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Introduction
Immune-checkpoint refers to those inhibitory molecules 
mainly expressed on immune cells to essentially help prevent 
immune overreaction. Nevertheless, these pathways may be 
stolen by tumors to escape the immune surveillance and sur-
vive. The best-known co-inhibitory pathways are PD-1/
PD-L1, CTLA-4, etc. In recent years, a series of monoclonal 
antibody drugs (e.g., ipilimumab for CTLA-4; nivolumab and 
pembrolizumab for PD-1) have been used in clinical practice. 
These so-called immune-checkpoint blockade (ICB) therapies 
resulted in surprising outcomes in multiple cancer types.1-3 
However, when clinicians intended to put ICB into more prac-
tice, they also encountered numerous difficulties and puzzles. 
Despite the significant response and survival benefit in a cer-
tain group of patients, most patients failed to benefit from ICB 
therapy. Even those who initially responded well to ICB even-
tually lost their primary sensitivity to the therapy. In addition 
to drug resistance, we also lacked definite and concrete criteria 
to select and determine the appropriate patient subgroup for 
different ICB therapies, and this depends on the exploration of 
effective biomarkers to predict ICB efficacy. For example, the 
factors and molecules, which are able to reflect the TME or the 
intrinsic immune characteristics of tumor, are the best candi-
dates.4 Nowadays, PD-L1 expression is the most widely used 
predictor, which has been studied in multiple clinical trials.5-7 
Generally, high expression of PD-L1 is recognized as a favora-
ble indication for PD-(L)1 blockade. However, the results from 
different trials are inconsistent, and the cut-off values and 

scoring systems varied between different trials.4 Differences in 
antibody and platform use of immunohistochemistry (IHC), 
varied reasons for PD-L1 upregulation, and the dynamic 
changes in the TME may explain the unsatisfied efficacy of 
PD-L1 expression as a biomarker for ICB efficacy prediction. 
Moreover, tumor-intrinsic factors, such as tumor mutational 
burden (TMB), mismatch repair deficiency, microsatellite 
instability, and oncogenic mutations, have also been investi-
gated for ICB patient selection.8-10 Although IHC examina-
tion of PD-L1 expression,11,12 T-cell infiltration,13 or genetic 
testing measuring TMB14 may indicate valuable reference 
information for patient selection, the sensitivity, specificity, and 
accuracy are still far away from expectation. A better under-
standing of the mechanisms of the emergence of these obsta-
cles and novel strategies to handle these difficulties are 
necessary to improve the efficacy of ICB and bring better clini-
cal benefits to the people dying of cancer.

Obstacles of immune-checkpoint blockade in anti-
cancer therapy

The ICB therapy cuts off the immune-inhibitory pathways 
and allows T-cell reactivation followed by expansion, recruit-
ment to the TME, antigen presentation, and recognition, 
which ultimately kills the tumor cells.15 Besides tumor-killing 
cytotoxic T cell, effector memory T cell is also indispensable 
for durable immune protection and disease control.16,17 
Generally, an effective anti-tumor response requires sufficient 
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tumor neoantigens, intact neoantigen presentation and recog-
nition, adequate T-cell infiltration and function, and formation 
of immune memory.18 However, immune suppressive factors, 
whether endogenous or exogenous, would impair the steps 
mentioned above and form immune resistance,16,19 which 
resulted in ICB therapy failure.

Immune resistance mediated by the TME. The immune resist-
ance derives from dysfunction of T cell, which caused by both 
tumor-intrinsic and extrinsic factors. With regard to the intrin-
sic mechanisms of tumor immune evasion, any genetic or epi-
genetic alterations, which disrupt the proper neoantigen 
generation, presentation, and key cellular signal pathways, 
would lead to insufficient T-cell activation and the subsequent 
immune resistance. On the other hand, the immune cells and 
stromal cells within the TME also have a tight crosstalk with 
cancerous cells, which promote the formation of immune 
resistance and limit the ICB therapy efficacy.

Diversified immune cells and inflammatory mediators con-
stitute the TME. The best-known participators include tumor-
infiltrating lymphocytes (TILs), cancer-associated fibroblasts 
(CAFs), tumor-associated macrophages (TAMs), tumor-asso-
ciated neutrophils (TANs), dendritic cells (DCs), MDSCs, 
etc.20,21 Various functions exerted by these cells come to the 
same result: immune suppression. Here, we focus on MDSC, a 
potent population of immune suppressor cells, in the TME, 
discuss its immune suppressive mechanisms, and address the 
possibilities of utilizing novel therapeutic strategies targeting 
on MDSC to enhance ICB therapy efficacy.

MDSC: Major regulators of tumor immune 
suppression

Myeloid-derived suppressor cells (MDSCs) in short represent 
a heterogeneous population of immune suppressive myeloid 
cells, which are abnormally expressed in multiple disease set-
tings, such as autoimmune diseases and cancer.22 The primary 
identification of MDSC dated back to the 1980s, when 
researchers found there existed a group of suppressor cells, 
which inhibit the T-cell proliferation and function in mice.22 
In the following years, several studies confirmed the existence 
of this cell population and demonstrated their immune inhibi-
tion function in different types of cancer context.23,24 With 
numerous investigations and unremitting efforts by the scien-
tists, this intriguing cell population was finally termed as “mye-
loid-derived suppressor cell” in 2007,25 which opened up a new 
world for immunology research field.

MDSC, primarily defined as CD11b+ Gr-1+ cell, is  
heterogeneous and can be further divided into two subgroups: 
polymorphonuclear MDSC (PMN-MDSC) and monocytic 
(M-MDSC).26 In humans, PMN-MDSC is defined by  
the expression of markers of CD11b+CD14−CD15+ or 
CD11b+CD14−CD66b+ and M-MDSC as CD11b+CD14+ 

HLA-DR−/loCD15−.27,28 Similar to human MDSC, murine 

MDSC definition also depends on co-expression signature of a 
series of biomarkers. Murine M-MDSC is defined as 
CD11b+Ly6C+Ly6Glow/-, whereas PMN-MDSC is classified 
as CD11b+Ly6C−Ly6G+.26 Nevertheless, the heterogeneity of 
MDSC is not only limited to the differentiation of its marker 
expression; different tumor type, burden, anatomical position 
along with the distinct soluble factors, and cellular communi-
cation made the identification of MDSC subsets even more 
complicated.

Characterized by its immune suppression feature, MDSC 
remains a major inhibitor of T lymphocyte activation (as shown 
in Figure 1). Multiple effector molecules and signaling path-
ways are used by MDSC to regulate immune suppression. The 
main mechanisms involve depletion of necessary amino acids, 
production of nitric oxide (NO), reactive oxygen species (ROS), 
transforming growth factor-β (TGF-β), and other cytokines, 
PD-L1 expression, downregulation of L- and E-selectins and 
so on.22 In addition, MDSC can also impair T-cell function 
indirectly by induction of other immune-inhibitory cells, such 
as regulatory T cells (Tregs)29,30 and Th17 cells.31,32 The exact 
immune-suppressive mechanism used by MDSC varies accord-
ing to many factors, such as MDSC phenotype, cancer type 
and stage, and the disease progression.33,34

MDSC accumulation and recruitment in ICB 
therapy

Upregulation of MDSC expression in peripheral blood, lym-
phoid tissue, and tumor site has been found to be significantly 
correlated with unfavorable outcomes and short survival in 
patients with multiple cancer types.35-37 The increasing num-
bers of MDSC subsets mainly derive from two distinct routes: 
accumulation in quantities and spatial migration to the TME.

