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MDSC checkpoint blockade therapy: a new breakthrough point
overcoming immunosuppression in cancer immunotherapy
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Despite the success of cancer immunotherapy in treating hematologic malignancies, their efficacy in solid tumors remains limited
due to the immunosuppressive tumor microenvironment (TME), which is mainly formed by myeloid-derived suppressor cells
(MDSCs). MDSCs not only exert potent immunosuppressive effects that hinder the success of immune checkpoint inhibitors (ICIs)
and adaptive cellular therapies, but they also promote tumor advancement through non-immunological pathways, including
promoting angiogenesis, driving epithelial-mesenchymal transition (EMT), and contributing to the establishment of pre-metastatic
environments. While targeting MDSCs alone or in combination with conventional therapies has shown limited success, emerging
evidence suggests that MDSC checkpoint blockade in combination with other immunotherapies holds great promise in
overcoming both immunological and non-immunological barriers. In this review, we discussed the dual roles of MDSCs, with a
particular emphasis on their underexplored checkpoints blockade strategies. We discussed the rationale behind combination
strategies, their potential advantages in overcoming MDSC-mediated immunosuppression, and the challenges associated with their
development. Additionally, we highlight future research directions aimed at optimizing combination immunotherapies to enhance
cancer therapeutic effectiveness, particularly in solid tumor therapies where MDSCs are highly prevalent.
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INTRODUCTION
Immunotherapy has gained recognition as a highly promising
strategy for cancer treatment, with the potential to form the
backbone of future therapeutic strategies [1]. Unlike traditional
therapies, which directly target tumor cells, immunotherapy
leverages the patient’s immune system to identify and destroy
cancer cells [2]. Despite significant success in hematologic malig-
nancies, the efficacy of immunotherapies in solid tumors remains
limited, largely due to the immunosuppressive nature of the
microenvironment. The TME comprises a diverse range of immune
cells populations, with MDSCs playing a prominent role in driving
immune suppression [3]. MDSCs have gained attention for their role
in dampening anti-tumor immunity. These cells, derived from
abnormal hematopoiesis, are recruited to the TME in response to
cancer, chronic inflammation, and other pathological conditions.
Once in the TME, MDSCs suppress both innate and adaptive immune
responses, which restricts the efficacy of immunotherapies [4].
A significant obstacle in cancer treatment is the development of

resistance to immune checkpoint inhibitors, such as therapies
targeting lymphocyte-activation gene 3 (LAG-3), programmed
death-ligand 1 (PD-L1), and cytotoxic T-lymphocyte-associated
protein 4 (CTLA-4) [5]. While checkpoint inhibitors have trans-
formed cancer treatment, a significant percentage of patients are
unresponsive. This response is often attributed to the profound

immunosuppression exerted by MDSCs within the TME, which can
limit the infiltration and activity of effector immune cells [6]. In
both mice and humans, MDSCs are categorized into distinct
phenotypic subsets. In mice, MDSCs are defined by the expression
of Gr-1+ and CD11b+ and are subdivided into two main subsets:
polymorphonuclear (PMN)-MDSCs, characterized by CD11b+,
Ly6Ghigh, Ly6Clow, CD117+, and monocytic (M)-MDSCs, which
express CD11b+, Ly6Chigh, Ly6Glow, these subsets function
predominantly to suppress T-cell activation via several pathways.
In humans, MDSCs lack Gr-1 expressions and are similarly
classified based on CD11b expression. PMN-MDSCs are defined
as CD11b+, CD33+, CD14−, CD15+ (or CD66b+), HLA-DR−, while
M-MDSCs express CD11b+, CD33+, CD14+, CD15−, HLA-DR−/low.
Furthermore, early-stage MDSCs (eMDSCs), a third subset, have
been found in humans, characterized by Lin (comprising CD3,
CD14, CD15, CD19 and CD56)−, HLA-DR−, CD33+, though their
precise function remains under investigation [7]. Despite the
critical role MDSCs play within the TME, originality, phenotype,
their contributions to tumor progression and therapeutic resis-
tance remain one of the least understood aspects of the immune
landscape. In this regard, Nature Reviews Immunology brings
together insights from eight leading experts in the field to discuss
the critical questions and challenges surrounding research on
MDSCs [8].
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Given the central role of MDSCs in facilitating immune-
mediated tumor evasion, novel strategies aimed at targeting
MDSC-mediated immunosuppression are gaining concern. Check-
point blockade of MDSCs in combination with existing immu-
notherapies has emerged as a potential approach to enhance anti-
tumor immunity [9]. Combination immunotherapy may increase
the recognition and elimination of tumor cells by the immune
system, improve patient response rates, and overcome resistance
to current treatments. Furthermore, the exploration of prognostic
biomarkers for immunotherapy response, particularly those
related to MDSC function, could guide personalized treatment
decisions and improve clinical outcomes. In this review, we have
explored the mechanisms of MDSC-induced immune suppression
and the potential of targeting MDSC checkpoints as a strategy to
enhance the efficacy of immunotherapy. By investigating combi-
nation therapies that simultaneously target MDSCs and reinvigo-
rate immune responses, we aim to highlight promising avenues
for overcoming immunosuppression and improving cancer treat-
ment outcomes.

MDSCS AS PILLARS OF IMMUNOSUPPRESSIVE NETWORK
MDSCs are critical components of the tumor microenvironment
and play a pivotal role in the failure of various immunotherapeutic
approaches, including ICIs, CAR-T, CAR-NK, CAR-NKT, CAR-
macrophage (CAR-M), oncolytic virus, and cancer vaccine [10].
MDSCs exert their immunosuppressive effects through multiple

mechanisms. One significant mechanism involves the production
of immunosuppressive factors, with MDSCs secreting high levels
of arginase-1 (Arg-1) [11], inducible nitric oxide synthase (iNOS)
[12], and reactive oxygen species (ROS) [13], all of which play key
roles in dampening T cell activity. Arg-1 depletes L-arginine, an
amino acid crucial for T cell proliferation and function [14]. iNOS
and ROS induce oxidative stress, leading to T cell apoptosis and
the inhibition of T cell receptor (TCR) signaling [15]. Furthermore,
MDSC is an important cell that secretes TGF-β and interleukin-10
(IL-10) [16] cytokines that suppress effector T cells and promote
the expansion of regulatory T cells (Tregs), further enhancing
immunosuppression [17]. In addition to the secretion of immu-
nosuppressive factors, MDSCs engage in direct interactions with
T cells, preventing their activation and proliferation [18]. Through
the expression of inhibitory ligands such as PD-L1, MDSCs inhibit T
cell function by binding to PD-1 on T cells, contributing to
immune evasion [19]. In addition, MDSCs have the capability to
activate the T cells to differentiate into Tregs, a process that
further suppresses immune responses within the TME. Moreover,
MDSCs alter the metabolic landscape of the TME by promoting
hypoxia and nutrient depletion [20]. By consuming large amounts
of L-arginine and cysteine, MDSCs deprive T cells of essential
nutrients, impairing their function [21]. Hypoxia-inducible factors
(HIFs) also regulate the metabolic reprogramming of MDSCs,
enhancing their suppressive functions under the hypoxic condi-
tions that are common in solid tumors [22]. MDSCs also actively
recruit other immunosuppressive cells, such as Tregs and tumor-
associated macrophages (TAMs), which amplify the immunosup-
pressive network in the TME [23]. The interaction between MDSCs
and TAMs is particularly significant, as it drives the polarization of
macrophages toward an anti-inflammatory M2 phenotype,
supporting tumor growth while suppressing cytotoxic immune
responses. These cells significantly influence immune suppression
in cancer, contributing to tumor vascular development, therapy
resistance, and increased metastasis, all of which are well
supported by existing evidences.
It is now recognized that M-MDSCs and PMN-MDSCs employ

distinct strategies to achieve this suppression. M-MDSCs primarily
use pathways that do not necessarily require direct cell–cell
contact to inhibit effector T cell responses, achieving this through
the production of nitric oxide and anti-inflammatory cytokines

[24]. In contrast, PMN-MDSCs can predominantly suppress
immune reactions in an antigen-dependent manner, facilitating
T cell tolerance specific to antigens. This ability relies on the
production of free radicals, including ROS [25]. One of the
significant reactive species produced by MDSCs is peroxynitrite
(PNT), formed when superoxide and nitric oxide react. PNT directly
suppresses T cell functionality by nitrating their T cell receptors
(TCRs), diminishing their responsiveness to MHC-antigen com-
plexes [26]. Additionally, peroxynitrite impedes T cell migration by
nitrating TCRs, which hinders the binding of epitope-specific
amino acids to MHC molecules on tumor cells [27]. By disrupting
these immunosuppressive capabilities of MDSCs, we can foster a
more favorable microenvironment for effective immunotherapies,
paving the path to novel and effective cancer treatment
strategies.

MDSCS CONTRIBUTE IN CANCER RESISTANCE TO
IMMUNOTHERAPIES
In the last few years, the crucial role of MDSCs in mediating
resistance to immunotherapy has become increasingly evident.
This discovery underscores the complex interactions among
malignant neoplasms, MDSCs, various immune cell types,
fibroblasts, and tumor vasculature [28]. MDSCs significantly
contribute to immunotherapeutic resistance by suppressing
adaptive immunity and fostering angiogenesis through the
secretion of pro-angiogenic factors such as VEGFA and immuno-
suppressive cytokines like TGF-β [29]. Various researches on
MDSCs accumulate in various malignancies, including breast, lung,
and prostate cancers, where they disrupt anti-tumor immune
responses and hinder the therapeutic effects of ICIs. It has been
reported that, as levels of circulating MDSCs rises, resistance to
immune checkpoint inhibitors is likely to increase [30]. These cells
function as critical protectors of TME in concert with M2-polarized
TAMs to shield tumors from the host immune response and
therapeutic interventions. Numerous studies have established a
strong correlation between both intratumoral and circulating
MDSCs and resistance to immunotherapy across various cancer
models. Upon their recruitment into the TME, MDSCs are activated
by chemokines secreted by cancer cells, leading to T-cell
immunosuppression via STAT3-dependent pathways. This process
involves the activation of arginase and iNOS, depleting critical
nutrients such as arginine necessary for T-cell function [13]. Thus,
targeting MDSCs has emerged as a promising therapeutic strategy
to overcome treatment resistance. Finally, advancing cancer
immunotherapy requires addressing MDSC-driven immunosup-
pression, which hinders the efficacy of ICB and adaptive cellular
therapies (Fig. 1). Recent insights into MDSC biology highlight
their dynamic plasticity, metabolic regulation and their suppres-
sion of diverse immune populations. Promising strategies include
targeting novel checkpoints leveraging metabolic inhibitors, and
exploring combination therapies that simultaneously target
MDSCs and enhance effector immune cells function. Advances
in single-cell transcriptomics and predictive biomarkers further
enable personalized and effective treatments. This integrative
approach is critical for overcoming immunotherapeutic resistance
and improving clinical outcomes.

MDSC CHECKPOINT BLOCKADE IS THE NEW AVENUE FOR
SOLVING THE CANCER IMMUNOTHERAPEUTIC RESISTANCE
MDSC checkpoint blockade is at the forefront of modern
immunotherapy. These checkpoints act as modulators of MDSC-
driven immune suppression, offering promising avenues to
enhance therapeutic efficacy against cancer [4]. These checkpoints
consist of inhibitory or activating pathways and molecules
predominantly expressed by MDSCs, which govern their immu-
nosuppressive behavior.
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Inflammatory cytokines and mediators, including TNF-α, IL-1β,
PGE2, IL-6, and VEGF, TGF-β1, are among the tumor-associated
factors that promote MDSC proliferation, expansion, and differ-
entiation [31]. The balance between immunological activation and
suppression can be significantly influenced by these checkpoints.
Various checkpoints have been investigated in relation to MDSCs,
but several key targets for reprogramming MDSCs include
Cyclooxygenases, HIF-1α TNF-α, PD-L1, STAT3, C/EBPβ, c-Rel,
PGE2, CCR2, PI3K, CHOP, TIPE2, CD300ld, FATP2, HIF-1α, Alox12/
15, S100A8/A9, Dkk1, PLCγ 2, TRAIL-Rs, β2AR, LILRB, SLFN4, PERK,
ASAH2, Tet2, CD45 phosphatase, RORC1, VISTA, SIRT 1, AMPK
alpha 1, Retinoblastoma Gene 1, and Prokineticin 2 (BV8). These
MDSC checkpoints orchestrate a highly efficient immunosuppres-
sive network within tumors. Targeting these pathways offers a
promising strategy to reprogram MDSCs, thereby reducing their
immunosuppressive capacity and enhancing the efficacy of
immunotherapies. By disrupting MDSC-mediated suppression,
immune checkpoint inhibitors, CAR-T cells, CAR-Macrophages,
and other adaptive therapies may achieve greater clinical success,
especially in overcoming resistance in solid tumors. In Table 1, we
summarized key MDSC-associated checkpoints, detailing the
signaling pathways involved, mechanisms by which these
checkpoints mediate immunosuppression, and potential drug
candidates targeting these pathways. Some of these candidates
are already FDA-approved for clinical use, while others are
currently under investigation in clinical trials (Table 2).
In this review, we also categorize MDSC checkpoints into seven

key areas: amino acid metabolism (CHOP, PERK); lipid metabolism
(Alox12/15, FATP2, ASAH2, SLFN4, COX, PGE2); mitochondrial
metabolism and bioenergetics (AMPKα1, PI3K, SIRT1); hypoxia and
oxidative stress (HIF-1α, DKK1); epigenetic and transcriptional
regulation (C/EBPβ, STAT3, c-Rel, Tet2, Retinoblastoma Gene 1);
membrane receptor signaling (CD74, TRAIL-R, LILRB, PD-L1, VISTA,
CD300ld, BV8 receptor); TLR/NF-κB and MAPK signaling (S100A8/
A9, TIPE2, CD45 phosphatase, TNF-α, PLCγ2). This categorization
highlights how MDSCs leverage diverse metabolic pathways and
signaling mechanisms to promote immune suppression (Fig. 2).

