medicated transcrip-
tional program of glycolysis related genes, resulting in the
increased expression of glucose transporters and glycolytic
enzymes like LDHA, as well as the decrease of mitochondrial
oxygen consumption [45]. PI3K and mTOR inhibitors markedly
reduce the expression of HIF-1a in MDSCs [45]. In contrast to HIF-
1a, AMPK drives the transformation from glycolysis to OXPHOS
through inhibiting PI3K/Akt/mTOR signaling pathway during
glucose metabolism [60]. Except for AMPK, SIRT1 also acts as a
key metabolic sensor to interfere glycolysis and has shown
negative regulatory effects on mTOR but positive regulatory
effects on HIF-1a [61, 62]. Besides, SIRT1 is directly regulated by
AMPK. MDSCs in TME could be divided into M1-MDSCs associated
with tumor cell attack or M2-MDSCs associated with tumor cell
protection [63]. SIRT1 targets the mTOR/HIF-1a glycolytic pathway
to reprogram the glycolytic activity of M2-MDSCs and instruct
their differentiation, whereas limiting the glycolytic activity of M1-
MDSCs. The underlying mechanism of these reported subtle
metabolic differences between M1 and M2-MDSCs needs to be
clarified. As a whole, these studies show that hypoxia coordinating
with HIF-1a dominates the metabolic reprogramming pathways of
MDSCs, thereby manipulating their fate in TME. Re-educating TME
by targeting hypoxia and impairing HIF-1a signaling probably lead
to a more effective and durable anti-tumor response in patients
with cancer.

Metabolism of extracellular ATP

Adenosine is an ATP-derived nucleoside. Intracellular adenosine is
mostly used for energy metabolism and methionine cycle, whereas
emerging evidences have identified extracellular adenosine as an
important pro-tumor immunomodulatory factor in TME [64, 65].
The conditions associated with immunological stress, including
inflammation, trauma, hypoxia or ischemia, lead to necrotic tumor
cells death with concomitant ATP release [66]. At same time, the
damaged or stressed cells would decrease the ratio of ATP/
adenosine and mediate an increase in extracellular hydrolysis of
ATP into adenosine, thereby protecting themselves from excessive
damage [67]. In cancer lesions, accumulative extracellular
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adenosine in TME (up to 100 Mm) induces strong immune
suppression and supports tumor to evade immune destruction via
A, adenosine receptors (A 4R and AjgR), which are the most
abundant adenosine receptors in human and mice [68]. The
adenosine enhances the immunosuppressive activity of intra-
tumoral MDSCs via AR [69]. Furthermore, adenosine signaling
may ameliorate energetic status through metabolizing the stored
substances. Previous report has indicated that the treatment with
AoaR agonists substantially increased energy expenditure and
improved glucose tolerance in mice fed a high-fat diet [70].
Similarly, tumor or immune cells possibly also benefit from
adenosine-mediated energy metabolism as another aggravating
immunosuppression mechanism, which is yet to be investigated in
detail.

Surface ectonucleotidases, CD39 (ENTPDase1) and CD73 (ecto-
5-nucleotidase), sustain a delicate balance between the proin-
flammatory ATP and anti-inflammatory adenosine in TME [71, 72].
Extracellular ATP and ADP are hydrolyzed to 5’-AMP by CD39,
which is then processed to adenosine by CD73 [73]. Notably, a
critical role of adenosine-rich TME is emerging in the modulation
of MDSC expansion and differentiation. Study in Lewis lung
carcinoma mouse model reports that the generation of adenosine
promotes the preferential expansion and facilitates immunosup-
pressive activity of the PMN-MDSCs expressing CD73 at high levels
in vitro, coupled with rendering myeloid progenitors (MPs)
expressing AR to differentiate into tolerogenic phenotypes
[74]. Activation of AyR by its selective agonist Bay60-6583 in
melanoma mouse model shows increased STAT3 phosphorylation
and MDSCs accumulation, subsequently enhancing tumor VEGF
expression and vessel density [67]. Furthermore, TGF-f signaling
directly induces the generation of CD39/CD73 myeloid cells in
tumors [75]. Mechanistically, Li et al. further confirmed that TGF-3
derived from TME triggered the phosphorylation of mTOR and
then activated HIF-1q, thereby inducing CD39/CD73 expression on
MDSCs [76]. Moreover, TGF-B also facilitates the maturation of
MDSCs into tumorigenic terminally differentiated myeloid mono-
nuclear cells (TDMMCs) characterized with the higher levels of
CD39/CD73 expression and VEGF secretion, which forms a vicious
circle [75]. Aside from regulating the accumulation of MDSCs,
extracellular CD39/CD73-adenosine pathway in TME indiscrimi-
nately dampens anti-tumor immune responses by hampering the
cytotoxicity of T cells through A,sR and activating immune
suppressive cells such Treg cells, and consequently facilitating
tumor growth [68, 77]. Furthermore, Ryzhov et al. further
demonstrated that the ability of PMN-MDSCs to suppress CD3/
CD28-induced T cell proliferation was significantly enhanced in
the presence of the CD73 substrate 5~AMP [74]. Hence, CD39/
CD73 by catalyzing adenosine production confers immunosup-
pressive functions to MDSCs.