Accumulation of MDSC depends on complex mechanisms. 
Condamine et  al38 addressed this phenomenon by using a 
model to divide the accumulation process into two different 
but partially overlapping signaling pathways: one is by inhibit-
ing the immature myeloid cells normal differentiation, whereas 
the other entails the conversion from immature myeloid cells 
into MDSC on detrimental abnormal activation. The network 
of transcriptional factors regulating MDSC accumulation has 
been depicted in detail by a series of studies. On activation by 
upstream factors, STAT3, IRF8, and other transcriptional reg-
ulators could positively or negatively mediate the expansion of 
MDSC. △NP63, an isoform of transcription factor p63, has 
recently been found to induce MDSC recruitment through 
activation of CXCL2 and CCL22 signaling pathways in triple-
negative breast cancer,39 which subsequently promoted tumor 
progression. In addition, Liang et al40 demonstrated that stim-
ulator of interferon genes (STING) activation resulted in 
MDSC infiltration in the TME in resistance to radiation ther-
apy. However, whether STING mediate immunosuppression 
during ICB therapy is still unknown to us. Recently, c-Rel, a 
member of NF-κB family, is found to be involved in the 
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regulation of MDSC differentiation by directly promoting 
Cebpb expression. Furthermore, a combination of c-Rel inhib-
itor and PD-1 blockade significantly boosts anti-cancer 
response by CD8+ T cells.41

In addition to the accumulation of MDSC regulated by 
transcriptional pathways, MDSC can also be recruited to the 
tumor tissue by the interaction between chemokines, cytokines, 
and their receptors,42 which help to constitute the TME and 
promote tumor progression. These chemokines include CXCL, 
CCL, and CX3CL, CSF families and are mostly produced by 
tumor cells, tumor-associated immune cells and stromal cells in 
the TME. MDSC is also found to be a chemokine source in 
the TME. Holmgaard et  al43 demonstrated that MDSC 
showed an increased expression following CTLA-4 blockade 
in tumor-bearing mice, and a timely inhibition of CSF-1/
CSF-1R pathway significantly improved anti-CTLA-4 ICB 
treatment by depleting tumor-infiltrating MDSC. This study 
indicated that targeting CSF-1/CSF-1R could be selected as a 
valuable therapeutic strategy with multiple potential benefits 
for reversing ICB resistance and optimizing the efficacy of 
immunotherapy. First, blockade of CSF-1/CSF-1R possessed 
great specificity. Previous studies found that CSF-1R was 
mainly sourced from myeloid cells in the TME, including 
MDSC43,44 and TAM,45 depending on the distinct tumor type. 
It also reminded us that the dominant tumor-infiltrated mye-
loid cell subtype in the specific tumor type need to be figured 
out before choosing CSF-1/CSF-1R blockade. Second, the 
regulation of MDSC via CSF-1/CSF-1R blockade is modu-
lated by multiple pathways, which endows CSF-1/CSF-1R 
blockade with greater efficacy. Some studies proved that 

CSF-1R inhibition could decrease the numbers of MDSC,45,46 
whereas others indicated that CSF-1R blockade could favora-
bly reprogram MDSC and induce an alteration of MDSC 
toward an antitumor phenotype.47 Of note, CSF-1R blockade 
could regulate both the number and function of MDSC in 
breast cancer.43 Third, upregulation of immunosuppressive 
cells and molecules is a common immune-evasive mechanism 
during ICB treatment, which forms a positive feedback loop to 
impair immune responses.48 CSF-1R expression on MDSC 
was found to be enhanced during CTLA-4 treatment, which 
resulted in acquired immune resistance against ICB treat-
ment.43 Therefore, the CSF-1/CSF-1R blockade in combina-
tive use with ICB treatment could exert synergic effect and 
improve antitumor responses. Similarly, IL-10 is produced by 
tumor-infiltrating myeloid DCs to promote MDSC accumu-
lation in the TME as an adaptive immune resistance against 
PD-1 blockade.49 Based on different mechanisms that MDSC 
use to accumulate in cancers, researchers have developed vari-
ous therapies and drugs targeted on certain upstream factors 
and receptors to reduce MDSC and potentiate ICB efficacy. 
Although multiple chemokine-targeted therapies against 
MDSC have been proved to harness greater response in com-
bination with ICB, one critical issue that cannot be neglected 
is that most of these MDSC-recruiting chemokines also target 
other effector immune cells, including T cell,50-52 NK cell,53 
and other tumor-killing immune cells. Therefore, both positive 
and negative sides of chemokine blockade require careful con-
sideration before use and more specific and effective targets are 
urgently needed. Semaphorin 4D (Sema4D; CD100), tradi-
tionally recognized as a tumor-promoter gene, has recently 

Figure 1. MDSC-regulated immunosuppression in cancer following ICB treatment. ICB treatment inhibited the pathways used by tumor to escape the immune 

attack by T cell and thus reinvigorated the tumor-killing capabilities. However, MDSC, which differentiated from hematopoietic stem cells (HSCs) in the bone 

marrow, would expand and be recruited to the tumor site. MDSC suppressed the immune responses through multiple mechanisms, which subsequently 

impaired the efficacy of ICB treatment and formed immune resistance. ICB: immune-checkpoint blockade; MDSC: myeloid-derived suppressor cell.
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attracted wide attention for its immune-regulatory roles, espe-
cially about MDSC. In human head and neck squamous cell 
carcinoma, sema4D has a similar function to GM-CSF in 
inducing MDSC expansion.54 What’s intriguing is that 
sema4D also mediates MAPK-dependent chemokine release 
from tumor cells, which promote MDSC recruitment and 
activation.55 However, the exact mechanism of sema4D-
MDSC interaction is still elusive. Further studies are needed 
to determine the receptor which sema4D binds with in the 
TME and the downstream signaling pathways. Furthermore, 
another regulator of MDSC called CD200 is also found to 
mediate immunosuppression in pancreatic ductal adenocarci-
noma.56 Although single-cell RNA sequence uncovered sev-
eral suspicious genes involved in CD200/CD200R axis, the 
definite pathway remains a riddle.