We propose that targeting these distinct metabolic checkpoints
may offer novel therapeutic approaches for overcoming cancer
resistance to immunotherapy.

Targeting checkpoints involved in lipid metabolism
FATP2. The trafficking of lipids across cellular membranes is
mediated by various proteins, fatty acid transport protein (FATP),
CD206, and CD36. Among these, the FATP family, consisting of
FATP1 through FATP6, functions both as acyl-CoA synthetases
(ACS) and as long-chain FA transporters [32]. In cancer,
polyunsaturated fatty acids (PUFAs) have been shown to disrupt
normal myelopoiesis in the bone marrow of tumor-bearing mice,
leading to an increased accumulation and enhanced activity of
PMN-MDSCs via the JAK/STAT3 signaling pathway [33]. This PUFA-
driven effect on MDSCs was significantly reduced when STAT3
phosphorylation was inhibited by the JAK inhibitor JSI-124. FATP2
is selectively upregulated in both murine and human G-MDSCs,
driven by GM-CSF through STAT5 activation [34]. FATP2-mediated
immunosuppression involves the assimilation of arachidonic acid,
a precursor for PGE2 production. Deletion of FATP2 eliminates the
suppressive function of PMN-MDSCs, slowing tumor progression
without affecting CD8+ T cell activity or the function of other
immunosuppressive cells such as tumor-associated macrophages
and monocytic MDSCs [35]. In addition, signaling via the β2-
adrenergic receptor enhances fatty acid oxidation (FAO) and
increases the expression of the FA transporter CPT1A in MDSCs,
further promoting their immunosuppressive function [36]. This
signaling pathway activates the arachidonic acid cycle, increasing
PGE2 release and driving further immunosuppression [37]. PGE2
produced by MDSCs can elevate PD-L1 expression in both
intratumoral MDSCs and TAMs, contributing to the differentiation
of IL-10-producing T cells into dysfunctional, and exhausted T cells
[38].
Targeting the COX2/mPGES1/PGE2 signaling pathway by

blocking FATP2 offers a promising strategy to mitigate PD-L1-
mediated immune suppression. These evidences suggests that
FATP2 is a pivotal regulator of MDSC function, making it a

Fig. 1 MDSCs resist cancers to immunotherapies. In the tumor microenvironment (TME), MDSCs inhibit the key functions of effector
immune cells, impairing TME responsiveness and contributing to immunotherapy resistance in tumors (lower right panel). Conversely,
following MDSC functional blockade, this renders previously immunotherapy-resistant tumors sensitive to immunotherapeutic interventions
(upper right panel).
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promising therapeutic target. By inhibiting FATP2, it is possible to
reduce MDSC-mediated immune suppression, potentially enhan-
cing the efficacy of cancer immunotherapy. Furthermore, combin-
ing FATP2 inhibition with checkpoint blockade therapies such as
anti-PD1, as well as adoptive cell therapies like CAR-T, CAR-NK, and
CAR-M therapies, could further enhance anti-tumor immune
responses. Future research should aim to elucidate the molecular
mechanisms underlying FATP2’s interaction with CD36 and FA-
binding proteins in MDSC lipid uptake, as well as to evaluate the
therapeutic efficacy and safety of targeting FATP2 in combination
with other immunotherapies.

Alox12/15. Arachidonate 12/15-lipoxygenase (ALOX12/15) is a key
enzyme involved in the metabolism of polyunsaturated fatty acids
(PUFAs), primarily arachidonic acid, which is oxidized to produce
bioactive lipids such as 12-hydroxyeicosatetraenoic acid (12-HETE)
and 15-hydroxyeicosatetraenoic acid (15-HETE). These metabolites,
along with others like prostaglandin E2 (PGE2) and eicosanoids,
play a pivotal role in the immunosuppressive functions of MDSCs
within the tumor microenvironment [39]. Research by Tang et al.
has shown that IL-13 induces MDSCs to overexpress 15-
lipoxygenase (ALOX15), leading to increased production of lipid
mediators that enhance MDSC immunosuppressive activity [40].

Specifically, eicosanoids produced by ALOX15, such as 15-HETE,
have been found to promote MDSC recruitment, growth, and
activation, thereby contributing to the establishment of an
immunosuppressive tumor microenvironment [10]. These eicosa-
noids dampen immune responses by inhibiting effector T cells and
NK cells, and promoting the expansion of Tregs, which facilitates
tumor progression. Further investigations have highlighted that
deletion of the ALOX12/15 gene in tumor-associated PMN-MDSCs
alters their metabolome and gene expression profiles [41]. The
deletion enhances immune responses by upregulating genes
involved in complement activation, neutrophil-mediated immunity,
monocyte chemotaxis, and antigen presentation. Moreover, inhibi-
tion of ferroptosis, a form of iron defendant-regulated cell death
mediated by ALOX12/15, has been shown to augment the anti-
cancer effects of immune checkpoint inhibitors and to suppress
tumor growth [42]. This suggests that ALOX12/15 not only supports
MDSC-mediated immunosuppression but also plays a critical role in
ferroptosis.
Given the central role of ALOX12/15 in MDSC biology, targeting

this enzyme offers significant therapeutic potential. Blocking
ALOX12/15 could disrupt the synthesis of lipid mediators that
decrease immunity, such as PGE2 and 15-HETEs, reducing the
immunosuppressive capacity of MDSCs and enhancing the

Table 2. Summary of clinical trials targeting MDSCs checkpoints as immunotherapies.

Trial ID Drug name Cancer targeted Intervention/targeting mechanism Reference

NCT02637531 IPI-549 Advanced Solid Tumors PI3K inhibitor [73]

NCT01732549 Tasquinimod Prostate Cancer S100A8/A9 pathway inhibition [146]

NCT02178956 Napabucasin Advanced gastric cancer STAT3 pathway inhibition [94]

NCT03384836 Propranolol Melanoma β2AR adrenergic signaling blockade [118]

NCT06126276 Palbociclib Breast Cancer Rb1/CDK4/6 axis regulation [105]

NCT00001693 Celecoxib Colorectal Neoplasm COX-mediated PGE2 inhibition [47, 50]

NCT02983006 DS-8273a Melanoma TRAIL-R-mediated apoptosis induction [113, 169]

NCT02812875 CA-170 Advanced solid tumors and lymphomas VISTA/PD-L1 [130]

NCT03245489 Acetylsalicylic acid Head and neck cancer COX [46, 50]

Fig. 2 Key signaling pathways involve MDSC checkpoints. MDSC checkpoints pair and bind with their ligands on the cell membrane (top),
and this activates key signaling pathways leading to regulating MDSC expansion, survival, and immunosuppressive activity (top).
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immune system’s ability to attack the tumor. By impairing MDSC
function, ALOX12/15 inhibitors could also promote a pro-
inflammatory tumor microenvironment, facilitating the homing
and activation of cytotoxic immune cells, including CD8+ T cells
and NK cells. Furthermore, targeting ALOX12/15 could synergize
with other immunotherapeutic approaches, such as cancer
vaccines, immune checkpoint blockade, and adoptive cellular
therapies. Further research on ALOX12/15 inhibitors is crucial to
understanding their therapeutic potential and their role in MDSCs
ferroptosis, which could enhance anti-tumor immunity and cancer
immunotherapy efficacy.

PGE2. Prostaglandin E2 (PGE2) is a key mediator in the biology of
MDSCs, playing a significant role in chronic inflammation and
tumor progression. PGE2 facilitates MDSC expansion and
enhances their suppressive impact on T cell-mediated immune
responses [38]. It modulates the activity of enzymes associated
with MDSC function, including iNOS, indoleamine 2,3-dioxygen-
ase, and arginase 1, through binding to four distinct receptors: EP1
through EP4 [43]. Studies have demonstrated the pivotal role of
the PGE2-COX2 signaling pathway in regulating MDSC immuno-
biology. Rodriguez et al. showed that PGE2-COX2 drives the
expression of the immunosuppressive gene arginase 1 in MDSCs.
Inhibiting COX-2 resulted in reduced arginase I expression and
enhanced lymphocyte-mediated antitumor responses [43]. Addi-
tionally, COX2 activity in MDSCs is associated with the generation
of mitochondrial ROS, and decreasing COX2 reduces ROS levels,
compromising MDSCs’ inhibitory capacity [38, 39]. Moreover, PGE2
released by tumors upregulates CD73 expression in monocytic
MDSCs, leading to increased suppression of T cell activity through
elevated adenosine levels. Lowering adenosine levels with
PEGylated adenosine deaminase has been shown to enhance
CD8+ T cell activation and improve the response to immune
checkpoint inhibitor therapy [44]. Furthermore, PGE2 secreted by
MDSCs in ovarian cancer promotes the expression of PD-L1 and
the emergence of cancer stem-like cells. It upregulates PD-L1
expression in ovarian cancer cells via the mTOR signaling pathway,
contributing to tumor progression [45]. Targeting EP receptors,
particularly EP2 and EP4, presents a promising approach for
enhancing the effectiveness of adoptive immunotherapy. Clinical
studies evaluating EP4 antagonists (such as E7046) and dual EP2/
EP4 antagonists (such as TPST-1495) in advanced malignancies are
underway. The COX-2-PGE2 signaling cascade plays a crucial role
in modulating the tumor microenvironment (TME) by influencing
immune cell polarization, activating cancer-associated fibroblasts,
and promoting ECM remodeling, angiogenesis, and T cell
exclusion. Its involvement in epithelial-to-mesenchymal transition
(EMT) and crosstalk with pathways like Wnt/β-catenin and TGF-β
highlights its importance in tumor progression. Understanding
these mechanisms could help overcome resistance to COX-2
inhibitors and guide novel combination therapies.

COX. Cyclooxygenases (COX) are enzymes crucial to producing
prostanoids, including prostaglandins, prostacyclins, and throm-
boxanes. There are two main isoforms: COX1, considered a
“housekeeping” enzyme, and COX2, an inducible isoenzyme.
COX2 is expressed at low levels in most tissues but can be highly
expressed in response to various stimuli, including inflammatory
mediators and tumor promoters [46]. Targeting the COX
pathway in MDSCs has shown promise in enhancing immu-
notherapeutic efficacy. COX2 inhibitors reduce MDSC prevalence
and impair their suppressive functions by decreasing ARG1
expression and inhibiting mitochondrial ROS production within
MDSCs [47]. This highlights COX2 as a potential therapeutic
target to mitigate MDSC-induced immunosuppression in the
tumor microenvironment. Studies have explored the efficacy of
targeting the end receptors of COX1/2 metabolites using
selective EP4 receptor antagonists like MF-766 [48].

Furthermore, in mouse models, MF-766 enhances the efficacy
of anti-PD-1 therapy by promoting the infiltration of CD8+

T cells, NK cells, and conventional dendritic cells into the tumor
microenvironment, shifting macrophage phenotypes toward
M1-like ones, and reducing the number of granulocytic MDSCs.
Additionally, Li et al. found a correlation between COX-2
expression and key immunosuppressive genes in MDSCs in
nasopharyngeal cancer (NPC). Inhibiting COX-2 attenuated the
rise of COX-2 levels and epithelial-mesenchymal transition (EMT)
scores in NPC cells driven by MDSCs, suggesting COX-2 as a
critical checkpoint for MDSC–tumor cell interactions and tumor
promotion [47]. In the same vein, Prima et al. reported a
significant decrease in PD-L1 transcription after inhibiting PGE2
anabolism by COX2 inhibitors or enhancing PGE2 catabolism.
This indicates the role of the COX2/mPGES1/PGE2 axis in
controlling PD-L1 expression in myeloid cells within the tumor
microenvironment [49]. Furthermore, Muthuswamy et al.
demonstrated that COX2-specific inhibitor Celecoxib effectively
counteracted the suppressive influence of myeloid cells on
effector immune cells by inhibiting COX2, IDO, and IL-10
expression. In addition, Veltman et al. reported large numbers
of infiltrating MDSCs were found to co-localize with COX-2
expression in areas of active tumor growth. Treatment with
celecoxib was shown to effectively reduce prostaglandin E2
levels both in vitro and in vivo. In mesothelioma tumor-bearing
mice, celecoxib administration prevented the local and systemic
expansion of all MDSC subsets, leading to impaired MDSC
function characterized by decreased levels of ROS and NO.
Additionally, celecoxib treatment reversed T-cell tolerance,
thereby enhancing the efficacy of immunotherapy [50]. Collec-
tively, COX2 inhibitors show promise in diminishing the MDSC
population and inhibiting their suppressive roles, positioning
them as potential trajectories in cancer immunotherapy.
However, further research is required to validate their safety
and utility in combination with other immunotherapy.