Taken together, the aforementioned findings provide ample
evidences for that MDSCs potentiate their suppressive activity via
extracellular ATP metabolism. Extracellular adenosine may repre-
sent a potentially therapeutic window for cancer patients,
especially those receiving immune therapy. But the intracellular
molecular mechanisms and associated signaling events that drive
this process are far from clear and require further investigations.

Increased demand for fatty acids

Systemic dysregulation of fatty acid (FAs) metabolism supports
cancer-related immune dysfunctions, which is among one of the
most prominent metabolic alternations in cancer [27, 78]. The
extracellular release of free FAs in TME mostly from stromal
adipocytes and neoplastic fat tissue is increased, which causes
cancer-associated MDSCs to alter their main energetic source from
glucose towards FAs, since mitochondrial FAs oxidation produces
more than twice as much ATP per mole as oxidation of glucose
and generates high levels of ATP and acetyl-CoA which
participates in cholesterol biosynthesis [26, 79]. Such a property
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may contribute to the selective survival advantage of MDSCs over
other immune cells, since they have to compete with the cancer
cells for rare glucose in nutrient-deficient TME. Therefore, in
tumor-bearing mice on a high fat diet, obesity increases the
frequency of MDSCs and enhances their capability thus limiting
the activation of tumor-reactive CD8% T cells [80]. Correspond-
ingly, MDSCs up-regulate the expression of lipid transport
receptors, including fatty acid translocase (CD36), macrophage
scavenger receptor 1 (Msr1) and fatty acid transport protein
(FATP), and take up substantial amounts of exogenous lipids from
TME, concomitant with an increased mitochondrial mass and up-
regulation of key FAO enzymes including carnitine palmitoyl-
transferase (CPT), peroxisome proliferator-activated receptor
gamma coactivator 1B (PGC1pB), acyl CoA dehydrogenase
(ACADM), and 3-hydroxyacyl-CoA dehydrogenase (HADHA) [81].
Study in several tumor mice models shows that tumor-derived
growth cytokines (G-CSF and GM-CSF) and the subsequent STAT3/
5 signaling induce MDSCs to up-regulate the expression of lipid
transport receptors, coupled with the resulting increase in the
uptake of lipids with high concentrations in TME [82]. Moreover,
the overexpression of FATP2 in PMN-MDSCs is controlled by GM-
CSF through the activation of the STAT5 transcription [83]. FATP2,
exclusively up-regulated by MDSCs both in human and mouse,
mediates the suppressive activity involved in the uptake of
arachidonic acid and the synthesis of PGE-2 by cyclooxygenase-2
(COX-2) [84]. And the genetic depletion of FAs translocase FATP2
and CD36 represses the activation of oxidative metabolism and
immunosuppressive capacity of tumor-infiltrating MDSCs, thereby
resulting in a T cell-dependent delay in tumor growth [82, 83].
In addition, the supplementation of exogenous unsaturated free
FAs, in particular sodium oleate, induces suppressive phenotype in
the myeloid suppressor cell line MSC-2 and diminishes the anti-
tumor T cell response, paralleled with increased intracellular lipid
droplets formation which positively correlates with the NO
production [85]. Yan et al. further contended that polyunsaturated
fatty acids (PUFAs) mediated MDSC immunosuppressive effects
through JAK/STAT3 signaling which regulated the expression of
genes related to MDSC expansion, such as S100A8/9, and
increased ROS production [86]. Recent study also suggests that
MPO-driven lipid peroxidation in PMN-MDSCs might serve as a
possible non-cell autonomous mechanism of restraining the
antigen cross-presentation by DCs [87]. Besides, Hossain et al.
suggested that FAO inhibition repressed the immunosuppressive
potency and overall metabolic activity of MDSCs, conspicuously
delayed tumor progress in a T cell-dependent manner and
significantly decreased the production of G-CSF, GM-CSF and IL-6
thus weakening the immunosuppressive circumstance [81].
Interestingly, MDSCs in different phenotypes may be inclined to
possess distinct metabolic patterns. Indeed, M-MDSCs prefer FAO
rather than glycolysis to fuel ATP generation, whereas PMN-
MDSCs prefer glycolysis and OXPHOS [88]. However, compared
PMN-MDSCs, M-MDSCs exhibit a stronger suppressive capacity
mainly by producing NO, TGF-$ and IL-10, which indirectly reflects
the regulation of FAO on the MDSC functions [89]. In summary,
abundant FAs in TME are not merely metabolic fuels, but also
critical signaling molecules manipulating the activation of MDSCs,
which partly interprets the failure of cancer therapies and poor
clinical outcomes caused by obesity and high-calorie diets.