The microRNA (miRNA), a member of non-coding RNA 
family, represents a small RNA molecule containing approxi-
mately 22 nucleotides. By regulating post-transcription of gene 
expression, miRNA mediates gene silencing and involves in 
multiple biological processes, including cancer development.57 
Finally, miRNA has also been identified to participate in 
MDSC differentiation. For instance, tumor-derived miR-30a 
directly inhibits suppressor of cytokine signaling 3 (SOCS3) 
and induces MDSC expansion and activation through JAK/
STAT3 pathway in B-cell lymphoma.58 Moreover, in gastric 
cancer, researchers found miR-107 could be capsuled in 
exosomes delivered by tumor cells that promote MDSC accu-
mulation and function by targeting PI3K pathway.59 Due to 
the wide and powerful regulatory roles played by miRNAs on 
MDSC, targeting MDSC-related miRNAs has been studied 
as a potential therapeutic for cancer immunotherapy. For 
example, Wang et  al60 proposed that miR-155 served as an 
important tumor suppressor in melanoma and lung cancer by 
inhibiting MDSC recruitment through hypoxia inducible fac-
tor (HIF)-1α blockade, which decreased the secretion of 
MDSC-recruiting factors. More importantly, miR-155 defi-
ciency could result in a more immunosuppressive phenotype of 
MDSC with more iNOS and Arginase 1 (ARG-1) produc-
tion. This study showed that miRNAs could not only target on 
the upstream factors of MDSC expansion and recruitment but 
also directly regulate the immune functions of MDSC. 
However, miR-155 was oppositely found to be able to syner-
gize with miR-21 to promote MDSC expansion through 
SHIP-1/STAT3 pathway.61 In line with this study, blockade of 
miR-155 could improve the killing capacities of T cells via 
inhibition of MDSC function.62 Furthermore, a range of miR-
NAs have been discovered to participate in the conversion and 
infiltration of MDSC and strongly associated with the immune 
resistance against ICB treatment.63 Despite large amounts of 
studies have been done to elucidate to role of miRNAs in the 
process of MDSC regulation and ICB treatment, the exact 
mechanism remains elusive mostly due to the heterogeneity of 
cancer and the factors influencing the imbalance of 

MDSC-related miRNAs. In a word, MDSC-related miRNA 
has demonstrated promising potential in predicting immuno-
therapy outcome and harnessing ICB efficacy, but still more 
studies are required for future clinical practice.

MDSC-Mediated Immune Resistance in ICB 
Therapy
As mentioned above, MDSC exert immunosuppressive func-
tions, which could be hijacked by tumor to mediate immune 
resistance against immunotherapy. Understanding the mecha-
nisms used by MDSC for immunosuppression may help us 
develop more strategies to reactivate anti-cancer immune 
responses and improve ICB effect.

The TME-derived chronic inflammatory mediators stimu-
late immature myeloid cells and promote them to differentiate 
into MDSC circulated in peripheral blood and finally infiltrate 
the tumor. A common well-known function shared by both 
subsets of MDSC depends on arginase production, which 
deprives T cell of amino acid arginine and ultimately inhibits 
T-cell proliferation.64 ARG-1 is released in the tumor milieu 
by MDSC to create an immunosuppressive TME by depletion 
of normal TCR function.65,66 Targeting on the major immune 
inhibitory role played by ARG-1, multiple studies have been 
made to explore the efficacy of ARG-1 blockade in cancer 
therapy. Romano et  al67 found that in multiple myeloma, 
increased expression PMN-MDSCs exert crucial immunosup-
pressive roles through ARG-1 production, and the administra-
tion of ARG-1 inhibitor nor NOHA could increase the effects 
of lenalidomide or bortezomib treatment. In addition, another 
study found the administration of Brentuximab Vedotin as sin-
gle agent in Hodgkin lymphoma could reshape the immune 
microenvironment by reducing the amounts of MDSC and 
ARG-1 production, which finally improved the survival of 
Hodgkin lymphoma patients.68 In all, ARG-1, an enzyme pro-
duced by MDSC in the TME, depleted the arginine and thus 
inhibited the T-cell killing function and caused immune 
escape. Targeting on ARG-1 has been proposed as a potential 
effective method to trigger immune responses and helped 
reverse immune resistance. However, relative clinical trials of 
monotherapy or combinative therapy with ICB are still elusive. 
Studies also indicate cysteine, which is necessary for T-cell 
activation,69,70 could be sequestered by MDSC from the TME, 
further weakening anti-cancer immunity.71 Notably, richness in 
cysteine could be used as a biomarker in combination with pro-
tein acidic secretion to evaluate MDSC suppressive degree.72 
In addition, tryptophan level could also be reduced by MDSC 
through indole amine 2,3 dioxygenase (IDO) production.73,74 
In addition, IDO could mediate immunosuppression by pro-
duction of cytotoxic substances to repress Ag-specific immune 
responses and induce Treg production.75-77 An IDO inhibitor 
1-methyl-L-tryptophan or STAT3 antagonist JSI-124 could 
thus block the immune suppressive activity of MDSC and 
serve as an efficient approach to optimizing ICB efficacy.78 In 
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addition, Qu et al79 proposed that blockade of CARD9-NF-
κB-IDO pathway helped inhibited the suppressive function of 
MDSC to inhibit the progression of colon cancer. Of note, 
IDO pathway is not only an immunosuppressive mechanism 
used by MDSC, but also an upstream factor to recruit and acti-
vate MDSC. Holmgaard et al80 found that tumor could express 
IDO to activate Tregs, which subsequently promoted MDSC 
migration to the tumor site to enhance tumor progression as 
well as induce immune resistance to ICB. These findings sug-
gested a major linking network between MDSC and tumor 
mediated by IDO, and therapeutic targeting IDO could 
develop great potential. Nevertheless, Feng et  al81 demon-
strated a novel mechanism used by MDSC to influence T-cell 
function; a crucial component protein of T-cell receptor signal-
ing pathway named lymphocyte-specific protein tyrosine 
kinase (LCK) could be nitrated by MDSC, which impaired 
T-cell function and limited ICB efficacy in prostate cancer. 
Moreover, MDSC is a powerful source of anti-inflammatory 
mediators. Researchers identified that tumor-infiltrated 
MDSCs produce TGF-β in an autocrine feedback loop, which 
inhibits cytotoxic T-cell proliferation and induces Treg accu-
mulation.82 IL-6, a pivotal immune suppressor in cancer, has 
also been identified as a functional mediator released by MDSC 
to promote tumor aggressiveness and stemness.83

We discussed above that MDSC differentiation and activa-
tion could be mediated by cell-to-cell communication via exo-
some transport of biological small molecules. In turn, MDSC 
may also exploit this mechanism to exert immune suppressive 
functions. Geis-Asteggiante et  al84 established a 4T1 tumor 
system model in mice to obtain MDSC under “conventional” 
and “inflammatory” conditions. Afterwards, the exosomes 
derived from MDSC and the cargoes of mRNAs, miRNAs or 
proteins were intensively studied. Evidence indicate MDSC-
derived small RNA molecules may involve in the immune sup-
pressive activity. MDSC is found to secret miR-126-contained 
exosomes under doxorubicin chemotherapy to form acquired 
chemo-resistance.85 In addition to cancer, MDSC-derived 
non-coding RNAs also participate in the immune regulation in 
other disease settings like arthritis86 and lupus.87 However, 
whether and how MDSC-derived exosomes mediate immune 
resistance in ICB therapy remain to be elucidated.