ASAH2. Acylsphingosine amidohydrolase 2 (ASAH2) is a neutral
ceramidase that plays a crucial role in sphingolipid metabolism in
MDSCs, helping them resist ferroptosis. This hydrolytic enzyme is
encoded by the ASAH2 gene which is critical in ceramide
metabolism [51]. Multiple groups reported upregulation of ASAH2
expression in both colon cancer cells and intratumoral MDSCs.
They found that ASAH2 functions as a survival factor for MDSCs via
the p53 pathway [52]. The researchers developed a small molecule
inhibitor to block ASAH2 function. Inhibition of ASAH2 led to
increased p53 protein stability, upregulation of Hmox1 expression,
suppression of ROS generation, and MDSC death via iron-
dependent lipid peroxidation. Additionally, the inhibitor treatment
reduced glutathione and cysteine uptake in MDSCs, indicating
that it targets glutathione synthesis from cysteine [53]. These
findings highlight the role of ASAH2 as an important checkpoint
and ferroptosis regulator in MDSCs. Coant and colleagues
demonstrated that inhibition of ASAH2 triggers the depho-
sphorylation of GSK3β, necessary for the phosphorylation and
degradation of β-catenin. They found that ASAH2 inhibition in
colorectal cancer cells leads to decreased GSK3β phosphorylation
and activation of AKT, a critical cell growth target. This inhibition
also causes AKT dephosphorylation and dysfunction. The study
suggests that ASAH2 controls the basal activation of AKT, a major
pathway employed by MDSCs to drive immunosuppressive
phenotypes, making it a potential checkpoint for colon cancer
treatment. In a xenograft model, ASAH2 inhibition resulted in
elevated ceramide levels, reduced proliferation, and delayed
tumor growth, confirming the functional requirement of neutral
ceramidase in colon cancer control and progression [52]. These
results highlight the significance of ASAH2 in controlling
ferroptosis in MDSCs and imply its possibility as a target to
overcome MDSCs-mediated immunosuppression.
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SLFN4. Targeting Schlafen 4 (SLFN4) in MDSCs presents a
promising strategy for overcoming immune suppression within
the TME. SLFN4 is a member of the Schlafen family of proteins that
plays a key regulatory role in the differentiation, recruitment, and
activation of MDSCs [54]. Its expression is induced by type 1
interferons, particularly IFN-α, primarily produced by plasmacytoid
dendritic cells (pDCs), and it has been shown to significantly
enhance the immunosuppressive capacities of MDSCs [55]. In
gastrointestinal malignancies, particularly during Helicobacter
pylori infection, SLFN4 expression is upregulated and associated
with the expansion of SLFN4+ MDSCs in the gastric TME. This
process is mediated by the Sonic Hedgehog (SHH) signaling
pathway, which promotes metaplastic transformation and
enhances the immunosuppressive activity of MDSCs through
mechanisms involving key suppressive factors such as Arg-1 and
iNOS. SLFN4+ MDSCs also express microRNA miR130b, which
mediates T-cell suppression, further contributing to the pro-
tumorigenic environment [56]. The ability of SLFN4 to drive
immune suppression by promoting MDSC polarization and
activation suggests that it may play a similar role in other solid
tumors. Indeed, SLFN4 knockdown experiments have shown that
inhibition of this protein diminishes the immunosuppressive
properties of MDSCs, reducing levels of Arg-1 and iNOS, and
consequently restoring T cell function [57]. This suggests that
targeting SLFN4 could impair MDSC function, alleviate immune
suppression, and enhance the efficacy of other immunotherapeu-
tic approaches. From a therapeutic standpoint, pharmacological
inhibition of SLFN4 either through small molecules like sildenafil
or genetic approaches has demonstrated efficacy in preclinical
models. For instance, inhibiting SLFN4 in mouse models of H.
pylori-induced gastric metaplasia not only attenuated MDSC-
mediated immune suppression but also reduced the proliferation
of cancer stem cells [58]. Targeting SLFN4 in MDSCs offers a dual
benefit: it could reduce the immune suppression exerted by
MDSCs, thereby lowering their inhibitory effects on T cells, while
also modulating the TME to become less favorable for tumor
growth. In this context, SLFN4 blockade could synergize with
existing immunotherapies. For example, combining SLFN4 inhibi-
tion with immune checkpoint inhibitors (such as anti-PD-1 or anti-
CTLA-4) could enhance T cell activity by not only relieving
checkpoint-mediated inhibition but also reducing the immuno-
suppressive influence of MDSCs. Future research should explore
the signaling pathways regulating SLFN4 expression and its effects
on MDSC function, particularly STAT3 and NF-κB. Understanding
SLFN4’s interactions could reveal how MDSCs maintain suppres-
sive phenotypes and identify targetable metabolic vulnerabilities
with SLFN4 blockade.

Targeting checkpoints involve in amino acid metabolism
CHOP. C/EBP homologous protein (CHOP), a crucial transcription
factor, acts as a checkpoint for MDSCs in executing their
immunosuppressive functions. Experimental evidence suggests
that CHOP-deficient MDSCs can transition from immune suppres-
sors to immune stimulators, acquiring some dendritic cell
phenotypes and functionalities [59]. This functional polarization
of MDSCs has been linked to factors such as endoplasmic
reticulum (ER) stress, acidosis, and hypoxia, which significantly
upregulate CHOP expression in intratumoral M-MDSCs and bone
marrow-residing PMN-MDSCs [13]. The increase in CHOP expres-
sion is associated with peroxynitrite and ROS levels in the tumor
microenvironment. Notably, CHOP is primarily expressed by
myeloid cells infiltrating the tumor microenvironment, excluding
macrophages [60]. Knocking out the Chop gene significantly
inhibits tumor growth by altering MDSC activity, reducing their
immunosuppressive functions, including diminished arginase-1
and ROS levels. Chop deficiency enhances IFN-γ-producing CD8+

T cell recruitment to tumors, reversing tumor growth when CD8+

T cells are reduced. MDSCs from Chop-deficient mice gain

antigen-presenting capabilities, reflecting a functional shift.
Additionally, CHOP deficiency reduces C/EBPβ, p-STAT3 activity,
and IL-6 production, further impacting tumor progression [13].
Importantly, the restoration of tumor growth and MDSC suppres-
sive activity in CHOP-deficient mice through IL-6 overexpression
highlights CHOP’s regulatory role in MDSC behavior via IL-6
production. Notably, immunosuppressive activity is primarily
observed in intratumoral and vascular MDSCs, whereas splenic
MDSCs show minimal suppression of nonspecific T-cell prolifera-
tion. This distinction aligns with the specialized immunosuppres-
sive role of MDSCs in the tumor microenvironment. Furthermore,
lncRNAs play a critical role in modulating MDSC functions within
the tumor, further emphasizing the complexity of their regulation
[61]. A recently identified lncRNA, Lnc-CHOP, has been found to
influence the immunosuppressive behavior of MDSCs. Lnc-CHOP
promotes C/EBP activation and enhances the expression of
immunosuppressive genes in MDSCs, whereas lnc-C/EBP sup-
presses C/EBP activation, leading to decreased immunosuppres-
sive function and reduced MDSC differentiation [60]. Future
research should explore CHOP’s role in MDSC-mediated immuno-
suppression during tumor progression, its interaction with cellular
stress responses, immune checkpoint molecules, and tumor
microenvironment. Understanding CHOP’s impact on T cell and
NK cell functions is crucial. Identifying CHOP-related biomarkers
could improve patient selection for CHOP-targeted therapies,
making cancer immunotherapy more precise and effective.

PERK. Protein Kinase R-like Endoplasmic Reticulum Kinase (PERK)
is a type I integral transmembrane protein crucial for the cellular
unfolded protein response triggered by ER stress resulting from
the accumulation of unfolded or misfolded proteins. Several
studies have highlighted the capability of targeting the PERK axis
to reprogram MDSCs from immunosuppressive to antitumoral
phenotype [62]. Research by Mahadevan et al. demonstrated that
when tumor cells undergo ER stress, they can induce stress in
intratumoral myeloid cells, resulting in upregulation of various
tumor-promoting genes like Arg-1 and iNOS, accelerating tumor
growth [63]. Additionally, recent findings suggest that the
integrated stress response can drive PD-L1 overexpression in
lung cancer [64]. Interestingly, Mohammed et al. reported
elevated PERK signaling in tumor-derived MDSCs, and inhibition
of this signaling reprogrammed MDSCs into effector antitumoral
myeloid cells [62]. These reprogrammed MDSCs engulfed tumor
cells, co-activated anti-tumor CD8+ T-cell function, and served as
professional antigen-presenting cells. The disturbance of NRF2-
driven antioxidant capability and mitochondrial respiratory
equilibrium in PERK-deficient tumor-MDSCs impaired their ability
to suppress CD8+ T cells. Moreover, cytosolic mitochondrial DNA
elevation induced by reduced NRF2 signaling in PERK-deficient
MDSCs led to STING-dependent production of anti-tumor Type-I
Interferon. The immunoinhibitory capability of PERK-ablated
MDSCs was restored by blocking Type-I interferon receptor-I,
conditionally via deleting STING or reactivating NRF2 signaling.
Furthermore, intravenous administration of MDSC-specific PERK
knockout resulted in significant tumor growth suppression [62].
Studies also evaluated the synergistic effect of PERK inhibitors
with anti-PD-L1 in the B16F10 tumor model, showing promising
outcomes. PERK has been linked to MDSCs' “well-being” and
prevents STING activation through its antioxidant properties.
Additionally, attenuated tumor growth and activated anti-tumor T
cell immunity were observed when PERK was deleted or
pharmacologically inhibited in mice harboring melanoma [65].
Recently, Liu et al. found that HSPC reprogramming into
committed MDSC precursors in the spleen was mediated via
PERK-ATF4-C/EBPβ signaling [66]. In addition, pharmacological
and genetic suppression of this pathway prevented the differ-
entiation of myeloid descendant cells into MDSCs, leading to
significant tumor regression in mice [67].
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Targeting mitochondrial metabolism and bioenergetics
AMPK alpha 1. AMP-activated protein kinase (AMPK) is a
heterotrimeric serine/threonine kinase complex present in all
animals, serving as a crucial metabolic sensor to maintain cellular
energy balance during stress. This complex consists of catalytic
subunits (AMPKα1 or AMPKα2) and regulatory subunits (AMPKβ
and AMPKγ) [68]. Studies by Trillo Tinoco et al. revealed a
significant association between AMPKα signaling and the immu-
nosuppressive functions of MDSCs in tumors. They found
heightened AMPKα activity in MDSCs from tumor-bearing mice
and human ovarian cancer patients, driven by GM-CSF from
cancer cells via STAT5-dependent transcription of the Ampkα1
gene. Inhibiting AMPKα slowed tumor growth, weakened MDSC
suppression, activated antitumor CD8+ T-cell immunity, and
enhanced the success of CAR T-cell therapy. Conversely, stimulat-
ing AMPKα signaling increased MDSC immunoregulatory func-
tions [69]. Similarly, deleting AMPKα1 gene altered the
differentiation pathway of M-MDSCs, leading them to adopt a
cytotoxic role against tumors through nitric oxide synthase 2,
highlighting the central role of AMPKα1 in MDSC-mediated
immunosuppression. Various studies have demonstrated that
AMPK activation inhibits the growth and negative functionality
of MDSCs, suggesting it is a viable therapeutic target in immuno-
oncology. Trikha et al. found that OSU-53 administration triggered
AMPK phosphorylation, reducing nitric oxide production, MDSC
migration, and IL-6 expression. Treatment with OSU53 decreased
the immunosuppressive effects of murine MDSCs and increased T
cell functionality. Moreover, AMPK is also essential for the
differentiation of bone marrow cells into endothelial progenitor
cells and mediates the differentiation of CD11b+/Gr-1+ MDSCs in
tumor-bearing hosts. Inhibition of AMPK activity through Comp-C
treatment reduced glucose uptake rates without impacting overall
cell growth or viability [70]. Moreover, Adeshakin et al. demon-
strated that metformin, an anti-diabetic drug, activates AMPK and
enhances CHOP expression, thereby increasing stress responses in
an anchorage-independent B16F10 melanoma model. This results
in reduced antioxidant activity and the accumulation of misfolded
proteins, sensitizing tumor cells to anoikis. This metabolic
reprogramming could disrupt the supportive environment for
MDSCs [71]. Consequently, targeting AMPKα1 in MDSCs, in
combination with adaptive cellular therapies or immune check-
point inhibitors (ICIs), could enhance the effectiveness of cancer
treatments. However, care must be taken when targeting AMPKα1,
as it plays a crucial role in maintaining energy balance across
various cell types. Inhibiting AMPK in MDSCs may unintentionally
disturb energy regulation in healthy tissues, potentially causing
adverse side effects. Therefore, therapeutic strategies must
carefully balance targeting AMPK in MDSCs while minimizing
potential harm to non-cancerous cells.

PI3K. Phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K) plays
a pivotal role in regulating cell cycle processes, such as
proliferation, quiescence, and energy metabolism. In the context
of MDSCs, PI3K signaling is integral to several cellular functions,
including cytokine production, homeostasis, glucose and lipid
metabolism, proliferation, and recruitment [72]. These processes
collectively drive the immunosuppressive capabilities of MDSCs.
The PI3K/AKT/mTOR pathway is particularly important for the
development and immunosuppressive behavior of MDSCs in both
chronic inflammation and malignancies. The PI3K family includes
PI3Kα, PI3Kβ, PI3Kδ, and PI3Kγ, with PI3Kδ and PI3Kγ being the
primary isoforms implicated in promoting survival and immuno-
suppressive functions in myeloid cells [73]. This signaling pathway
can shift cellular energy generation from glycolysis to oxidative
phosphorylation (OXPHOS), which supports MDSC survival and
their suppressive activity. PI3Kγ specific blockade to target these
cells and improve tumor outcomes has been widely studied in
recent years with propitious outcomes in the preclinical stage.