Intracellular cholesterol overload

It is well accepted that malignant tumor cells require excess
cholesterol and its intermediates to maintain a high level of
proliferation [90]. Similar to tumor cells, MDSCs alter their cholesterol
profile in TME. Condamine et al. demonstrated that lectin-type
oxidized LDL receptor-1 (LOX-1) functioned as a novel proprietary
biomarker of human PMN-MDSC with robust immunosuppressive
activity and up-regulation of endoplasmic reticulum (ER) stress [91].
Moreover, TME produces ROS, inflammatory cytokines and oxLDL
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which elevate the surface LOX-1 expression in MDSCs. Lysosomal
acid lipase (LAL) cleaves cholesteryl esters and triglycerides in
lysosomes to generate free fatty acids and cholesterol [91, 92].
PPARy serves as the nuclear receptor triggered by FAs derived from
LAL enzymatic action. Thereafter, endocellular cholesterol is
primarily metabolized by the enzyme CYP7A1 in a traditional bile
acid synthesis pathway, concurrently developing into 27-
hydoxycholesterol (27-OHC) produced by the enzyme CYP27AT1,
the primary metabolite of cholesterol. 27-OHC is the most abundant
oxysterol in the circulation and acts as the important ligand
activating at least liver X receptor (LXR) and endogenous selective
estrogen receptor in vivo [93]. Abnormal amounts of cellular
cholesterol and its derivatives (i.e., oxysterols) directly activate LXR,
initiating the process of reverse excess cholesterol transport through
ATP-binding cassette transporters A1 (ABCA1) and G1 (ABCG1), both
transporters of intracellular lipids [94]. They promote the efflux of
cholesterol onto high-density lipoprotein (HDL) particles or onto the
lipid-poor form of apolipoprotein A1 (apoA1), which finally transport
cholesterol from peripheral tissues back to the liver for reuse or
excrete them into bile in form of bile acids [95].