Resistance to ICB treatment could be categorized into two 
main types: primary resistance and acquired resistance. 
Depending on their powerful immunosuppressive capacities, 
MDSC played a major role in the regulation of both primary 
and acquired resistance in different cancer types. Primary 
resistance referred to the low or non-response to ICB therapy. 
Many factors, such as low PD-L1 expression88,89 and insuffi-
cient tumor mutational burdens and neoantigen presenta-
tion90,91 and even microbiome92,93 were found to impact the 
ICB efficacy and form the primary resistance. Emerging evi-
dence indicated that MDSC is also an important participator 
in the formation of primary resistance. Meyer et al94 proposed 

that low frequencies of circulating MDSC in the anti-CTLA-4 
treatment represents a low resistance to ICB and predicts a 
better outcome in the metastatic melanoma patients. In line 
with the results of this study, another study confirmed that in 
advanced melanoma, an upregulated level of circulating MDSC 
is strongly associated with the absence of melanoma antigen-
specific T cells and a poor survival of melanoma patients.95 
These studies indicated that a primary high expression of 
MDSC in the TME may helped promote the primary resist-
ance via the formation of an immunosuppressive milieu, 
However, the primary resistance varied significantly between 
cancer types and individuals,96 and the mechanisms used by 
MDSC to mediate primary are still unclear. Therefore, further 
investigations into this issue are required. Unlike primary 
resistance, acquired resistance represents a selection or evolu-
tion of tumor cells, which develop mutations in critical path-
ways in ICB. Alterations of MDSC accumulation and function 
could join this process of modulation and enhance the acquired 
immune resistance. Limagne et  al97 found that MDSC 
impaired the cytotoxic functions of CD8+ T cells by expressing 
galectin-9 to interact with TIM-3 on T cells, which mediated 
both the primary and acquired immune resistance to anti-
PD-1 therapy. In addition to the MDSC function, another 
study suggested that in response to PD-1 blockade, a PD-L1/
NLRP3 inflammasome signaling cascade pathway was acti-
vated, which subsequently recruited large amounts of PMN-
MDSC to the tumor site and dampened the antitumor immune 
responses.98 In agreement with this study, multiple studies also 
indicated that accumulation of MDSC in the TME influenced 
the efficacy of immunotherapy agents.99-101 To better under-
stand the role played by MDSC in mediating acquired immune 
resistance, we need to perform more investigations on the 
dynamic changes of the status of MDSC during the process of 
ICB treatment. The mechanisms used by MDSC to influence 
ICB efficacy are summarized in the Table 1.

The Interactions Between MDSC and Other 
Components in the TME
The TME constitutes a great shelter for tumor cells and other 
components to either survive or interact with each other con-
stantly, which favors tumor progression. Recently, growing evi-
dence indicates that the external signaling network scattered 
between various immune cells and cancer cells foster tumor 
immune resistance and relapse besides cancer cells themselves. 
MDSC, the major immune suppressor in cancer, is no excep-
tion and has a tight and complex crosstalk with other compo-
nents in the TME.

CAFs are identified as a dominant stromal component in 
the TME, and they modulate tumor progression through 
numerous mechanisms, such as micro-environment remode-
ling, angiogenesis induction, and immunosuppressive func-
tions.102-104 Recently, growing evidence suggest that CAFs also 
interact with MDSC intimately to regulate immune responses 
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indirectly in the TME. CXCL family, as discussed above in the 
second section, represents a major chemokine for MDSC 
recruitment to the tumor site. Kumar et al105 found that CAF 
could produce CXCL2 to promote PMN-MDSC migration 
to the TME, which forms a resistance against anti-CSF1 
mono-antibody therapy. Likewise, Sano et al106 demonstrated 
that CXCLs-CXCR2 signaling pathway could be used by 
CAFs to maintain the chronic inflammatory micro-environ-
ment, including MDSC infiltration. Furthermore, CCL2-
CXCR2 axis also mediate MDSC recruitment in the TME of 
lung squamous cell cancer and induce immunosuppression via 
ROS production.107 These studies remind us with the impor-
tance of identifying upstream regulatory factors of MDSC 
migration in the TME from distinct cells and cancer types, and 
novel therapeutic strategies against MDSC in ICB could tar-
get on CAF or other accessories in the TME. For example, the 
efficacy of an FAPα/surviving-targeted DNA vaccine, which 
depleted CAF in the TME, was found to be enhanced in com-
bined use with MDSC elimination.108

Owing to relatively low expression and short lifespan, 
PMN-MDSC is not so well-studied in the TME, and 
M-MDSCs have been viewed to represent the major immuno-
suppressive myeloid cells in the TME.34,109 Notably, 
M-MDSCs have high plasticity and is able to differentiate into 
multiple types of other myeloid cells in the TME.34 TAMs 
refer to the macrophages infiltrated within the TME and are 
usually tamed to acquire pro-tumoral properties.110-112 Based 
on the activation state and functional characteristics, TAMs 
can be divided into two subgroups: tumor-killing M1 pheno-
type and tumor-promoting M2 phenotype.113 Accordingly, the 
M1/M2 ratio can serve as an effective biomarker to predict 
tumor progression114,115 and resistance to immunotherapy.116,117 
Numerous studies have described that MDSCs could 

differentiate into TAMs in the TME.118-120 Therefore, the 
dual-direction conversion from MDSC to macrophage in the 
TME may also mediate immune responses not to be ignored. 
Biswas et al121 described that exosomes released by mesenchy-
mal stem cells (MSCs) promote MDSC differentiation into 
M2-like TAMs in the breast cancer, which significantly 
impaired anti-cancer immunity. Recently, Toll-like receptors 
(TLRs) are found to regulate MDSC to differentiate into M1 
macrophages,122 which indicates a novel pathway to block the 
immune suppressive functions of MDSC and harness the effi-
cacy of ICB therapy. Factors controlling the transformation 
from MDSC could be divided into two aspects. For one thing, 
the distinct hallmarks of TME are major driving forces for 
MDSC differentiation into pro-tumor M2 macrophages, such 
as hypoxia118 and intercellular interactions via extracellular 
vesicles,120 which reminded us that we need to figure out the 
exact mechanisms and pathways used by tumor to divert 
MDSC into more immunosuppressive macrophages. For 
another thing, there are also potential factors that are able to 
convert MDSC into anti-cancer M1 type macrophages. For 
example, TLR7/8 activation122 or phosphatidylserine block-
ade123 successfully polarized MDSC into M1 macrophage, 
which reactivated antitumor immunity. Whether these factors 
participated in the formation of immune resistance to ICB is 
still elusive. Therefore, further investigations into this issue are 
required. However, in addition to the transformation relation-
ship between MDSC and TAM, their direct mutual interac-
tion within the TME has not been well explained. Besides 
macrophage, other mature immune cells may also exert crucial 
immune functions in contact with MDSC. Neutrophils are tra-
ditionally identified as the basic defense line of immune system 
against infection. Nevertheless, on certain stimuli, such us ROS 
or granule-derived myeloperoxidase (MPO) production, 

Table 1. Mechanisms used by MDSC to regulate immune resistance to ICB.