Inhibiting the PI3K/AKT/mTOR circuit compromises the viability
and function of MDSCs [74]. Dysregulation of PI3K/AKT signaling
has been linked to the accumulation of MDSCs in multiple tissues,
including the bone marrow, secondary lymphoid organs, sites of
chronic inflammation, and tumors. Importantly, targeting specific
isoforms of PI3K, such as δ and γ, using inhibitors like IPI-145, has
been shown to partially reverse MDSC-mediated immunosuppres-
sion. This inhibition enhanced the clinical success of ICIs for head
and neck malignancies [75]. However, high doses of IPI-145 can
inadvertently inhibit antitumor T cell function, thereby negating
the therapeutic benefits of anti-PD-L1 therapy. Moreover, PMN-
MDSCs acquire their suppressive function through the upregula-
tion of G-CSF, which is controlled by PI3K activation and regulated
by interferon signaling. Interestingly, blocking PI3K or enhancing
IFN-I signaling has been demonstrated to lower tumor growth by
impairing the immunosuppressive function of MDSCs [34]. One
challenge of PI3K inhibition is its potential to inadvertently impair
T cell function. This highlights the need for further research into
isoform-specific PI3K inhibitors to achieve better clinical outcomes
with fewer off-target effects. Interestingly, artemisinin (ART), an
antimalarial drug, has been shown to inhibit MDSC recruitment
and function in breast cancer models, thereby enhancing the
efficacy of anti-PD-L1 therapy both in vitro and in vivo. ART
functions by blocking PI3K/AKT/mTOR signaling, which leads to
reduced MDSC accumulation and increased T-cell infiltration into
tumors [76]. Lastly, it is important to exercise caution when
interpreting these findings, as tumors are known to promote
MDSC expansion. Therefore, the observed reduction in MDSCs
following treatment with a PI3Kδ inhibitor may be an indirect
consequence of improved tumor control rather than a direct
inhibitory effect on MDSCs. Furthermore, Tregs are also capable of
driving MDSC expansion, and a decrease in MDSCs might reflect
Treg inhibition rather than a direct action of the PI3Kδ inhibitor
on MDSCs.

SIRT 1. Silent information regulator 1 (SIRT1) is a histone
deacetylase that relies on NAD+ for regulating various biological
functions, including cell proliferation, gene regulation, cellular
viability, stress resilience, aging, programmed cell death, and
metabolic processes [77]. It has been observed to deacetylate
p53 and inhibit its transcriptional activity. Therefore, SIRT1 is
considered a crucial epigenetic checkpoint in the reprogram-
ming of MDSCs [78]. Numerous studies highlight its importance
in controlling MDSC differentiation into the tumor-suppressive
M1 subtype, facilitated by glycolytic reprogramming dependent
on the mTOR/HIF-1α pathway [77]. Furthermore, SIRT1 plays a
role in immunological modulation and metabolic reprogram-
ming by deacetylating transcription factors like HIF1α. Targeting
SIRT1 in MDSCs has been shown to regulate the production of
TNFα and TGFβ1, aiding in the antigen-specific differentiation of
TH1 and iTreg cells [77]. Additionally, SIRT1 acts as a checkpoint
in MDSC differentiation into M1 or M2 lineages [79]. Interest-
ingly, SIRT1 deficiency in MDSCs promotes a switch to the M1
lineage, reducing their immunosuppressive capacity and pro-
moting a pro-inflammatory phenotype associated with attacking
tumor cells. Furthermore, SIRT1 regulates T-cell-mediated
immunity by preventing CD4+ T cells from differentiating into
interleukin-9-secreting cells and downregulating transcription
factors like NF-κB and AP-1, crucial for regulating T-cell
responses [80]. These evidences highlights the critical role of
SIRT1 in regulating MDSC activity and maturation, as well as its
influence on T-cell immunity. Targeting SIRT1 presents a
promising strategy for cancer immunotherapies aimed at
overcoming MDSC-mediated immune suppression. Future
research should focus on elucidating the precise mechanisms
by which SIRT1 modulates MDSC function and identifying
synergistic approaches that combine SIRT1 modulation with
existing immunotherapies to enhance anti-tumor efficacy.
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Additionally, studies exploring SIRT1 inhibitors or activators in
various cancer models could provide valuable insights into
optimizing MDSC-targeted interventions.

Epigenetic and transcriptional regulators
C/EBPβ. C/EBPβ is one of the C/EBP family’s six transcription
factors that has recently attracted significant attention for its role
in MDSCs. While C/EBPα and C/EBPδ primarily regulate differ-
entiation, growth, and apoptosis in myeloid cells, C/EBPβ is
essential in Ly6C+ monocyte vitality and the broader regulation of
MDSCs survival [81]. Studies have shown that C/EBPβ is essential
for TanIIA-induced cell differentiation, indicated by the upregula-
tion of CHOP, which controls the expression of key molecules in
MDSCs. Furthermore, C/EBPβ collaborates with STAT3 during the
production, expansion, and functional regulation of MDSCs,
making it a critical transcription factor for MDSC gene expression
and activation control. In the context of cancer-driven inflamma-
tion, the retinoic acid-related orphan receptor C (RORC) enhances
the C/EBP-mediated expansion of MDSCs. Interestingly, this
regulation is independent of IL-17A, a cytokine produced by
RORC1/2, highlighting the unique pathways through which C/
EBPβ drives MDSC proliferation [9]. Several studies have posi-
tioned C/EBPβ as a pivotal checkpoint in MDSC-mediated
immunosuppression. For example, Qi and his colleagues revealed
that C/EBPβ regulates MDSC function via the TIM-3 signaling
pathway during Toxoplasma gondii infection. Additionally, C/EBPβ
modulates the expression of immunosuppressive genes, including
Arginase-1 and Nitric oxide synthase 2, which are essential for
MDSC function [82]. In addition, energy metabolism and tumor
glycolysis also play a role in C/EBPβ regulation, influencing the
expression of G-CSF and GM-CSF via the C/EBPβ-LAP pathway.
Inhibition of glycolysis using 2-deoxy-D-glucose has been shown
to suppress MDSC proliferation and reduce their immunosuppres-
sive effects in triple-negative breast cancer [11]. Notably, increased
expression of C/EBPβ promotes the expansion of PMN-MDSCs
while inhibiting the differentiation of M-MDSCs, which are more
prevalent in tumors and exhibit higher immunosuppressive
activity [83].
The critical role of C/EBPβ in the immunoregulatory functions of

MDSCs has been further demonstrated in several studies, which
suggest that microRNA-181b and microRNA-21 expression pro-
motes MDSC development in the spleen and bone marrow by
enhancing C/EBPβ activity [84]. The vast majority agree that C/
EBPβ is necessary for MDSC development and functioning.
However, recent findings indicate that C/EBPα negatively reg-
ulates MDSC differentiation, making it a potential therapeutic
target in myeloid cells. For instance, MTL-CEBPα, an RNA therapy
targeting C/EBPα, has shown encouraging outcomes from a phase
I clinical trial for hepatocellular carcinoma, where it suppressed
CXCR4 expression on immune cells attracted to the tumor
microenvironment [85]. These collective findings underscore the
pivotal role transcription factors like the C/EBP family play in
controlling MDSC function, suggesting that targeting these
pathways could offer new therapeutic strategies. The precise
stage at which C/EBPβ exerts its most significant impact on MDSCs
remains to be elucidated.

c-Rel. c-Rel, a member of the NF-κB family, plays a pivotal role in
regulating the function of both myeloid and lymphoid cells [86].
Despite its therapeutic potential, the mechanistic role of c-Rel in
MDSCs is not fully understood. However, emerging research
indicates that c-Rel may serve as a potential therapeutic
checkpoint in MDSCs, selectively promoting pro-tumoral gene
expression while repressing anti-tumoral genes via a c-Rel
enhanceosome complex [87]. Studies have shown that c-Rel is
crucial for the development and immunosuppressive function of
MDSCs in cancer. For instance, research by Li et al. demonstrated
that c-Rel deficiency reduces CD11b+ Gr-1+ MDSCs and their

suppressive capacity, while its inhibition combined with PD-1
blockade enhances CD8+ T cell antitumor activity and reduces
tumor growth. In support of this, c-Rel inhibitor c has been
developed by the same group and shown to specifically block
c-Rel activity, leading to improved anti-tumor immune responses.
Moreover, deletion of c-Rel in MDSCs has been associated with
reduced tumor progression in mouse models of melanoma and
lymphoma. Tumor size and weight were significantly decreased,
corresponding with a reduction in MDSC numbers and a loss of
their immunosuppressive characteristics, while important anti-
tumoral genes were upregulated [88]. Recent studies by the same
group utilizing single-cell transcriptomics have identified a novel
subset of highly immunosuppressive immature myeloid cells,
referred to as Rel-dependent monocytes (rMos), which rely on
c-Rel for their function. These rMos contribute to tumor-associated
inflammation and suppress T cell activity and proliferation within
the tumor microenvironment. Notably, rMos eventually differenti-
ates into M2 macrophages, which are known to support tumor
growth. These findings suggest that c-Rel is a critical promoter of
MDSC-driven tumorigenesis and may represent a novel therapeu-
tic target in cancer treatment.

STAT. The signal transducer and activator of the transcription
STAT family comprise transcription factors that play essential roles
in cellular signaling from the membrane to the nucleus, regulating
gene expression, and modulating various biological processes.
STAT proteins, particularly STAT3 and STAT5, play central roles in
the expansion, activation, and immunosuppressive functions of
MDSCs [89]. Aberrant activation of STAT3, triggered by cytokines
drives the survival, proliferation, and differentiation of MDSCs
while upregulating immunosuppressive molecules. Inhibition of
STAT3 disrupts MDSC-mediated suppression by impairing their
expansion and blocking transcription of immunosuppressive
genes [90]. Similarly, STAT5 activation downstream of GM-CSF
contributes to MDSC differentiation and functional stability.
Research has shown that MDSCs can activate STAT signaling
pathways to enhance their immunosuppressive functions. For
instance, Peng et al. demonstrated that MDSCs promote the
crosstalk between IL-6 and NO, activating the Notch and
STAT3 signaling pathways in breast cancer cells. This interaction
plays a key role in maintaining the stem-like properties of breast
cancer cells [91]. Similarly, MDSCs release exosomal proteins like
S100A9, which activate STAT3 signaling to sustain CSC pheno-
types [92]. Moreover, Adeshakin et al. recently reported that STAT3
plays a critical role in helping cancer cells evade anoikis by
promoting the expression of vacuolar ATPase (V-ATPase), which
aids in their survival during detachment. By inhibiting STAT3,
cancer cells can become more susceptible to anoikis, and
simultaneously, a decrease in V-ATPase levels can lead to elevated
reactive oxygen species and the accumulation of misfolded
proteins within MDSCs [93]. This disruption may enhance the
apoptosis of MDSCs, thereby lessening their ability to suppress
T-cell activation. Ultimately, targeting the STAT3/V-ATPase path-
way not only disrupts the survival mechanisms of detached tumor
cells but also enhances anti-tumor immunity by promoting MDSC
apoptosis, making it a promising strategy for preventing cancer
metastasis and improving the therapeutic success of immunother-
apy. The involvement of STAT family signaling extends to various
cancer types, with distinct roles for different MDSC subpopula-
tions. In lung cancer, M-MDSCs and MDSCs PMN-MDSCs activate
different STAT pathways, with M-MDSCs upregulating STAT1 [94]
and STAT3 signaling to induce CSC phenotypes and promote lung
metastasis [95]. PMN-MDSCs, on the other hand, facilitate
metastasis by restoring the epithelial-to-mesenchymal transition
and inducing CSC properties [25]. Studies have shown that
inhibiting STAT3, using inhibitors like Stattic, can reduce the
accumulation of M-MDSCs and improve the immune response
[96]. By inhibiting STAT3, it may be possible to prevent the
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differentiation of progenitors into MDSCs, thereby alleviating
immune suppression within the TME. Furthermore, combining
STAT3 blockers with conventional treatments, such as immune
checkpoint inhibitors or chemotherapy, has shown synergistic
effects, suggesting that dual targeting may improve therapeutic
outcomes [97]. However, it is important to note that STAT3
inhibitors alone have not always been successful. For example,
phase I clinical trials by Yoo et al. in hepatocellular carcinoma
found limited benefit from STAT3 inhibitors as monotherapy. This
highlights the complexity of STAT signaling and suggests that
combination therapies or targeting multiple pathways simulta-
neously may be necessary to achieve optimal outcomes. However,
due to the pleiotropic roles of STAT proteins in immune and non-
immune cells, selective targeting of STAT pathways in MDSCs
remains a challenge. To overcome some of the challenges of
STAT-specific inhibition in MDSCs, several strategies can be
employed. Targeted delivery systems, such as nanoparticles or
MDSC-specific drug conjugates (e.g., CD11b or CD33 markers) can
enhance selective delivery of STAT inhibitors to MDSCs within the
TME. The use of prodrugs activated in the hypoxic or acidic TME,
as well as siRNA or antisense oligonucleotides delivered via MDSC-
specific carriers, can further improve precision. Developing next-
generation selective STAT3 inhibitors targeting unique MDSC-
specific pathways or combining upstream regulators (e.g., IL-6,
JAK) with myeloid-restricted signals (e.g., S100A8/A9) can enhance
specificity. Time-limited dosing strategies, biomarker-guided
therapies, and dual pathway modulation approaches can ensure
transient and context-specific inhibition of STAT3, minimizing off-
target effects while restoring anti-tumor immunity.