Preclinical studies tend to more consistently support the tumor
facilitation triggered by cholesterol imbalance in TME during
tumor onset [96]. Noteworthy, excessive cholesterol deposit in
tumor infiltrating MDSCs could be likely mediator of this effect. In
melanoma tumor mouse model with myeloid-specific loss of
ABCA1, Daryoush et al. showed that the blockade of cholesterol
efflux pathways dramatically lessened tumor volume which
correlated closely with decreased frequency of MDSCs, suggesting
the excessive intracellular cholesterol removal was critically
involved in the survival of tumor MDSCs [97]. Besides, recent
study finds that 27-OHC promotes the differentiation of M-MDSCs
and ovarian tumor-bearing mice treated with 27-OHC display
increased M-MDSCs within their tumors [98]. Tumors fail to thrive
in mice lacking CYP27A1, which could be likely attributed to the
improper differentiation and/or functions of M-MDSCs [98].
Intriguingly, however, CYP27A1 expression is considered as a
poor prognostic in terms of overall survival in patients with
incipient ovarian cancer, while its expression serves as a good
prognostic for patients at late-stage disease [98]. On the basis of
this, one might speculate that 27-OHC promotes the increased
abundance of M-MDSCs only during the early stage of ovarian
cancer, whereas the anti-proliferative effects of 27-OHC could be
more obvious after a suitable TME has already been created. But
its idiographic action of mechanism needs to be addressed.
Because of this, the impaired cholesterol homeostasis and the
expansive frequency of MDSCs may be responsible for the specific
forepart diagnostic indexes for ovarian cancer.

Although there are few studies about the possible influence on
the inhibitory activity of MDSCs based on their cholesterol
metabolism. LAL deficiency causes the expansion of MDSCs and
loss of T cells [92]. MDSCs from LAL™~ mice directly stimulate B16
melanoma cells not only for in vitro proliferation, but also promote
both in vivo growth and metastatic dissemination, the remarkable
tumor-promoting capacity is found to be mediated, at least in part,
through hyperactivation of the mTOR pathway [99]. Mechanisti-
cally, LAL™'~ MDSCs overuse glycolysis to compensate the energy
deficit, which leads to an increased ATP production, ROS over-
production and oxidative stress, as well as the impairment of
mitochondrial membrane potential and functions triggered by
mTOR overactivation [100]. However, 9-hydroxyoctadecadienoic
acid (9-HODE), a LAL downstream metabolic derivative, acts as
hormonal ligands for PPARy and then effectively reverses the
aforementioned mTOR overactivation and ROS overproduction,
thus leading to the dysfunction of tumor MDSCs [101].

These findings underline the linkage between cholesterol meta-
bolic homeostasis and MDSC fate. Collectively, rectifying cholesterol
metabolic dysregulation of MDSCs in TME may be a novel
immunotherapeutic paradigm to control the development of cancer.
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METABOLIC INTERVENTION IN MDSCS TO IMPROVE ANTI-
TUMOR THERAPY

Nowadays, cancer immunotherapy has emerged as a revolution-
ary therapeutic approach that may be able to potentially
overcome the suppressive TME. However, to date, the therapeutic
effectiveness has been limited to a minority of patients and cancer
types, and the response rates remain low due to undefined
suppression mechanisms [102]. Besides, conventional antineo-
plastic agents also exhibit limitations. Since the immunosuppres-
sive cross-talk between MDSCs and TME may cause multifaceted
downstream effects to blunt the effectiveness of anti-tumor
therapy, immunotherapy based on selective targeting MDSCs is an
attractive option. Investigational treatment strategies targeting
MDSCs at present have mainly been attempted to dampen MDSC
development, expansion and functions, differentiate them into
more mature cells or destroy MDSCs [103]. TME shares features of
complex and erratic ecosystems, therefore, the requirement for a
tight nutrient balance might be a vulnerability of MDSCs upon
which to intervene for boosting tumor-specific immunity. Afore-
mentioned observations have led to a major interest in
characterizing the immune-microenvironment in cancer bearers
and MDSC metabolism-targeting drugs appear to be promising
tools for providing a novel anti-cancer immunotherapy.