MECHANISMS REGULATORS FUNCTIONS REFERENCES

Depletion of TCR function ARG-1 Negative Feldmeyer et al65 and Rodriguez et al66

Cysteine segregation xc-transporter Negative Srivastava et al71

Treg induction; repression of Ag-specific 
immune responses

IDO Negative Munn and Mellor,75 Munn et al76 and 
Curti et al77

LCK nitration Reactive nitrogen species Negative Feng et al81

Inhibition of T-cell proliferation; Treg 
induction

TGF-β Negative Gonzalez-Junca et al82

Promotion of stemness IL-6 Negative Xu et al83

Impairment of CD8+ T-cell cytotoxicity Galectin-9 Negative Limagne et al97

Recruitment of PMN-MDSC PD-L1/NLRP3 inflammasome Negative Theivanthiran et al98

MDSC-M1 differentiation TLR7, TLR8 Positive Liu et al122

MDSC-M2 differentiation HIF-1α, tumor-derived exosomes Negative Kumar et al118 and Franklin et al120

ARG-1: Arginase; HIF: hypoxia inducible factor; IDO: indole amine 2,3 dioxygenase; LCK: lymphocyte-specific protein tyrosine kinase; MDSC: myeloid-derived suppressor 
cell; PMN-MDSC: polymorphonuclear MDSC; TLR: Toll-like receptor.
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mature neutrophils could form MDSC-like properties and 
inhibit T-cell function in the cancer context.124 In addition, 
MDSC is found to be able to differentiate into DCs and even 
fibrocytes.125 Up until now, how the interactions between 
MDSC and other components in the TME participate in the 
formation of immune resistance to ICB is still unclear to us. 
Therefore, more studies are needed to expand this domain for 
ICB synergism.

Gut microbiota refers to trillions of microbes residing in the 
mammalian gastrointestinal tract and co-evolving with the host. 
This symbiotic relationship helps maintain the systemic home-
ostasis. Recently, growing evidence suggests that gut microbiota 
exert key roles in the formation of innate and adaptive immu-
nity and participate in the process of carcinogenesis.126 In addi-
tion, alterations in gut microbiota have significant impacts on 
the efficacy of cancer immunotherapy.127,128 Remarkably, 
MDSC also have intimate interactions with gut microbiota. 
Dong et al129 demonstrated that a gut symbiotic bacteria named 
Fusobacterium nucleatum (Fn), specifically promotes MDSC 
accumulation in the TME and subsequently inhibits the anti-
cancer immune responses, and this negative effect could be 
reversed by total elimination of Fn via treatment of a nanopar-
ticle-assembled phage. Surprisingly, gut microbiota is found not 
to only settle in gastrointestinal tract but also may migrate to 
other anatomical sites to modulate immune functions. For 
example, a distinct group of microbes are found to transmigrate 
from gut to pancreas to entail immunosuppression by TME 
reprogramming, which assists pancreatic tumor progression. 
Correspondingly, the depletion of bacteria synergizes with anti-
PD-1 ICB treatment via inhibition of MDSC expansion and 
reactivation of T-cell function.130 These studies revealed the 
potential therapeutic value of microbiome in ICB treatment, 

but the molecular mechanisms still require further clarification. 
Although quite a few commensal bacteria have been identified 
to promote MDSC accumulation during tumor progression, 
another study indicates that the early-life exposure to flora from 
external environment is indispensable for the formation of an 
intact immune system by PMN-MDSC restriction and inhibi-
tion of CXCL expression.131 We can see from it that gut micro-
biota may serve as a double-edged sword in the regulation of 
MDSC function. On the other hand, fungi, which accounts for 
less than bacteria in the gut microbiota and are often neglected 
by us, may also represent a pivotal subgroup of host microbiome 
to mediate anti-cancer immunity. Wang et  al132 described 
abnormal overexpression of fungi in the gut, especially Candida 
Tropicalis, would promote progression of colitis-associated 
colon cancer by induction of MDSC accumulation. Although 
the exact mechanisms remain unclear, several studies could 
serve as valuable references for us to speculate how gut microbi-
ome promoted the accumulation of MDSC. Recently, Zhang 
et  al133 demonstrated that in the mice models of 
Cholangiocarcinoma, an impairment of gut barrier could result 
in the migration of gut-derived bacteria to the liver, which 
induced CXCL1 secretion from hepatocytes through TLR4 
pathway and subsequently caused PMN-MDSC accumulation. 
This means that the gut microbiota could serve as pathogen-
associated molecular patterns to interact with the pattern-
related receptors and create an immunosuppressive environment 
in the target organ through induction of MDSC-recruiting 
cytokines and chemokines. However, this process required the 
incompleteness of gut barrier and the escape and migration of 
gut microbiota. In addition, a novel study pointed out that 
intestinal DCs could serve as vehicles to transport the gut 
microbiota-derived antigen into the thymus to educate the 

Figure 2. An overview of pathways of myeloid-derived suppressor cell (MDSC) accumulation, migration, and functions in the tumor microenvironment 

(TME). Various cytokines and chemokines derived from the TME induce the expansion and accumulation of MDSC and facilitate its migration into tumor 

site, which led to inhibition of tumor-killing T cells and NK cells with various suppressive factors. Meanwhile, intimate interactions existed between MDSCs 

and other components in the TME.
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thymic T cells and form and strengthen the anti-infective 
capacities of the host.134 Based on this brilliant study, we may 
naturally make a hypothesis that under cancer conditions, the 
altered gut microbiota-related antigen may also arrive at impor-
tant immune organs, such as tumor-draining lymph nodes, 
bone marrow, and liver in this way and regulate the recruitment, 
accumulation, and functions of various immune cells, including 
MDSC. However, these hypotheses required future experi-
ments and clinical trials to confirm. Strictly speaking, the host 
microbiome may not belong to TME components. However, 
accumulating evidence indicates that gut microbiota is a major 
participant in the innate and adaptive immune system and 
influence cancer development in a both direct and remote mod-
ulatory manner. Therefore, the interactions between MDSC 
and gut microbiota need to be elucidated more in detail. A breif 
overview of pathways of MDSC accumulation, migration and 
functions in the TME is shown in Figure 2.