TET2. Tet methylcytosine dioxygenase 2 (TET2) is an important
epigenetic checkpoint enzyme in MDSC that regulates myelopoi-
esis and immune function through the hydroxylation of methyl-
cytosine [98]. This epigenetic modification plays a critical role in
modulating various immune cell functions, including the suppres-
sive activity of MDSCs. Research has shown that targeting TET2
can disrupt the immunosuppressive activity of MDSCs and TAMs,
thereby enhancing the efficacy of adaptive cellular therapies [99].
Increased TET2 expression within tumor-infiltrating myeloid cells
has been implicated in maintaining the immunosuppressive
environment of tumors. This upregulation, driven by IL-1R-
MyD88 signaling, supports the suppressive functions of MDSCs
and TAMs. However, knockdown or deletion of TET2 shifts the
gene expression profiles of these myeloid cells toward a pro-
inflammatory phenotype, impairing their suppressive capabilities
and promoting anti-tumor immune responses [100]. Specifically,
TET2 knockdown in myeloid cells has been demonstrated to slow
the growth of tumors and improve the infiltration and function of
CD8+ T cells in the TME [101]. Furthermore, in a mouse model,
TET2 deletion resulted in the expansion of immunosuppressive
granulocytic MDSCs through IL-6 signaling. Treatment with an
anti-IL-6 antibody restored CD8+ T cell numbers and functions,
countering the MDSC-mediated immune suppression and slowing
tumor progression [102]. In addition to its role in MDSCs, TET2 has
been linked to CAR-T cell efficacy. Research by Jain et al.
demonstrated that TET2 deletion enhances the clonal expansion
and tumor-penetrating ability of CAR-T cells, improving their
antitumor activity in prostate cancer and leukemia models [103].
This suggests that targeting TET2 could be a dual weapon strategy
to both improve CAR-T cell therapy outcomes and simultaneously
reprogram MDSCs to weaken their suppressive influence within
the TME. However, further research is needed to understand
TET2’s role in myeloid cell regulation and develop effective
inhibitors, which could improve cancer immunotherapies, espe-
cially in solid tumors.

Retinoblastoma gene 1. The retinoblastoma gene 1 (RB1)
encodes the retinoblastoma protein (pRB), which plays a crucial

role in regulating cell cycle progression, cell proliferation, and
differentiation. Depletion of RB1 in MDSCs has been shown to
promote the growth of MDSC populations and inhibit their
differentiation into mature myeloid cells such as neutrophils,
monocytes, dendritic cells, and macrophages [104]. Targeting RB1
may disrupt the control of the cell cycle in MDSCs, leading to
reduced proliferation and accumulation within the TME, thereby
weakening their capacity to inhibit anti-tumor immune responses
by lymphoid and myeloid cells [31]. The hypophosphorylated form
of the Rb protein binds to E2F transcription factors, acting as a
potent transcriptional repressor. Additionally, Rb facilitates term-
inal maturation by enhancing the expression of tissue-specific
genes [105]. Loss of Rb function has been found to moderately
increase myeloid cell populations, although it does not signifi-
cantly affect the cell cycle in hematopoietic stem cells (HSCs)
under normal conditions. Additionally, Youn et al. reported that
epigenetic silencing of the retinoblastoma gene (Rb) by histone
deacetylase 2 (HDAC-2) critically influences the pathological
differentiation of myeloid cells into MDSCs. Interestingly, inhibit-
ing HDACs increases RB1 expression in MDSCs, halting their
progression into immunosuppressive subsets and promoting their
differentiation into cell types that enhance immune activity [106].
Collectively, these findings suggest that modulating RB1 and
HDACs in MDSCs could be an effective strategy for controlling
their proliferation and immunosuppressive activity within the
tumor microenvironment, potentially improving the outcomes of
cancer immunotherapy.

Targeting membrane receptor signaling
PD-1/PD-L. Programmed cell death protein 1 (PD-1), a member
of the CD28 family is expressed by various immune cells, including
macrophages, B cells, natural killer cells, activated T cells, and
regulatory T cells, and serves as a crucial immune checkpoint
regulating immune responses. [21]. The ligands for PD-1, namely
PD-L1 and PD-L2 (members of the B7 family), are expressed on
tumor cells and MDSCs [107], tumor-associated macrophages
(TAMs), and M2 macrophages [22]. Upon binding to its ligands,
PD-1 inhibits T cell function, reduces T cell proliferation, and
promotes immune tolerance [108]. When PD-1 binds to PD-L1 or
PD-L2, the intracellular domain of PD-1 becomes phosphorylated,
leading to the recruitment of SHP-2 phosphatase enzymes. These
enzymes dephosphorylate TCR signaling molecules, which in turn
inhibit classical antigen-specific T cell receptor (TCR) function and
downstream signaling via the PI3K-AKT and mTOR pathways. This
results in reduced expression of critical cytokines, such as IL-2 and
IFN-γ, which are necessary for T cell activation and adaptive
immunity. Over time, this signaling cascade leads to impaired
antitumor T cell function, fostering an environment conducive to
tumor growth [109]. The PD-1/PD-L1 axis, a normal immune
checkpoint pathway, is frequently upregulated in cancer, particu-
larly within intratumoral and circulating MDSCs, due to hypoxia in
the TME and the activity of transcription factors such as HIFα, as
well as inflammatory cytokines like GM-CSF and IL-6 secreted by
malignant and immune cells. These conditions enable tumor cells
to evade immune surveillance. Extensive research is being
conducted to improve the efficacy of immune checkpoint
inhibitors, and clinical trials have highlighted the critical role of
the PD-1 pathway in human tumors [108]. Following treatment
with monoclonal antibodies (mAbs) targeting PD-1 or PD-L1,
17–28% of patients with advanced cancers exhibit partial or
complete remissions [24].
Despite the availability of more than ten FDA-approved PD-1/

PD-L1 inhibitors for cancer treatment, resistance, especially in solid
tumors, remains a significant challenge. Recent studies have
shown that anti-PD-L1 blocking agents are ineffective against PD-
L1hi tumors. However, anti-PD-L1 therapy can control the growth
of PD-L1-deficient tumors in wild-type mice, suggesting that
targeting PD-L1 on host cells specifically MDSCs, rather than
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tumor cells, may be critical in enhancing anti-PD-1/PD-L1 therapy
efficacy [110]. Some patients initially respond to ICIs but later
develop resistance, further emphasizing the need for combination
therapies that target multiple MDSC checkpoints to overcome
MDSCs driving ICI resistance. Future strategies should focus on
combination approaches that target MDSCs PD-L1 expression,
especially at the transcriptional level. This would increase the
effectiveness of PD-1/PD-L1 blockade, particularly in cases where
tumors have developed resistance. By targeting both the tumor
and immune components of the TME, such as MDSCs, TAMs, and
other suppressive cells, the efficacy of immunotherapy can be
improved, offering a broader clinical benefit.

CD300ld. CD300ld is a newly identified member of the CD300
family and has emerged as a significant contributor to immune
suppression mediated by PMN-MDSCs in cancer. Recent research
by Wang et al. highlights the elevated expression of CD300ld in
PMN-MDSCs within the TME, compared to its expression in normal
neutrophils. This upregulation in malignant conditions drives
immune evasion through the activation of the STAT3-S100A8/A9
axis, a pathway known for promoting tumor progression and
immune suppression. Targeting CD300ld in preclinical models has
shown promising results. Deletion of CD300ld in mice with B16-
F10 tumors reversed the immunosuppressive TME, leading to
enhanced anti-tumor immune responses. Moreover, combining
CD300ld knockout with anti-PD1 therapy produced a synergistic
effect, resulting in robust tumor regression, far exceeding the
efficacy of either treatment alone [111]. This evidence suggests
that CD300ld plays a pivotal role in MDSC-mediated immune
suppression, making it an attractive therapeutic target. Unlike
broad-spectrum approaches such as S100A8/A9 inhibition, which
can impact multiple cell types and lead to adverse effects like
impaired dendritic cell differentiation, CD300ld offers a more
specific approach. By selectively inhibiting CD300ld, PMN-MDSCs
can be reprogrammed or depleted, potentially restoring immune
surveillance while minimizing off-target effects. This strategy not
only enhances the efficacy of immune checkpoint inhibitors in
halting cancer progression like PD1 blockers but also holds
potential in combination with adaptive cellular therapies. In a
recent study, CD300ld was identified as a critical receptor involved
in the recruitment and functionality of PMN-MDSCs through an
in vivo CRISPR-Cas9 screen in tumor-bearing mice. CD300ld, a
single-pass transmembrane protein, is part of the CD300 family
and is highly expressed in neutrophils and PMN-MDSCs while
showing low or no expression in other immune cells. Tumor-
bearing conditions lead to the upregulation of CD300ld in PMN-
MDSCs, making it a key marker for these cells. Interestingly,
knockout of CD300ld in multiple tumor models significantly
impaired tumor development by reducing PMN-MDSC presence
and altering the TME from immunosuppressive to immune-active.
Analysis of single-cell transcriptomes confirmed these changes,
highlighting the pivotal role of CD300ld in fostering a tumor-
promoting environment [112]. However, despite these promising
findings, further research is required to elucidate the underlying
mechanisms driving the overexpression of CD300ld in PMN-
MDSCs and to identify its molecular ligands. Understanding these
factors will be crucial for developing targeted therapies that can
precisely modulate this pathway. Additionally, clinical studies are
needed to validate the safety and efficacy of CD300ld inhibitors in
human cancers and to assess their potential for integration into
existing treatment protocols.

TRAIL-Rs. TNF-related apoptosis-inducing ligand receptors
(TRAIL-Rs), belonging to the TNF receptor superfamily, play a
pivotal role in immune regulation by interacting with the TRAIL to
mediate apoptosis in MDSCs [113]. There are four recognized
TRAIL-Rs: TRAIL-R1, TRAIL-R2, TRAIL-R3, and TRAIL-R4, of which
only TRAIL-R1 and TRAIL-R2 are capable of inducing apoptosis. In

contrast, TRAIL-R3 and TRAIL-R4 act as decoy receptors, prevent-
ing apoptosis and maintaining cell viability [114]. Targeting TRAIL-
Rs, particularly TRAIL-R1 and TRAIL-R2, in MDSCs represents a
novel approach to overcome immune suppression and improve
the success of therapies. Recent studies have shown that MDSCs
in gastric cancer upregulate TRAIL-Rs, making them susceptible to
apoptosis when TRAIL-R signaling is activated [115]. Clinical trials
have further underscored the potential of TRAIL-R2 as a
therapeutic target. For example, Dominguez et al. demonstrated
that targeting TRAIL-R2 led to a significant reduction in PMN-
MDSCs, which in turn amplified the effectiveness of ICIs [113]. The
combination of TRAIL-R2 activation and ICIs resulted in greater
tumor suppression compared to monotherapy approaches. More-
over, research by Rapoport et al. has confirmed that TRAIL-R2
signaling enhances ER stress, leading to apoptosis of MDSCs and a
reduction in their immunosuppressive function [116]. The ability
to selectively induce apoptosis in MDSCs through TRAIL-R1 and
TRAIL-R2 activation provides a unique opportunity to dismantle
the immunosuppressive TME. MDSCs play a central role in
maintaining the TME by releasing pro-tumorigenic factors, such
as NO and ROS which dampen T-cell responses and foster tumor
growth [65]. Likewise, Chen et al. demonstrated that
acetaminophen-induced liver injury is characterized by the
recruitment of neutrophils that express TRAIL, which can trigger
apoptosis in hepatocytes via the upregulation of the TRAIL
receptor DR5. Blocking TRAIL signaling with a soluble DR5-Fc
fusion protein has been shown to significantly reduce the
recruitment and activity of MDSCs [117]. This intervention not
only alleviates liver injury but also enhances anti-tumor immune
responses. By disrupting TRAIL-mediated apoptosis in hepato-
cytes, the blockade may diminish the inflammatory environment
that promotes MDSC expansion and activation. Further supporting
this strategy, Andrés et al. demonstrated that inducing ER stress
via TRAIL-Rs significantly decreased MDSC viability in tumor-
bearing mice, contributing to the breakdown of the immunosup-
pressive environment. However, the therapeutic impact of
targeting TRAIL-Rs in cancer has been moderate when used as a
monotherapy.
In certain cancers, such as NSCLC, TRAIL receptor signaling has

been associated with a pro-tumorigenic inflammatory profile. The
release of IL-8 and CXCL8, induced by TRAIL-R signaling, promotes
tumor growth and metastasis [114]. Thus, careful consideration
must be given to the potential pro-tumorigenic effects of TRAIL-R
signaling in specific contexts. Recent studies suggest that TRAIL-R
activation may modulate STAT3 activity, either synergistically or
antagonistically, depending on the cellular context [59]. One area
ripe for investigation is the interaction between TRAIL-R signaling
and the JAK/STAT3 pathway. Unraveling the specific molecular
mechanisms by which TRAIL-R signaling interacts with STAT3
within MDSCs could lead to novel combinatorial discovery.
Furthermore, the interaction between TRAIL-Rs and UPR pathways
within the ER presents a promising mechanism for enhancing
MDSC apoptosis. TRAIL-R-induced ER stress has been shown to
promote apoptosis, suggesting that targeting UPR components,
such as PERK, IRE1, and ATF6, could identify synergistic
therapeutic strategies. Combining TRAIL-R agonists with UPR
modulators or ER stress-enhancing compounds might increase
MDSC vulnerability in the tumor microenvironment. Additionally,
TRAIL-R signaling may disrupt key metabolic pathways like
glycolysis and fatty acid oxidation, impairing MDSC function.
Exploring how metabolic checkpoints, such as AMPK or mTOR,
influence TRAIL-R-induced apoptosis could pave the way for
innovative metabolic-immunotherapeutic approaches.