Hypoglycemic drugs
Metformin is the most broadly prescribed type 2 diabetes drug
and currently under investigation for its antineoplastic activity and
underlying mechanisms, which have received great attention
[104]. Metformin actually activates AMPK and inhibits mTOR [105].
Several studies have reported that metformin exerts its anti-tumor
efficacy through targeting MDSCs in tumor bearers. A study in
ovarian cancer patients shows that metformin induces the
reduced presence of circulating CD397CD73"MDSCs and
increased presence of circulating CD8" T cells with enhanced
anti-tumor activity, thereby prolonging overall survival in the
diabetic patients with ovarian cancer [106]. Mechanistically,
metformin triggers activation of AMPKa and subsequently
suppresses HIF-1a, thereby dampening immunosuppression of
CD39/CD73-dependent MDSCs in cancer [106]. Another recent
study also finds that metformin is able to decrease the
accumulation and impair the suppressive capacity of PMN-MDSCs,
delay tumor progression and elicit Th1 and CTL responses in colon
cancer mouse model [107]. Since metformin also reduces STAT3
phosphorylation levels and then down-modulates the production
of downstream molecules such as ROS and Arg-1 in PMN-MDSCs
[107]. Furthermore, experimental evidence in esophageal squa-
mous cell carcinoma (ESCC) indicates that the treatment with
metformin reduces MDSC migration and accumulation in cancer
patients [108]. The underlying mechanisms prove that metformin
enhances AMPK phosphorylation followed by the inhibition of NF-
kB, induces dachshund homologue 1 (DACH1) expression and
subsequently inhibits CXCL1 secretion both in ESCC cells and
tumor xenografts thus abating chemotaxis in tumor MDSCs [108].
However, limited information is available related to the metabolic
intervention of metformin to achieve its antineoplastic activity.
Uehara et al. demonstrated that metformin treatment in
osteosarcoma mouse model decreased basal respiration and
OCR/extracellular acidification rate (ECAR) ratio of tumor MDSCs,
which in turn reduced ROS production and proton leakage in
these cells [109]. Metabolically, metformin redirected the meta-
bolism of MDSCs via lowering their OXPHOS while relatively
elevating glycolysis, along with down-regulating FAO, thereby
pushing the TME to a state that inhibited the tumor growth [109].
Aside from metformin, other type 2 diabetes medicines such as
phenformin and rosiglitazone have shown analogous anti-cancer
activity. Phenformin selectively diminishes PMN-MDSC accumula-
tion in the spleens and tumors of melanoma mouse model and
decreases expressed levels of Arg-1 and S100A8/9 in MDSCs [110].
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Co-treatment with phenformin and anti-programmed cell death
protein 1 (PD-1) antibody creates synergistic effects in inducing
CD8" T cell infiltration in TME and reducing tumor growth [110].
As mentioned above, PPARy activation in MDSCs dampens their
immunosuppressive potencies. Previous study in pancreatic
cancer mouse model showed that PPARy agonist rosiglitazone
in combination with gemcitabine limited MDSC accumulation and
enhanced T cell-modulated immunity to increase tumor destruc-
tion [111]. These observations give rise to the possibility of
immunotherapy involving hypoglycemic agents as promising
approaches to selectively target MDSCs. Further studies on the
metabolic regulation of hypoglycemic drugs on MDSCs will shed
light to increase treatment options for certain cancers that are
refractory to conventional therapies.

Drugs targeting lactate

The development of drugs targeting critical proteins (LDHA, PDK,
and MCT, among others) during lactate metabolism has shown
broad prospects in anti-tumor preclinical studies. Dichloroacetate
(DCA), an inhibitor of PDK and promoter of PDH, is used clinically
to cure patients with lactic academia [112]. DCA acts on both
tumor and immune cells to suppress glycolysis and then decrease
the lactate production to improve the immunosuppressive TME
modulated by lactate [112]. Oncolytic viro-immunotherapy holds
significant promise for cancer treatment, as it robustly triggers the
host immune activation. Recent study suggests that DCA targeting
aerobic glycolysis significantly reduces lactate release, MDSC
infiltration, STAT3 activation and IDO1 up-regulation in oncolytic
Newcastle disease virus (NDV) -treated HCC bearing mice to
alleviate immune negative feedbacks [113]. Moreover, a series of
blockers with a higher affinity for MCTs recently have been used
as promising therapeutic avenue in oncology [114-116]. Mean-
while, given the TME with low pH caused by circulating lactate
may impair the uptake of chemotherapeutic drugs, curtailing or
neutralizing the acidification of the TME should be explored as a
potential strategy to increase the sensitivity of tumor cells to
cytotoxic agents [117]. For instance, proton pump inhibitors (PPIs)
or bicarbonate therapy in combination with chemotherapy and/or
immunotherapy has been reported to significantly improve drug
sensitivity and anti-tumor responses in different pre-clinical
models, encompassing clinical cures in some subjects [118, 119].
As described above, lactate from TME imposes essential advance-
ment in cancer promotion. But few studies investigate that lactate
inhibitors or pH regulators exhibit their antineoplastic activity
through targeting tumor-conditioned MDSCs, which may establish
unexpected therapeutic windows and also open new options for
“re-purposing” existing metabolic drugs.