Targeting MDSC: New Therapeutic Strategies and 
Insights for ICB Anti-cancer Therapy
Combination of systemic chemotherapy with ICB 
treatment

Despite the constant breakthroughs of ICB practice in cancer 
treatment, traditional systemic chemotherapy remains the 
first-line standard treatment for most malignancies. With the 
development of ICB agent application, clinicians and research-
ers have long been questioning whether combined use of ICB 
and chemotherapy could bring the patients greater survival 
benefits. Therefore, numerous clinical trials have been con-
ducted to verify this hypothesis.135-137 Surprisingly, increased 
efficacy and good security were obtained by the combination 
strategy. However, the mechanism for the synergism remains 
unsolved. Some studies suggest that chemotherapy could 
induce immunogenic cell death (ICD), which causes exposure 
of tumor antigen and activates cytotoxic T cells, DCs, and 
macrophages.138,139 Moreover, chemotherapy is also found to 
be able to regulate TME and act on multiple immune inhibi-
tory cells, including MDSC.

Cisplatin is one of the most common cancer chemothera-
peutic agents for a wide range of cancers, including lung cancer, 
bladder cancer, breast cancer, etc., depending on its ability to 
induce cell death by inhibiting DNA replication and transcrip-
tion.140,141 With the development of ICB therapy, the immune-
regulatory roles of cisplatin attracted much attention. Wu 
et  al142 investigated the immune effects of low-dose cisplatin 
treatment on bladder cancer and found that cisplatin could spe-
cifically eliminates periphery PMN-MDSC and thus enhances 
CD8+ T-cell function. Similar effects have also been detected 
in melanoma143 and ovarian cancer.144 Interestingly, the inhibi-
tory impact on MDSC from cisplatin seems not only limited on 
periphery blood but also on other immune organs. For example, 
cisplatin is found to significantly reduce splenic MDSC and 
promote IFN-γ-produced myeloid cells expansion in metastatic 
breast cancer model.145 Conversely, MDSC could also 

participate in the formation of cisplatin-resistance of cancer,146 
which suggests the necessity of combination use of ICB and 
MDSC-targeted drugs in face of cisplatin-resistant cancer 
patients. Oxaliplatin is one of the third-generation platinum-
based chemotherapeutic drugs, which owns lower adverse tox-
icity and shows similar performances in several cancers 
compared with cisplatin.147-150 Kim et al151 demonstrated that 
oxaliplatin selectively depletes M-MDSCs and promotes 
MDSC maturation in colorectal cancer models by modulating 
NF-κB signaling pathway. Hence, new strategies of combina-
tion of oxaliplatin and ICB may obtain great responses in can-
cer treatment after more clinical trial verification. Nevertheless, 
under certain circumstances, chemotherapy may also exert 
undesired immune-regulatory functions. Gemcitabine, which 
was identified to deplete MDSC in vivo,152 has recently been 
found to promote M-MDSC migration into tumor site through 
upexpression of GM-CSF in breast cancer after repeated utili-
zation.153 This phenomenon highlights the importance of 
quantity determination when we formulate chemotherapy–
ICB combination strategy. Although a range of studies have 
demonstrated the immune-regulatory function of MDSC 
depletion by chemotherapy, we still wonder whether this func-
tion could be used to obtain an optimized efficacy of chemoim-
munotherapy through MDSC depletion. Combinative use of 
cisplatin, anti-PD-1 antibody, and pemetrexed was found to 
enhance the antitumor immune responses in mesothelioma 
mice at least in part due to the decrease of MDSC infiltra-
tion.154 Another study indicated that in HPV-related cancers, 
cisplatin was able to sustain an induction of tumor-specific 
CD8+ T cells along with a decrease of CD11b+GR-1int mye-
loid cells, and a combination with anti-CTLA4 helped improve 
the efficacy.155 As discussed above, chemotherapy could induce 
ICD, which partly explained the enhanced efficacy of combina-
tive administration of chemotherapy and immunotherapy. 
However, ICD is relative difficult to quantify in vivo. Thus, 
immunosuppressive cells received a substantial focus. From 
previous studies, we could conclude that the immunopotentia-
tion function mediated by chemotherapy is in versatile targets, 
and MDSC depletion served as an important mechanism to 
participate in this synergistic effect.

Molecule-targeted agents for MDSC inhibition

According to the molecular basis of MDSC recruitment and 
expansion, many involved signaling pathways and key regula-
tory mediators could be targeted to inhibit MDSC accumula-
tion and harness ICB efficacy. As has been discussed above, a 
lot of chemokines interact with corresponding receptors 
expressed on MDSCs and promote their tumor trafficking. By 
using CXCR2 antibody, researchers successfully disrupted 
MDSC tumor infiltration and significantly increased anti-
PD-1 immunotherapy efficacy.156,157 As expected, targeted 
blockade of CXCL12/CXCR4 obtained similar survival ben-
efits in combination with PD-1/PD-L1 axis blockade in ovar-
ian cancer.158 However, the specificity of chemokine blockade 
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is still far from satisfying owing to its potential negative effects 
on other immune cells along with unpredictable side effects.

Due to the irreparable defects of chemokine blockade, more 
specific targets are urgently desired by clinicians to handle the 
immune escape mediated by MDSC in ICB treatment prac-
tice. Sema4D has been proved to be able to recruit MDSC to 
tumor site and disrupt T-cell function.54 And targeted inhibi-
tion of sema4D resulted in enhanced efficacy of ICB treat-
ment.55 Nowadays, the clinical trial of sema4D-based molecule 
targeted therapy is underway, and we all look forward to its 
results. Furthermore, CD200 blockade also improves PD-1 
antibody therapy, which indicates a novel target for MDSC 
inhibition.56 Cell cycle-related kinase (CCRK) belongs to cyc-
lin-dependent kinases (CDK) family, which exerts crucial 
functions in regulation of cell cycle and transcription.159 Zhou 
et al160 addressed the relationship between MDSC and CCRK 
in hepatocellular carcinoma and found that inhibition of 
CCRK successfully depleted MDSC and enhanced ICB 
efficacy.

A crucial issue that we cannot neglect is the prioritization 
strategies for us to take when we face so many targets and 
agents for combinative use. Firstly, we should take the tumor 
heterogeneity into consideration. A simple but valuable classi-
fication framework of TME stratification was set to help us 
select ICB treatment strategies. Based on the presence or 
absence of TILs and PD-L1 expression, the TME was classi-
fied into four subtypes: Type I: PD-L1 positive with TILs, 
indicating a formation of acquired immune resistance; Type II: 
PD-L1 negative with no TILs infiltration, indicating the 
immune ignorance; Type III: PD-L1 positive with no TIL, 
indicating an intrinsic formation of immunosuppression; and 
Type IV: PD-L1 negative with TILs infiltration, indicating an 
immune escape mediated by other pathways.161 Different 
tumor types correspond to these TME types to guide ICB 
administration.162 Four aspects would be covered when we per-
form the combinative therapeutic strategy with ICB, including 
reversing tumor immunosuppression, induction of immuno-
genic cell death, enhancement of antigen presentation, and sus-
tainment and activation of cytotoxic T cells. Therefore, the 
prioritization strategy should be based on the tumor immune 
status during ICB treatment. We have discussed above the 
various mechanisms taken by MDSC to mediate the suppres-
sion of antitumor immunity. Thus, in the TME of types II and 
IV, targeting against the MDSC-related cytokines and 
chemokines may be the first choice to synergize with ICB 
treatment. Multiple preclinical and clinical trials found that 
blockade of CSF-1R,163,164 CCL2,165,166 and other factors167 
could enhance the efficacy of ICB. As with the type I TME, 
which has formed acquired immune resistance to ICB, agents 
targeting MDSC-secreted mediators may be more effective, 
such as ARG-1, iNOS, and IDO, which could reverse the 
immunosuppressive TME and reactivate the previously 
restricted T cells. However, up until now, there still lakes a con-
sensus of the polarization strategy for the combinative therapy 

with ICB. Ongoing preclinical and clinical trials will gradually 
solve the mystery.