β2-AR. βeta-2 adrenergic receptor (β2-AR) is a G protein-coupled
receptor activated by stress hormones like epinephrine and
norepinephrine, regulates numerous cellular processes, and plays
a crucial role in immune modulation within the TME. Recent
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studies have demonstrated that β2-AR signaling can significantly
impact the functionality of immune cells, particularly MDSCs,
which are key players in creating an immunosuppressive TME
[118]. By modulating β2-AR signaling in MDSCs, there is potential
to overcome the immune suppression that hinders the effective-
ness of other cancer immunotherapies [119]. Chronic stress-
induced β2-AR signaling has been shown to promote the
differentiation and immunosuppressive function of MDSCs
through metabolic reprogramming. These stress signals enhance
MDSC proliferation and activation within the TME, further
facilitating tumor growth and survival. β2-AR activation not only
drives MDSC expansion but also increases their mobilization from
the bone marrow into the vasculature, exacerbating their
accumulation in tumors [120]. This suggests that blocking β2-AR
signaling could inhibit MDSC trafficking and reduce their
immunosuppressive influence.
Inhibiting β2-AR signaling using non-selective beta-blockers like

propranolol has become a viable therapeutic approach. Studies in
mouse cancer models have shown that combining propranolol
with chemotherapy or immunotherapy significantly reduces
tumor growth and improves survival rates [121]. This is
accompanied by a reduction in both granulocytic and monocytic
MDSCs, highlighting the potential of β2-AR inhibition to impair
MDSC function and alleviate immunosuppression in the TME. For
instance, propranolol has been shown to stunt tumor growth
when used alongside a tumor vaccine in an in vivo breast cancer
model [122], suggesting synergy between β2-AR inhibition and
immunotherapies. Blocking β2-adrenergic receptor (β2-AR) signal-
ing in adaptive cellular therapy could enhance immunotherapy
outcomes. Interestingly, administering β2-AR blockers coupled
with CAR-T would also prevent PKA-dependent inhibition of
ZAP70 phosphorylation, thereby boosting T cell activation, co-
stimulation, and cytotoxicity [123]. Exploring how β2-AR mod-
ulates the expression and function of immune checkpoints,
including CTLA-4 and TIM-3, across both T cells and MDSCs could
provide critical insights. Dual inhibition of β2-AR signaling and
immune checkpoints may synergistically enhance immunotherapy
efficacy by concurrently alleviating MDSC-mediated immunosup-
pression and reinvigorating T-cell responses.

LILRB Family. The leukocyte immunoglobulin-like receptor
(LILRB) family consists of cell surface receptors found on lymphoid
and myeloid cells, playing essential roles in regulating innate
immunity and fetomaternal tolerance. This family is divided into
inhibitory receptors (LILRB1-LILRB5) and activating receptors
(LILRA1-LILRA6) [124]. Among them, LILRB2 stands out as a key
immune regulatory protein, with its overexpression being notably
observed in septic shock patients following LPS stimulation [125].
LILRB2 interacts with a variety of ligands, including SEMA4A, CD1,
ANGPTL2/5, and classical and non-classical MHC I, all of which
have been implicated in promoting immune inhibition within the
TME [126]. Targeting LILRB presents a promising strategy for
overcoming MDSC-mediated immune suppression in the TME.
Studies have shown that blocking LILRB2 with therapeutic
antibodies disrupts its interaction with inhibitory ligands, shifting
macrophages toward a pro-inflammatory, M1 phenotype and
reducing the expansion of MDSCs and Tregs recruitment
[126, 127]. By inhibiting LILRB2, the suppressive functions of
MDSCs are mitigated, leading to enhanced T-cell activity and
immune responses. This approach has been associated with a
reduction in the recruitment of MDSCs and Tregs to the TME, as
well as a shift in the MDSC phenotype toward an anti-tumoral
state. Inhibition of LILRB2 also plays a critical role in reprogram-
ming the tumor-associated macrophage population toward a
more active, inflammatory phenotype, which can further disrupt
the immunosuppressive environment [126]. This shift has been
shown to restore the ability of MDSCs, particularly M-MDSCs, to
support immune activation, enhancing their ability to kill

intracellular pathogens and facilitating better anti-tumor immune
responses. Despite its potential, the role of LILRB2 blockade in
combination with advanced immunotherapies remains under-
explored. Mechanistic studies investigating how LILRB2 inhibition
may enhance the effectiveness of these therapies are needed.
Specifically, examining how LILRB2 signaling influences subcellular
communication between myeloid and lymphoid cells could shed
light on potential synergies between LILRB2 blockade and CAR-
based therapies.

VISTA. V-domain Ig suppressor of T-cell activation (VISTA) is a
member of the B7 family of immune checkpoint proteins
expressed by MDSCs, TAMs, and regulatory T cells [128]. It plays
a crucial role in suppressing the functions of CD4+ and CD8+

T cells, as well as in regulating myeloid cell populations. A study by
Xu et al. indicated that VISTA blockade reprograms MDSCs,
reducing their T cell-suppressive activity and enabling a more
proinflammatory and immunostimulatory tumor microenviron-
ment. This shift not only disrupts the suppressive influence of
MDSCs but also enhances T-cell infiltration and activation, which
can significantly amplify the efficacy of T-cell-based immunothera-
pies. Therefore, VISTA inhibition could serve as a double-edge
strategy to overcome MDSC-driven immune resistance, fostering
robust antitumor immunity in otherwise resistant cancers [129].
Anti-VISTA therapy alone has shown efficacy in slowing tumor
growth in colorectal tumor models and in conjunction with anti-
PD-1/CTLA-4 therapy [130]. This combination therapy improved
myeloid cell antigen presentation, decreased immune suppression
by MDSCs, promoted T-cell activation, and decreased its
quiescence. Furthermore, research has revealed intricate mechan-
isms by which CNS-native myeloid cells and bone marrow-derived
myeloid cells regulate brain immunity. Inhibiting signaling path-
ways involving VISTA and PD-L1 in CNS-native myeloid cells
reduced brain metastases, suggesting a potential strategy to
overcome immunosuppressive tumor microenvironment in solid
tumors [131]. In summary, targeting VISTA in immunosuppressive
MDSCs holds promise for improving the therapeutic efficacy of
ICIs and adaptive cellular therapies. Further research into the
mechanisms of VISTA inhibition in MDSCs and the development of
potential combination therapies is warranted. Future studies
should investigate the impact of VISTA inhibition on the metabolic
reprogramming of MDSCs and its effects on proinflammatory
cytokine production could provide new insights into modulating
MDSC function. Identifying biomarkers that predict responsive-
ness to VISTA-targeted therapies would further optimize treat-
ment strategies, potentially enhancing efficacy.

Prokineticin 2 (BV8) receptor. Prokineticin 2, initially identified
from the venom of the European viper, exhibits potent angiogenic
properties, signifying its ability to promote neovascularization. BV8
is a small, secreted protein that functions as a ligand for the
prokineticin receptors (PKR1 and PKR2). While both receptors can
bind BV8, PKR2 is often considered more influential in promoting
immunosuppressive pathways [109]. BV8 is particularly notable for
its involvement in the tumor microenvironment, where it
contributes to the recruitment and activation of MDSCs [132].
Importantly, BV8’s involvement in MDSC-driven angiogenesis and
immune suppression has highlighted it as a significant checkpoint
in the immunosuppressive landscape of various cancers, including
thoracic and colorectal malignancies [107]. Nguyen et al. demon-
strated that S-1, efficiently eliminates MDSCs by regulating S1008
and BV8 from thoracic tumors thereby suppressing tumor
progression. Notably, treatment with S-1 increased tumor-
infiltrating effector T cells and dendritic cells, thereby fostering
an anti-tumor immune response. Additionally, the combination of
this drug and PD-1 blocking antibodies significantly inhibited
MDSC recruitment, enhancing therapeutic efficacy [107]. However,
these treatments did not directly affect MDSC survival or
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maturation in vitro, suggesting that their primary mode of action
lies in disrupting MDSC recruitment to the TME. Importantly, 5-FU
and S-1 were found to reduce the expression of tumor-derived
BV8 and S100A8, another key player in MDSC function. BV8
inhibition, along with S100A8 blockade, led to diminished tumor
growth and decreased MDSC infiltration in vivo, providing strong
evidence that BV8 is a critical driver of MDSC-mediated tumor
progression. Given the multifaceted roles of BV8 in angiogenesis,
immunosuppression, and MDSC recruitment, it represents a
promising therapeutic target. Strategies aimed at inhibiting BV8
action on MDSC could enhance the efficacy of immunotherapies.
Notably, blocking BV8 has been shown to sensitize previously
resistant tumors to anti-PD1 therapy, converting them into PD1-
responsive phenotypes [133]. This shift is attributed to the
disruption of BV8-mediated MDSC recruitment and immunosup-
pressive activity within the tumor microenvironment. By inhibiting
the BV8 receptor on MDSC, the immunosuppressive barrier is
reduced, allowing immune checkpoint inhibitors like anti-PD1 to
more effectively promote T cell-mediated anti-tumor responses.
This finding highlights BV8 receptor blockade as a promising
strategy to overcome immune resistance in tumors and improve
the efficacy of immunotherapies. However, the complexity of BV8
roles in both physiological and pathological processes warrants
careful consideration in drug design. Optimizing BV8-targeting
agents, especially in combination with other checkpoint inhibitors
or cellular therapies, could provide a multifaceted approach to
disrupt tumor-promoting mechanisms and improve clinical out-
comes in cancer patients.

CD74. CD74 is also known as the major histocompatibility
complex (MHC) II-associated invariant chain (Ii), is a transmem-
brane protein primarily expressed in antigen-presenting cells
(APCs) such as macrophages and dendritic cells. It is the main
receptor for macrophage migration inhibitory factor (MIF) and
plays a significant role in MDSCs-mediated immune suppression.
MIF was first discovered to be a T lymphocyte-induced inhibitor of
macrophage motility but is now overexpressed in the majority of
solid and hematogenous malignant tumors and expressed by
almost all immune cell types studied [134]. MIF binding to CD74
on MDSCs has been shown to activate various cell signaling
pathways, including the PI3K/AKT and MAPK pathways, which are
associated with immunosuppressive functions [135]. The interac-
tion between MIF and CD74 triggers the activation of suppressive
pathways in MDSCs, ultimately leading to the inhibition of T cell
effector functions. Evidence indicates that MIF-CD74 signaling
plays a critical role in the accumulation and immunosuppressive
functions of MDSCs within the tumor microenvironment. Target-
ing this interaction has emerged as a potential strategy to mitigate
MDSC-mediated immune suppression and enhance antitumor
immune responses. Notably, an IG-CDR-based peptide designed
to disrupt MIF-CD74 signaling has been shown to reduce the
accumulation of M-MDSCs in metastatic melanoma lesions [136].
This supports the findings of the GBM study that MIF-CD74 serves
a specialized role in promoting the intratumoral accumulation of
M-MDSC and, most likely, immune suppression [137]. Recent
findings reveal that circulating MDSCs isolated from late-stage
melanoma patients depend heavily on MIF for their immunosup-
pressive activity, particularly in suppressing antigen-independent
T-cell activation. Additionally, MIF plays a crucial role in promoting
ROS production within these cells. Pharmacological inhibition of
MIF not only diminishes these suppressive functions but also
drives a phenotypic shift in MDSCs, transforming them into
immunostimulatory, dendritic cell (DC)-like cells. This functional
reversion is partly attributed to a decrease in PGE2 levels, a
mediator of MDSC-induced immune suppression. These findings
suggest that monocyte-derived MIF is a key driver of the induction
and suppressive function of monocytic MDSCs [138]. Targeting the
MIF pathway could therefore represent a promising therapeutic

strategy, converting immunosuppressive MDSCs into pro-inflam-
matory, antitumor DC-like cells, and thereby reinvigorating
antitumor immune responses in late-stage melanoma patients.
Another study found that shRNA suppression of MIF in murine
breast cancer cell lines inhibited primary tumor expansion and
decreased lung micro-metastases in immunocompetent Balb/c
mice, but not in immunodeficient SCID mice. This anti-tumor
phenotype was linked to MIF-deficient 4T1 breast cancer tumors
[139]. These studies highlight the critical role of MIF in promoting
tumor-associated MDSC phenotypes. However, the mechanisms
and specific sources of MIF regulating MDSC activities such as
differentiation, homing, expansion, motility, and immune suppres-
sion are not fully understood. Future research should focus on
exploring the signaling pathways downstream of CD74 and its co-
receptors in MDSCs, identifying the cellular and tumor-derived
sources of MIF, and understanding how MIF signaling maintains
MDSC function in various tumor microenvironments.