Drugs targeting hypoxia

Tumor hypoxia and its associated immune negative feedbacks
(angiogenesis, induction of PD-L1 expression both on MDSCs and
cancer cells, extracellular lactate and adenosine accumulation,
among others) are serious impediments that improve the overall
survival of patients with cancer and reduce the chemoresistance
or radiotherapy sensitivity. Targeted modulation of tumor hypoxia
might convert patient resistance to immunotherapy into those
that receive clinical benefits. Beyond its antihyperglycemic effect,
metformin is also capable of blocking the complex 1 in
mitochondrial respiratory chain, a key complex in electron transfer
during FAO [120]. It works like an O, economizer, alleviating
intratumoral hypoxia through reducing oxygen consumption of
tumor cells in vitro and in vivo. Metformin plus PD-1 blockade
therapy result in improved T-cell functions and clearance of highly
aggressive tumor [120]. Recently, Zuo et al. exhibited a novel
strategy for selectively clearing tumor MDSCs. They showed novel
mesoporous silica nanoparticles (MSNs) with CeO, as the gate-
keeper that selectively delivered the photosensitizer IR780 and
metformin, and then controlled their release once arriving at the
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tumor sites [121]. After that the engagement of metformin
significantly inhibited mitochondrial respiration and CeO,
improved the generation of O, [121]. Consequently, MSNs
consequently reversed MDSC-mediated immunosuppression,
attenuated MDSC recruitment and reduced the expression of
PD-L1 on MDSCs through remodeling hypoxic TME [121]. Besides,
in contrast to the normal counterparts, respiratory hyperoxia
therapy in TNBC mouse model leads to reoxygenation of lung
TME and then decrease the presence of MDSCs and the
expression of PD-L1 both in the primary tumor and metastatic
lung, suggesting that hypoxia tumor tissue could be impaired by
this treatment modality [122].

Decursin is an active compound extracted from the roots of
Angelica gigas and has been shown to have potent antiangiogenic
activity [123]. Ge et al. revealed its underlying mechanism that
Decursin inhibited HIF-1 activation and promoted its degradation
under hypoxia condition, consequently reducing the tumor
hypoxic area and restraining HIF-1a and PD-L1 expression,
paralleled with a significant reduction in Arg-1 production by
MDSCs [123]. In addition, Thymosin alpha-1 (TA) has been
reported to inhibit tumor growth as an immunomodulator. Study
in non-small cell lung carcinoma (NSCLC) shows that TA down-
regulates the expression of HIF-1a further to suppress the
production of VEGF in tumor cells thus decreasing M-MDSCs
accumulation and migration in TME, and promotes the apoptosis
of M-MDSCs by reducing the B-cell lymphoma-2 (Bcl-2)/ BCL-2
associated X (BAX) ratio [124]. Based on the above facts, it is
conceivable that the high frequency of MDSCs and the elevated
expression of PD-L1 could be regarded as the specific biomarkers
of hypoxia in cancer. Although antiangiogenic therapy has been
thought to hold extensive potentiality for eradicating tumors, the
antiangiogenic agents sunitinib and bevacizumab increase the
population of human breast cancer stem cells by inducing
intratumor hypoxia, which in turn leads to the delayed cancer
therapy progress primarily mediated by HIF-1a [125]. Hence, HIF-1
inhibitors may impose synergistic effects with antiangiogenic
agents to reverse the above highlighted negative consequences.
Coincident with this perspective, study in a murine model of
breast cancer indicates that the combination therapy of sunitinib
with HIF-1 inhibitor acriflavine evidently inhibits tumoral angio-
genesis and increases intratumor necrosis and apoptosis, followed
by a significant reduction of MDSC accumulation in the spleen,
indicating the reversion of systemic immunosuppression [126].
HIF-1 inhibitors by reducing tumor hypoxia and targeting MDSCs
may pave the way to foster entirely novel immunotherapy
opportunities.