Epigenetic drugs for MDSC regulation and ICB 
eff icacy enhancement

Recently, epigenetic dysregulation in the tumor biology has 
attracted increasing attraction for its broad participation in 
almost all hallmarks of cancer.168,169 Based on this, many novel 
epigenetic drugs have been investigated to reverse immune 
resistance and synergize with ICB treatment. And MDSC is 
also an important target for epigenetic modulatory drugs.

Histone acetylation helps modify chromatin organization 
and regulate gene expression.170 Targeting on this crucial epi-
genetic regulatory mechanism, histone deacetylase inhibitors 
(HDACs) has been recognized as a potential candidate agent 
for MDSC modulation. Valproic acid (VPA), an HDACi-
targeting HDAC1, 2, and 3, was found to be able to impair the 
immunosuppressive functions of MDSC.171 Furthermore, 
Youn et al172 found a critical role of HDAC-2 to hinder mono-
cyte from differentiating into DCs and macrophages but 
PMN-MDSC, which could be reversed by VPA treatment. 
Based on the previous findings, Adeshakin et al173 combined 
PD-L1 blockade and VPA to evaluate whether immune regu-
lation of MDSC by VPA could synergize with ICB in tumor-
bearing mice and found that the immunosuppressive capacities 
of MDSC were significantly attenuated along with a stronger 
antitumor immune response and slower tumor progression. 
Similar results have been found in other HDACi drugs, such as 
CG-745,174 ACY-241,175 and MS-275.176 Nevertheless, most 
of these studies are preclinical trials, and we still need more 
clinical trials in the future to evaluate the value of HDACi 
drugs in ICB treatment.

In addition to histone acetylation, DNA methylation is 
another important epigenetic modulatory way in cancer. 
Recently, Saleh et al177 found that the DNA methylation is one 
of the key epigenetic participators in the modulation of multi-
ple inhibitory and immunosuppressive genes of MDSCs, 
which suggest that the DNA methylation may also be a poten-
tial epigenetic target to regulate MDSC functions. Sido et al178 
proposed that an exogenous cannabinoid derived from the 
Cannabis sativa plant could modulate the DNA methylation of 
various genes, which were involved in the functions of MDSC 
including ARG-1 and STAT3. Recently, an expressional pro-
file analysis of m6A RNA methylation regulators in renal can-
cer suggested that a risk-scoring system based on the levels of 
m6A RNA methylation could predict the status of immune 
evasion and serve as an independent prognostic marker.179 
Hopefully, more effective epigenetic drugs will enter clinical 
trials and help improve the efficacy of ICB treatment.

Designing and synthesis of novel drugs

Nanoparticles have achieved great advances over the last decade 
as a novel drug delivery system, which helps increase drug 
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biological activity, lower drug toxicity, and promote the drug 
accumulation in the desired targeted site. Under the circum-
stances of immune resistance against ICB, nanoparticle have 
potentials in remodeling TME and boost immunotherapy. 
Zhang et  al180 enclosed the PARP inhibitor talazoparib in a 
nano-liposome and evaluated its efficacy on BRCA-deficient 
breast cancer. Results showed that besides a significant decrease 
in side effect, the nano-talazoparib treatment dramatically 
deplete the MDSC, both in tumors and spleens. Furthermore, 
the formulation of a Gemcitabine nanoparticle also successfully 
reduced immunosuppression by eliminating MDSC and Tregs 
in melanoma, which ultimately reactivate T-cell immune 
responses.181 In addition to delivery of chemotherapeutic drugs, 
nanotechnology can also be used to transfer other effective 
small molecules. For example, a dual delivery of MDSC-
inhibiting RNAi and recruiting chemokine CCL2 has been 
realized by using a multilayer polymer nanocapsule in mice 
models of fibrosarcoma, which showed great capacity in inhibit-
ing MDSC expansion.182 Plebanek et al183 identified scavenger 
receptor type B1, which endows a high binding affinity with 
spherical high-density lipoprotein, as an effective attacking tar-
get expressed on MDSC. Thus, they synthesized a high-density 
lipoprotein-like nanoparticle and verified its biological function 
in inhibiting MDSC activity and boost T-cell immune responses 
both in vitro and in vivo.

On the other hand, researchers are also trying to search 
for new specific agents for MDSC neutralization. Nagaraj 
et  al184 demonstrated that a member of synthetic triterpe-
noids, named CDDO-Me in short, has impressive utility of 
MDSC inhibition and immune activation in cancer. 
Furthermore, fraxinellone, primarily used as an anti-fibrotic 
drug, was found to be able to reprogram TME by increasing 
NK cells and T cells while decreasing regulatory B cells and 

MDSCs.185 The potential therapeutic approaches to over-
come MDSC-mediated resistance on ICB have been sum-
marized in Figure 3.

Potential targets and future directions
Obviously, current therapeutic strategies and targets of MDSC 
still cannot meet the clinical requirements sufficiently. Therefore, 
explorations of potential new targets regarding MDSC regula-
tion are underway. The immune regulatory roles played by gut 
microbiota in cancer have gradually been uncovered. Rutkowski 
et al186 described that commensal bacteria-mediated immuno-
suppression through MDSC recruitment and inhibition in a 
TLR5-dependent manner, which subsequently promotes tumor 
progression. In addition, CARD9 has been identified as a pro-
tector against colon cancer through blocking commensal fungi-
induced MDSC expansion at tumor site.132 These studies 
provided us with evidence of mechanisms of microbiota–
MDSC interactions, which bring us opportunities to open up 
more targets in human microbiome and related proteins for 
ICB efficacy enhancement. Hypoxia, which represents a hall-
mark of TME, has been found to promote the MDSC accumu-
lation,187 and hypoxia elimination is able to dramatically 
decrease MDSC density in prostate cancer.188

In the future, we may not only limit our studies in MDSC-
regulating network, but also broaden our horizons on the 
TME and even the whole immune system, especially focusing 
on the mutual communications between MDSC and other 
cells or components. Extracellular vesicles, exosomes in par-
ticular, deserve more attention for their pivotal biological 
information transmission function, whether they participate 
in MDSC regulation and how they could be used as an effec-
tive therapeutic strategy to harness ICB efficacy remains to 
be resolved.