Targeting TLR/NF-kB and MAPK signaling
TIPE2. TIPE2 (tumor necrosis factor-α induced protein 8
(TNFAIP8)-like 2) has emerged as a complex regulator of immune
responses in tumor progression and immune suppression.TIPE2
belongs to the TNFAIP8 protein family, which consists of four
classes: TIPE, TIPE1, TIPE2, and TIPE3 [140]. While TIPE and TIPE1
are broadly expressed in most mammalian cells, TIPE2 is primarily
found in hematopoietic stem cells, and TIPE3 is limited to
glandular epithelial cells. Despite structural similarities among
TNFAIP8 family members, their biological activities differ signifi-
cantly. In the context of cancer, TIPE2 has emerged as a key
regulator of both pro-tumoral and anti-tumoral immune home-
ostasis, positioning it as an important checkpoint in MDSCs.
Tumor-derived cytokines and exosomes play a major role in
recruiting and activating MDSCs. TIPE2 expression, which is
regulated in a ROS-dependent manner, influences the balance
between pro-tumoral and anti-tumoral activities by controlling the
expression of genes like CEBPβ (pro-tumoral) and IFN-γ (anti-
tumoral), driving the polarization of MDSCs [141].
Research highlights the potential therapeutic significance of

targeting TIPE2 in cancer treatment. Yan et al. demonstrated that
global TIPE2 knockout mice with established tumors exhibited
reduced tumor progression and lung metastasis. Moreover, MDSC-
specific TIPE2 knockout significantly improved anti-tumor immune
responses, further underscoring its potential as a therapeutic
target [141]. In addition to MDSCs, TIPE2 plays a critical role in
natural killer (NK) cells. A study by Bi et al. demonstrated that
elevated TIPE2 expression in NK cells correlates with NK cell
exhaustion, contributing to poor prognoses in both human and
mouse cancer models. As expected, TIPE2 deletion enhanced NK
cell maturation and restored their anti-tumor activity [142]. While
these findings underscore TIPE2’s role in NK cell function, they also
suggest that TIPE2 plays a broader role in shaping the
immunosuppressive tumor microenvironment. Given its regula-
tory effect on both NK cells and MDSCs, TIPE2 represents a critical
therapeutic target in the context of MDSC-mediated immunosup-
pression. Targeting TIPE2 may enhance the efficacy of combina-
tion immunotherapies by blocking MDSC immunosuppressive
pathways, ultimately promoting stronger anti-tumor immune
responses. Interestingly, TIPE2’s role appears context-dependent.
Contrary to its pro-tumoral function in some immune cells, Zhu
et al. found that TIPE2 inhibits the Wnt/β-catenin signaling
pathway, thereby reducing growth and tumorigenesis in esopha-
geal cancer [143]. Furthermore, overexpression of TIPE2 in breast
cancer cell lines suppressed proliferation and metastasis, likely by
enhancing the cytotoxic activity of NK cells and CD8+ T cells and
inhibiting the immunosuppressive function of MDSCs [144]. The
potential of TIPE2 as a therapeutic target extends to other cancer
types as well. Overexpression of TIPE2 has been shown to inhibit
ovarian cancer growth by promoting apoptosis through the
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blockade of the PI3K/Akt signaling pathway [145]. Further
investigation is needed to clarify the cellular signaling pathways
linking ROS-mediated MDSC polarization to TIPE2 activity. While
TIPE2 can act as a tumor suppressor in some contexts, its activity
in MDSCs and NK cells appears to support immune evasion and
tumor progression.

S100A8/A9 protein. S100A8 and S100A9, collectively referred to
as calprotectin, are tiny molecular weight calcium-binding
proteins that belong to the S100 protein family expressed
predominantly by myeloid cells during inflammation and tumor
progression. Their function in the immunosuppressive duties of
MDSCs has garnered attention as a potential therapeutic target in
cancer immunotherapy. S100A9 is typically expressed in PMN-
MDSCs and forms heterodimers with S100A8, enhancing its
immunosuppressive capabilities [146]. The interaction of S100A9
with cell surface receptors leads to the activation of various
intracellular signaling pathways that promote immunosuppres-
sion. In PMN-MDSCs, activating transcription factor 3 (ATF3)
mediates the expression of S100A9, driving their immunosup-
pressive functions. Silencing S100A9 has demonstrated a decrease
in the proliferation and differentiation of PMN-MDSCs, suggesting
its crucial role in maintaining their immunosuppressive phenotype
[92]. Macrophages derived from M-MDSCs exhibit similar immu-
nosuppressive characteristics, with sustained production of
S100A9 essential for their ability to inhibit immune responses
and promote M2 polarization [147]. Notably, S100A9 expression is
absent in normal monocyte-derived or tissue-resident macro-
phages, which highlights its potential as a target. High levels of
S100A9-positive macrophages in tumors have been correlated
with poor patient outcomes in conditions like head and neck
cancer and metastatic melanoma, indicating its association with
reduced survival rates and diminished response to anti-PD-1
immunotherapy [148]. S100A9 has been implicated in myelodys-
plastic syndrome through its role in promoting the too-early death
of progenitor cells, and hematopoietic stem along with increasing
the expression of immune checkpoints such as PD-L1 on MDSCs.
Moreover, the ERK1/2 signaling pathway is activated by S100A9,
promoting tumor immune escape through upregulation of PD-L1
expression, which further enhances the immunosuppressive
environment [149]. Conclusively, targeting S100A8/A9 could serve
as a checkpoint in MDSC biology, disrupting their immunosup-
pressive functions and enhancing anti-tumor immunity.

TNF-α. Targeting tumor necrosis factor-alpha (TNF-α) presents a
compelling therapeutic approach to overcoming MDSC-mediated
immune suppression within the TME. TNF-α, a proinflammatory
cytokine, is primarily produced by T lymphocytes, NK cells, and
activated macrophages during inflammation and tumorigenesis.
Experimental evidence suggests that TNF-α, not TNF-β, is the main
driver of MDSC expansion, chemotaxis, and suppressive capacity
within the TME [150]. This makes TNF-α, a key regulator of MDSC
activity and a promising target for reversing MDSC-mediated
immune suppression. TNF-α exerts its biological effects through
two receptors: TNFR1 and TNFR2. Both receptors are expressed on
MDSCs, though the literature suggests that TNFR2 plays a
predominant role in regulating MDSC function, particularly in
preventing excessive inflammation [151]. The higher expression of
TNFR2 on MDSCs highlights its importance in promoting the
immunosuppressive capacity of these cells, leading to their
accumulation within the TME and their role in tumor progression.
However, some studies suggest that TNFR1 may also contribute to
MDSC expansion, leaving room for further exploration into
receptor-specific signaling pathways in these cells [152]. It has
been reported that systemic neutralization of TNF-α using
monoclonal antibodies has been shown to significantly reduce
MDSC accumulation and suppressive activity, which correlates
with reduced tumor growth and volume in preclinical studies

[153]. Despite the potential of TNF-α ablation therapies, caution is
required in their application because TNF-α is critical for the anti-
tumor activity of cytotoxic NK and T cells, and its complete
neutralization may inadvertently impair these immune cells’
functions. Further mechanistic studies should investigate the
precise signaling cascades downstream of TNFR2 in MDSCs and
their contribution to immune suppression. This includes exploring
the transcription pathways that TNF-α activates in MDSCs to
maintain their suppressive phenotype. Additionally, studying how
TNF-α antagonists reshape the metabolic programming of MDSCs
could reveal new therapeutic targets.

CD45 Phosphatase. CD45 tyrosine phosphatase, also known as
leukocyte common antigen (LCA), is a key regulator of immune
cell activation and development, particularly in myeloid cells [154].
As a member of the protein tyrosine phosphatase (PTP) family,
CD45 plays a crucial role in controlling signal transduction across
cell membranes, significantly influencing various signaling path-
ways involved in the function of immune cells, including the
development and expansion of MDSCs. One of the primary
signaling pathways regulated by CD45 phosphatase is the STAT3
pathway [94], which has been implicated in promoting the
immunosuppressive activity of MDSCs. Studies have shown that
hypoxic conditions within the TME reduce STAT3 activity in
myeloid cells, a process linked to increased CD45 phosphatase
activity. This was mediated by the disruption of sialic acid-
dependent dimerization of the CD45 protein, a key regulatory
mechanism. In this context, CD45 phosphatase dephosphorylates
and inactivates STAT3, thereby attenuating the expansion and
suppressive function of MDSCs. Conversely, research by Huang
et al. revealed that the deletion of SENP1, a small ubiquitin-like
modifier protease, in myeloid cells enhanced MDSC proliferation
and tumor progression through STAT3-dependent pathways. They
identified that SUMOylation of CD45 reduced its phosphatase
activity, consequently enhancing STAT3 activation and contribut-
ing to the immunosuppressive nature of MDSCs [155]. Pharma-
cological inhibition of CD45 phosphatase presents a promising
therapeutic strategy. In preclinical models, the selective inhibition
of CD45 phosphatase with compound 211 significantly delayed
tumor growth and reduced metastasis without impairing the
function or number of resting T cells [156]. CD45 phosphatase
regulation may vary across different MDSC subsets. Therefore,
future research should focus on detailed profiling of MDSC subsets
in tumor-bearing hosts to better understand how selective
inhibition of CD45 phosphatase impacts their function and
interactions with other immunotherapies. By identifying which
MDSC subsets are most responsive to CD45 inhibition, therapeutic
strategies could be refined to achieve more targeted and effective
outcomes.

PLCγ 2. Phosphatidylinositol-specific phospholipase C gamma 2
(PLCγ2) has emerged as a significant regulatory enzyme in cellular
signaling, primarily through its catalytic role in breaking down
membrane-bound phospholipids to produce diacylglycerol (DAG)
and inositol 1,4,5-trisphosphate (IP3) [157]. These products act as
second messengers, initiating cascades that regulate immune
functions, including calcium release and protein kinase C
activation, processes critical for the immunosuppressive function-
ing of MDSCs. Capietto et al. demonstrated that MDSCs down-
regulate PLCγ2 during early tumor growth, a process that
enhances their maturation and immunosuppressive function.
Specifically, MDSCs with reduced PLCγ2 expression exhibit
increased production of ROS and NO, which directly suppress
CD8+ T cell activity and promote tumor growth. When MDSCs
lacking PLCγ2 were transferred into wild-type mice, the result was
increased tumor progression, underscoring the enzyme’s critical
role in MDSC regulation. This finding highlights PLCγ2 as a
checkpoint molecule within MDSCs that can be targeted to
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alleviate immune suppression [158]. Therapeutically restoring
PLCγ2 activity in MDSCs could serve as an important strategy to
overcome the immunosuppressive TME, which is one of the
primary obstacles to effective cancer immunotherapy. By reacti-
vating PLCγ2, MDSC function can be skewed away from
immunosuppression, reducing their inhibitory effects on effector
CD8+ T cells. This strategy aligns with the broader goal of
enhancing T cell-mediated anti-tumor responses, particularly in
tandem with immune checkpoint inhibitors, which have shown
remarkable but inconsistent efficacy in solid tumors. This strategy
is particularly promising when used in combination with immune
checkpoint inhibitors, such as anti-PD-1/PD-L1 antibodies, which
have shown success in some cancers but have inconsistent
effectiveness in solid tumors because of the TME’s strong
immunosuppressive properties [159]. By restoring PLCγ2 activity,
researchers can inhibit MDSC-mediated suppression, thereby
enhancing the efficacy of both checkpoint inhibitors and CAR-T
cell therapies.

Targeting hypoxia and oxidative stress
HIF-1α. Hypoxia-inducible factor 1 (HIF-1) signaling plays a
crucial role in cellular responses to low oxygen levels, a common
feature of the tumor microenvironment [22]. Hypoxic conditions
within the TME not only promote tumor survival and progression
but also recruit various immunosuppressive cells, including
MDSCs, tumor-associated macrophages, and regulatory T cells
[160]. Under these conditions, both tumor cells and MDSCs
upregulate HIF-1α, which drives immunosuppressive activities.
Noman et al. demonstrated that HIF-1α, rather than HIF-2α, plays a
key role in the upregulation of PD-L1 on MDSCs and other myeloid
cells under hypoxia [20]. This promotes tumor immune evasion by
allowing MDSCs to suppress effector T-cell activity through PD-L1-
mediated pathways. Additionally, hypoxia induces the expression
of other immunosuppressive genes, such as iNOS, and Arg-1
which further enhance the suppressive function of MDSCs [161].
Targeting HIF-1α represents a promising strategy to inhibit these
immunosuppressive mechanisms. For instance, Salman et al.
reported that a low molecular weight compound, 32-134D,
effectively inhibits both HIF-1α and HIF-2α in an in vitro
hepatocellular carcinoma model. Treatment with 32-134D reduced
the hypoxia-induced expression of genes associated with tumor
metabolism and immune evasion, such as PD-L1, while enhancing
the activity of CD8+ IFN-γ+ T cells and NK cells, key players in
antitumor immunity [22]. Mutations in the isocitrate dehydrogen-
ase 1 (IDH1) gene, frequently observed in gliomas, have been
linked to HIF-1α stabilization. Mutant IDH1 leads to the
accumulation of the metabolite 2-hydroxyglutarate (2-HG), which
stabilizes HIF-1α, further promoting immune suppression in the
TME. Moreover, HIF-1α plays a central role in regulating immune
evasion, glycolysis, metastasis, and tumor progression, particularly
in triple-negative breast cancer (TNBC), highlighting its broad
impact on tumor biology [162]. Collectively, targeting HIF-1α
disrupts MDSC-mediated immune suppression by reducing PD-L1
expression and restoring T cell and NK cell activity.

Dkk1. Dickkopf-related protein 1 (DKK1) serves as a secretory
inhibitor of the Wnt signaling pathway, playing a complex role in
tumorigenesis [163]. While initially regarded as a tumor suppressor
for its ability to inhibit canonical Wnt/β-catenin signaling by
binding to low-density lipoprotein receptor-related proteins 5 and
6 (LRP5/6), recent research has revealed that DKK1 can also
promote tumor growth by influencing MDSCs and the immune
microenvironment [164]. Elevated DKK1 levels in the bloodstream
and bone microenvironment have been linked to enhanced
cancer development through the modulation of β-catenin levels
in MDSCs, which can inhibit their immunosuppressive functions
and support tumor growth [163]. Recent studies underscore the
therapeutic potential of DKK1 antibodies, which have shown

efficacy in inhibiting both melanoma and metastatic breast cancer
growth, particularly in the presence of NK cells. Unlike NK cells, B
cells and T cells appear crucial for the effectiveness of DKK1
antibodies, which promote immune cell recruitment and the
release of NK-activating cytokines. This immune activation results
in a reduction of MDSC populations and an upregulation of PD-L1
in MDSCs. Importantly, combining DKK1 antibodies with anti-PD-
L1 treatment has yielded promising results in vivo, leading to
significant 4T1 tumor volume reductions [165]. This synergy
suggests that targeting DKK1 can enhance anti-tumor immune
responses and improve treatment outcomes. Furthermore, high
DKK1 expression correlates with an immunosuppressive micro-
environment, often associated with lower survival rates in cancer
patients [17]. Silencing DKK1 has demonstrated the potential to
inhibit tumor development in a CD8+ T cell-dependent approach,
indicating its role in immune modulation. Overexpression of DKK1
in conditions like HNSCC and HCC correlates with increased tumor
growth and elevated PD-L1 expression, indicative of a cold tumor
phenotype characterized by MDSC abundance and diminished
CD8+ T cell infiltration [166].