Drugs targeting extracellular adenosine

Inhibition of ATP-degrading enzymes ubiquitously expressed on
MDSCs or blocking surface adenosine receptors exhibit anti-
tumoral efficacies in different preclinical cancer models. Multiple
studies have shown that drugs targeting the cell-surface enzyme
CD73 and CD39 reduce the growth and metastasis of primary
tumors through degrading peritumoral adenosine [127-129].
Recently, a novel series of CD73 antibody developed by lJin
et al, Ab001/Ab002 and humanized version Hu001/Hu002,
exhibited potent CD73 inhibition properties and efficiently
protected effector T lymphocyte functions from adenosine-
imposed toxicity, followed by the conspicuous reduction of
MDSCs in patients with cancer [130]. However, there still remains
lack of studies on metabolic drugs interfering with the CD73/
CD39-adenosine pathway in tumor MDSCs, a characteristic
functional hallmark of these cells. Owing to the immunosuppres-
sive effects of ectocytic adenosine catalyzed by CD73 and CD39,
targeting the downstream A;sR and AygR also has high
therapeutic potential. PSB1115, a selective AR antagonist,
reduces tumor angiogenesis and MDSCs accumulation in
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melanoma mice, consequently leading to a significant delay in
the melanoma growth and enhanced effectiveness of anti-VEGF
treatment [67]. Not alone, PSB1115 targeting the accumulation
and immunosuppressive activity of MDSCs in TME effectively
increases the frequency of CD8 ™ T cells and natural killer T (NKT)
cells, resulting in the reinforced anti-tumor immune responses and
melanoma growth delay [131]. These observations indicate that
extracellular adenosine inhibitors could further be investigated as
adjuvants in the treatment of cancer.

Drugs targeting FAs and therapeutic FAs

Interrupting the mechanisms of FAs uptake from MDSCs might be
an effective immune metabolic checkpoint. The selective phar-
macological inhibition of FATP2 by small molecule inhibitor
lipofermata abrogates the suppressive activity of FATP2-
overexpressed PMN-MDSCs and substantially inhibits tumor
progression in four tested tumor models [83]. In combination
with immune checkpoint inhibitors like anti-CTLA4 antibody,
lipofermata blocks tumor progression in mice due to its highly
selective targeting of MDSCs in TME [83]. In addition, recent study
on lipofermata shows that it decreases FAs accumulation, reduces
ROS release and impairs the functions of MDSCs, consequently
decreasing tumor burden [132]. More importantly, the combina-
tion therapy between anti-PD-L1 antibody and lipofermata blocks
suppressive activity of MDSCs and reinforces T-cell effective ability
for the production of IFN-y and TNF-a [132]. These findings
indicate that FAO as a metabolic target spot on tumor MDSCs can
improve the efficacy of cancer therapy. Similarly, combination
treatment of adoptive cell transfer (ACT) with etomoxir blocking
the rate-limiting enzyme CTP1 in the FAO cycle drastically inhibits
tumor development in the LLC mouse model [81]. This effect is
paralleled with the decreased immunosuppressive Arg-1 and ROS
release by MDSCs, as well as tumor-derived factors related to
MDSC expansion (i.e., G-CSF, GM-CSF, IL-6, IL-10) [81].