COMBINATION OF MDSCS CHECKPOINT BLOCKADE WITH
OTHER IMMUNOTHERAPIES
Combination immunotherapy, which leverages the immune
system to combat cancer cells, has emerged as a powerful
strategy for cancer treatment. By integrating therapies that target
different components of the tumor microenvironment, research-
ers aim to achieve more robust and durable responses [29]. One of
the most promising approaches involves combining immune
checkpoint inhibitors with adoptive cell therapies such as CAR-T,
CAR-NK, or CAR-Macrophages. However, while ICIs can block
inhibitory signals that dampen T-cell responses, they alone may
not be sufficient to induce sustained T-cell infiltration and effector
activity within solid tumors. Thus, overcoming the immunosup-
pressive barriers within the TME remains critical for maximizing
therapeutic outcomes. One of the key limitations of current MDSC-
targeting strategies is the fact that MDSCs express multiple
immunosuppressive molecules that collectively contribute to
tumor immune evasion (Fig. 3). While several checkpoint inhibitors
have been tested, the combination of multiple checkpoint
inhibitors that target distinct pathways on MDSCs holds promise
in further. Targeting various MDSC-mediated checkpoints high-
lighted previously has shown potential in overcoming MDSC
mediate potentiating the anti-tumor immune response. Future
therapies may focus on the simultaneous blockade of these
checkpoints, thereby disrupting the multifaceted mechanisms by
which MDSCs impair immune cell function and enhance the
immune response within the TME (Fig. 4).
Combining MDSC checkpoint blockade with ICIs could therefore

break the immune resistance conferred by MDSCs and facilitate
deeper penetration of T cells, CAR-T cells, CAR-NK cells, or CAR-
Macrophages into the tumor site. Immune checkpoint inhibitors,
such as anti-PD-1 and anti-CTLA-4, are designed to reactivate
exhausted T cells and restore their cytotoxic function against
tumor cells [9, 130, 167]. However, in tumors characterized by a
high prevalence of MDSCs, the efficacy of ICIs can be significantly
hindered [168]. MDSCs secrete immunosuppressive
cytokines[19, 83], such as PGE2 and TGF-β [38], which contribute
to immune suppression within the TME [98]. This persistent
immune suppression not only dampens T-cell activity but also
diminishes the overall effectiveness of ICIs. Therefore, combining
MDSC blockade with ICIs presents a compelling strategy to
overcome these limitations and enhance anti-tumor responses.
Targeting MDSC checkpoints like PD-L1, CSF1R, and Arginase-1

may boost ICI activity but could also trigger compensatory
mechanisms that affect immune suppression. Careful considera-
tion is needed to avoid immune-related toxicities, as MDSCs are
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Fig. 4 Immunostimulatory TME by MDSC checkpoint blockade therapy sensitizes cancers to immunotherapies. This figure illustrates how
MDSC checkpoint blockade therapy can transform TME from immunosuppressive to immunostimulatory, which restores the endogenous
immune system and resensitizes cancer immunotherapy.

Fig. 3 Immunosuppressive TME formed by MDSC checkpoints leads to ineffective immunotherapies. This figure presents an overview of
MDSCs and their immunosuppressive checkpoints, organized by subcellular location (cell surface, cytoplasm, and nucleus). It illustrates how
these checkpoints contribute to the formation of an immunosuppressive TME, ultimately impairing immunotherapy efficacy.
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also involved in tissue repair and inflammation regulation.
Optimizing the timing, dosing, and combination of these therapies
is critical, alongside identifying predictive biomarkers for perso-
nalized treatment. Additionally, the combination of oxaliplatin or
cyclophosphamide with anti-PD-L1 therapy has shown a syner-
gistic effect in enhancing tumor control [169]. However, despite
sustained anti-PD-1/PD-L1 treatment, persistent T-cell dysfunction
was observed, indicating that simply blocking these immune
checkpoints may not be sufficient for achieving durable tumor
regression. This underscores the necessity of targeting additional
immune inhibitory pathways, particularly those mediated by
MDSCs. This combination of chemotherapeutic agents, which
modulate the TME, with CAR-T therapy and ICIs presents a
compelling strategy to enhance treatment efficacy. Incorporating
MDSC checkpoint blockade into this type of regime would further
enhance the immune response by reducing the immunosuppres-
sive activity of MDSCs, allowing for greater CAR-T cell infiltration,
improved T cell activation, and more effective anti-tumor
response.
Furthermore, combining MDSC checkpoint blockade with CAR-

based therapies holds great potential for enhancing anti-tumor
responses. In preclinical studies, targeting MDSC-enriched tumors
with a TRAIL-R2 blocker alongside CAR-T cells engineered to target
tumor-associated mucin 1 (MUC1) resulted in increased tumor cell
death and diminished immunosuppressive activity within the
tumor microenvironment [170]. This highlights the synergistic
effect of incorporating MDSC-targeting strategies with CAR
therapies, particularly in solid tumors where MDSCs are highly
prevalent.
MDSC checkpoint blockade combined with CAR-NK holds

significant potential for improving therapeutic outcomes in solid
tumors. CAR-NK, with their innate ability to bypass MHC
restrictions, offer an advantage in reducing the risk of immune
evasion and cytokine release syndrome compared to CAR-T cells
[171]. The addition of MDSC checkpoint inhibitors could further
enhance this therapeutic strategy by reducing immune suppres-
sion within the tumor microenvironment. MDSC blockade would
likely diminish the secretion of anti-inflammatory cytokines such
as prostaglandin E2 and nitric oxide, which are known to inhibit
NK cell cytotoxicity. This reduction in MDSC-driven immunosup-
pression could promote a more pro-inflammatory environment,
allowing CAR-NK cells to more effectively target and kill
tumor cells.
In the context of CAR-Ms, these engineered cells not only

attack tumor cells directly through phagocytosis but also
reshape the immunosuppressive tumor microenvironment by
enhancing antigen presentation and recruiting additional
immune effectors. Klichinsky et al. Demonstrated that a single
dose of CAR-Ms significantly reduced tumor burden and
improved overall survival in solid tumor models [172]. Combin-
ing CAR-M therapies with MDSC checkpoint inhibitors could
further enhance this therapeutic effect by reducing immune
suppression within the TME. By blocking MDSC-mediated
immune suppression, the secretion of anti-inflammatory cyto-
kines, such as IL-10 and TGF-β, which are known to support an
M2-like macrophage phenotype, would be diminished. This
reduction in anti-inflammatory signaling could prevent the
repolarization of CAR macrophages from a pro-inflammatory
(M1) state back to an immunosuppressive (M2) state, thus
maintaining their tumoricidal activity and reinforcing their ability
to promote a sustained anti-tumor immune response.
Ultimately, strategic combinations of MDSC checkpoint block-

ades with ICIs, and CAR-based therapies, have the potential to
overcome the various immunosuppressive mechanisms present
in tumors. Such combinatorial approaches could improve the
penetration of effector cells into the tumor, counteract immune
evasion, and increase the durability of anti-cancer responses. As
understanding of tumor heterogeneity deepens, selecting and

prioritizing combination strategies tailored to specific TME
profiles such as tumors with high MDSC infiltration or varying
levels of PD-L1 expression will be critical for advancing cancer
immunotherapy.

CHALLENGES AND FUTURE DIRECTIONS
Combining MDSC checkpoint blockade with immune checkpoint
inhibitors and adaptive cellular therapies offers a promising
strategy to overcome immune suppression in the tumor micro-
environment, especially in solid tumors. However, several
challenges must be addressed to fully realize this potential. One
major obstacle is the heterogeneity of MDSCs, which complicates
targeting efforts as monocytic and granulocytic subsets have
distinct immunosuppressive mechanisms. Inhibiting MDSCs also
poses the risk of off-target effects and immune dysregulation,
raising concerns about potential toxicity and autoimmune
reactions. Furthermore, tumors may develop resistance through
compensatory mechanisms, making it essential to block multiple
immunosuppressive pathways simultaneously to achieve long-
lasting effects. Optimizing the dosing, timing, and sequence of
therapies is another hurdle, as improper administration could
result in antagonistic interactions rather than synergistic benefits.
Additionally, the effectiveness of MDSC-targeting strategies may
vary across different tumor types and TMEs, necessitating
personalized approaches and biomarker development to guide
treatment. Integrating MDSC blockade with ICIs and cellular
therapies, such as CAR-T and CAR-M, presents technical challenges
in ensuring these therapies complement each other and maximize
therapeutic efficacy. There is also a risk of exacerbating immune-
related adverse events (irAEs) [10], requiring careful monitoring
and mitigation strategies in clinical trials. One potential approach
to mitigate some of these challenges is the development of more
selective targeting mechanisms, such as the use of bispecific
antibodies or CAR-Ms engineered to recognize tumor-specific
antigens, thereby minimizing off-target effects. Additionally,
utilizing controlled delivery systems, like nanoparticles or
exosome-based platforms, can help ensure that therapeutic
agents are specifically delivered to the tumor microenvironment,
reducing systemic exposure and toxicity. Incorporating checkpoint
inhibitors that are specifically activated in the presence of
inflammatory signals or within the tumor niche could further
enhance specificity. Moreover, combining MDSC-targeted thera-
pies with agents that modulate immune responses, like cytokines
or immune modulators, may enhance efficacy while balancing
safety. Finally, close monitoring of immune responses during
treatment can help identify and manage potential adverse effects
early, improving the overall therapeutic index. Future research
should focus on identifying biomarkers to predict patient
response, fine-tuning combination therapy regimens, and con-
ducting large-scale clinical trials to validate the safety and efficacy
of these approaches. Addressing these challenges will be critical
for harnessing the full potential of MDSC-targeting therapies to
overcome immune suppression and enhance immune cell
infiltration and activation in solid tumors, offering a potential
breakthrough in overcoming current immunotherapy limitations.

CONCLUSION
MDSCs are pivotal mediators of immune evasion in cancer, playing
a dual role in both immunosuppressive and non-
immunosuppressive tumor-promoting activities, such as support-
ing cancer stem cell survival, inducing angiogenesis, driving the
epithelial–mesenchymal transition, and contributing to the
formation of pre-metastatic niches. These diverse and dynamic
functions make MDSCs a formidable barrier to effective cancer
immunotherapy. MDSC populations are closely associated with
poor prognosis, correlating with tumor progression, metastasis,
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and resistance to treatment. However, the lack of well-defined and
universal biomarkers for MDSCs, combined with their inherent
plasticity and heterogeneity, presents a significant challenge in
developing targeted therapies. To address these issues, a deeper
understanding of the molecular and functional heterogeneity of
MDSCs across different tumor types is critical.
Emerging high-throughput single-cell multi-omics technologies

provide unprecedented insights into MDSC diversity, allowing for the
identification of novel markers and therapeutic targets. These
advances offer a roadmap for the development of more precise
MDSC-targeted therapies. As such, prioritizing research into MDSC
phenotypic and functional characterization, particularly within distinct
tumor microenvironments, will be essential for identifying the most
relevant MDSC subsets for targeting. Additionally, a concerted focus
on the immune and non-immune contributions of MDSCs in solid
tumors is required, as these cells facilitate both immune suppression
and tumor progression through diverse mechanisms.
MDSC checkpoint blockade presents a promising strategy to

overcome both immune suppression and the tumor-promoting
effects of MDSCs. However, achieving clinical success will require
overcoming challenges related to the selective targeting of these
cells without affecting normal immune function. Combining MDSC
checkpoint blockade with immune checkpoint inhibitors (such as
PD-1/PD-L1 blockade), adaptive cellular therapies (e.g., CAR-T and
CAR-NK cells) and multiple MDSC checkpoints targeting strategies
could create synergistic therapeutic strategies to enhance anti-
tumor immunity while mitigating the negative impact of MDSCs. A
critical future research direction should involve optimizing
combination therapy regimens, defining the optimal timing and
dosing strategies, and developing specific targeting modalities
that minimize off-target effects. In addition to therapeutic
targeting, the development of predictive biomarkers to assess
the presence and activity of MDSCs in patients will be crucial for
patient stratification and monitoring treatment efficacy. Develop
physiologically relevant tumor models that better mimic the
human tumor microenvironment. In addition, early-phase clinical
trials focused on MDSC-targeted therapies, especially those
incorporating advanced delivery systems like nanoparticles or
exosomes should be prioritized, moreover, integration of systems
biology and artificial intelligence can provide predictive models
for therapy optimization, further advancing the field of MDSC-
targeted immunotherapy. By addressing these gaps, we are
poised to significantly enhance the efficacy of current immu-
notherapies and provide durable responses in cancer patients.
With continued progress in MDSC biology, therapeutic innovation,
and personalized medicine, we can look forward to more effective
and sustainable treatment options for patients, particularly in the
context of solid tumors where MDSCs are major contributors to
therapy resistance and disease progression.
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