As for the FAs, w—6 PUFAs intake has been implicated in
mechanisms of tumor incidence, metastasis and poor outcomes,
while the anti-inflammatory w—3 PUFAs can counter tumor
growth and w—6 PUFA associated inflammation [133]. Docosa-
hexaenoic acid (DHA) is one of the most bioactive FAs belonging
to w—3 PUFAs family and harbors both anti-cancer and anti-
inflammatory properties. Since DHA improves the anti-cancer
properties of 5-fluorouracil (5-FU) through repressing 5-FU-
induced IL-1 secretion by MDSCs in lymphoma mouse model
[134]. Mechanistically, DHA inhibits the 5-FU-induced ROS
production and then represses the ROS-induced activation of
JNK mediating IL-1f secretion [134]. Another signaling pathway
shows that DHA in a [-arrestin-2-dependent way inhibits the
activity of NLRP3 inflammasome and phosphorylation of JNK in
tumor MDSCs [134]. In addition, anticonvulsant drug valproic acid
(VPA) is a short-chain fatty acid, showing additional activity
including anti-cancer and immunoregulation by inhibition of
histone deacetylases. In the same lymphoma mouse model, Xie
et al. indicated that VPA decreased the proportion of PMN-MDSCs
and impaired their ability to stimulate tumor progression in a
dose-dependent manner in vivo [135]. Mechanistically, VPA
dramatically down-regulated the immunosuppression-related
genes expression such as Arg-1, PD-L1 and TLR4 of MDSCs and
thereby recovered immune responses in TME. Of relevance, the
modification of FAs intake may be a preventive or therapeutic
approach to regulate MDSC-induced immune repression and
remains an attractive, but little studied intervention strategy.

LXR agonists

Emerging evidences show that manipulating cholesterol metabo-
lism reshapes the immunological landscape and reinvigorates
anti-tumor immunity [136]. GW3965, a class of selective LXR
agonists, exerts conspicuous efficacy of cancer immunotherapy
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through transcriptional induction of stromal apolipoprotein-E
(apoE), impeding melanoma cells invasiveness, endothelial
recruitment and tumor progression [137]. Mechanistically, the
LXR transcriptional target apoE binds with LRP8 receptors
expressed on MDSCs to achieve these antineoplastic effects
[137]. Besides, a more potent LXR agonist, RGX-104 representing
the first MDSC-targeting therapeutic agent, markedly reduces
MDSC abundance and enhances the CTL responses both in
murine models and clinical patients with metastatic melanoma, as
well as rescuing the efficacy of anti-PD-1 therapy in the poorly
immunogenic resistant model [138]. Recent research also finds the
improved radiosensitivity of NSCLC mediated by RGX-104, which
greatly promotes MDSC apoptosis and thereafter augments anti-
tumor immune response in TME [139]. Immunotherapy targeting
cholesterol metabolism pathway of tumor MDSCs is a significant
but overlooked therapeutic window in neoplastic diseases, which
remains to be extensively investigated.

PERSPECTIVES AND PROSPECTS

Metabolic reprogramming of MDSCs is triggered by stimuli
originated from TME and the bioenergetic needs, which allows
them to utilize adaptive metabolic pathways to sustain their
viability in metabolically unfavorable conditions. In this review, we
have presented a comprehensive overview about the intricate
interplay of TME and MDSCs, and analyzed the essentially
signaling events involved in the process. A number of studies
on MDSCs metabolism have expanded our understanding of the
mechanisms and functional consequences of metabolic alterna-
tions during the multistep development of cancer and, accord-
ingly, novel targets for therapeutic approaches aimed at metabolic
programming to enhance cancer immunotherapy. However, a
further systematic profiling of MDSCs metabolic pathways should
focus on several important issues such as: (1) What are the
divergent metabolic traits between PMN-MDSCs and M-MDSCs in
various diseases. (2) How the variable metabolic pathways of
MDSCs temporally and spatially alter during the various stages of
tumorigenesis. (3) Since nutrient uptake is strictly modulated by
growth factor signaling, how the tumor-derived cytokines and
growth factors regulate the metabolic switches of MDSCs [5]. (4)
How aforementioned metabolic alternations influence the epige-
netic states of MDSCs and then govern their functional activity,
among others. Increasing evidences suggest that the metabolic
reprograming of tumor and immune cells could be responsible for
the failure of anti-tumor immunity [27]. Based on this scenario, we
have summarized the medicines targeting metabolic reprogram-
ing of MDSCs and provided new train of thoughts for developing
efficacious anti-cancer modalities, further highlighting the ther-
apeutic potentiality of metabolic interventions as modulators of
anti-cancer immune responses. Predictably, regulating the meta-
bolic pathways of MDSCs in TME may allow for more precise and
targeted strategies to treat human malignancies.
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