Figure 3. Potential therapeutic approaches to overcome myeloid-derived suppressor cell (MDSC)-mediated resistance on immune-checkpoint blockade 

(ICB). Based on the various mechanisms used by MDSC, multiple therapeutic approaches targeting MDSC have been investigated preclinically or even 

entered clinical trials, including chemo-immunotherapy, molecule-targeted agent, epigenetic drugs, and nanoparticles.
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Concluding Remarks
Great expectations of ICB treatment and unsolved crux of 
immune resistance and unstable efficacy urge us to develop 
novel targets to enhance ICB efficacy. Growing evidence indi-
cates that MDSC could be an effective target to deal with 
immune resistance and harness ICB effects. With the gradually 
deepening research and understanding of the roles of MDSC 
in the process of tumor immune regulation, many therapeutic 
strategies and drugs are under explorations, and some have 
entered the stage of clinical trial. However, more insights and 
studies are required for an effective and practical MDSC-
targeting therapy to emerge in the future and bring cancer 
patient greater survival benefits.

Acknowledgements
The authors give sincere appreciation to all lab members.

Author Contributions
RY and HQG designed this study. THL and TYL wrote and 
revised the article and contributed equally to this work. WJZ 
and SXX collected the related references and drew the figures. 
ZHZ and BFF polished the language and checked the errors. 
All authors have read the article and agreed the final version for 
publication.

ORCID iD
Tianhang Li  https://orcid.org/0000-0001-8741-7121

REfERENCES
 1. Hodi FS, O’Day SJ, McDermott DF, et al. Improved survival with ipilimumab 

in patients with metastatic melanoma. N Engl J Med. 2010;363:711-723.
 2. Ferris RL, Blumenschein G Jr, Fayette J, et al. Nivolumab for recurrent squa-

mous-cell carcinoma of the head and neck. N Engl J Med. 2016;375:1856-1867.
 3. Garon EB, Rizvi NA, Hui R, et al. Pembrolizumab for the treatment of non-

small-cell lung cancer. N Engl J Med. 2015;372:2018-2028.
 4. Yi M, Jiao D, Xu H, et al. Biomarkers for predicting efficacy of PD-1/PD-L1 

inhibitors. Mol Cancer. 2018;17:129.
 5. Balar AV, Castellano D, O’Donnell PH, et al. First-line pembrolizumab in cis-

platin-ineligible patients with locally advanced and unresectable or metastatic 
urothelial cancer (KEYNOTE-052): a multicentre, single-arm, phase 2 study. 
Lancet Oncol. 2017;18:1483-1492.

 6. Hui R, Garon EB, Goldman JW, et al. Pembrolizumab as first-line therapy for 
patients with PD-L1-positive advanced non-small cell lung cancer: a phase 1 
trial. Ann Oncol. 2017;28:874-881.

 7. Sharma P, Callahan MK, Bono P, et al. Nivolumab monotherapy in recurrent 
metastatic urothelial carcinoma (CheckMate 032): a multicentre, open-label, 
two-stage, multi-arm, phase 1/2 trial. Lancet Oncol. 2016;17:1590-1598.

 8. Hodges TR, Ott M, Xiu J, et al. Mutational burden, immune checkpoint expres-
sion, and mismatch repair in glioma: implications for immune checkpoint immu-
notherapy. Neuro Oncol. 2017;19:1047-1057.

 9. Jin Z, Yoon HH. The promise of PD-1 inhibitors in gastro-esophageal cancers: 
microsatellite instability vs. PD-L1. J Gastrointest Oncol. 2016;7:771-788.

 10. Jiang L, Su X, Zhang T, et al. PD-L1 expression and its relationship with oncogenic 
drivers in non-small cell lung cancer (NSCLC) Oncotarget. 2017;8:26845-26857.

 11. Maleki Vareki S, Garrigos C, Duran I. Biomarkers of response to PD-1/PD-
L1inhibition. Crit Rev Oncol Hematol. 2017;116:116-124.

 12. Tang F, Zheng P. Tumor cells versus host immune cells: whose PD-L1 contributes 
to PD-1/PD-L1 blockade mediated cancer immunotherapy? Cell Biosci. 2018;8:34.

 13. Jiang P, Gu S, Pan D, et al. Signatures of T cell dysfunction and exclusion predict 
cancer immunotherapy response. Nat Med. 2018;24:1550-1558.

 14. Goodman AM, Kato S, Bazhenova L, et al. Tumor mutational burden as an 
independent predictor of response to immunotherapy in diverse cancers. Mol 
Cancer Ther. 2017;16:2598-2608.

 15. Xia B, Herbst RS. Immune checkpoint therapy for non-small-cell lung cancer: 
an update. Immunotherapy. 2016;8:279-298.

 16. Jenkins RW, Barbie DA, Flaherty KT. Mechanisms of resistance to immune 
checkpoint inhibitors. Br J Cancer. 2018;118:9-16.

 17. Rivera Vargas T, Apetoh L. Can immunogenic chemotherapies relieve cancer 
cell resistance to immune checkpoint inhibitors? Front Immunol 2019;10:1181.

 18. Pennock GK, Chow LQ. The evolving role of immune checkpoint inhibitors in 
cancer treatment. Oncologist. 2015; 20: 812-822.

 19. Schoenfeld AJ, Hellmann MD. Acquired resistance to immune checkpoint 
inhibitors. Cancer Cell. 2020;37:443-455.

 20. Wu T, Dai Y. Tumor microenvironment and therapeutic response. Cancer Lett. 
2017;387:61-68.

 21. Quail DF, Joyce JA. Microenvironmental regulation of tumor progression and 
metastasis. Nat Med. 2013;19:1423-1437.

 22. Gabrilovich DI. Myeloid-derived suppressor cells. Cancer Immunol Res. 
2017;5:3-8.

 23. Bronte V, Chappell DB, Apolloni E, et al. Unopposed production of granulo-
cyte-macrophage colony-stimulating factor by tumors inhibits CD8+ T cell 
responses by dysregulating antigen-presenting cell maturation. J Immunol. 
1999;162:5728-5737.

 24. Gabrilovich D, Ishida T, Oyama T, et al. Vascular endothelial growth factor 
inhibits the development of dendritic cells and dramatically affects the differen-
tiation of multiple hematopoietic lineages in vivo. Blood. 1998;92:4150-4166.

 25. Gabrilovich DI, Bronte V, Chen SH, et al. The terminology issue for myeloid-
derived suppressor cells. Cancer Res. 2007;67:425.

 26. Parker KH, Beury DW, Ostrand-Rosenberg S. Myeloid-derived suppressor 
cells: critical cells driving immune suppression in the tumor microenvironment. 
Adv Cancer Res. 2015;128:95-139.

 27. Bronte V, Brandau S, Chen SH, et al. Recommendations for myeloid-derived suppres-
sor cell nomenclature and characterization standards. Nat Commun. 2016;7:12150.

 28. Montero AJ, Diaz-Montero CM, Kyriakopoulos CE, Bronte V, Mandruzzato S. 
Myeloid-derived suppressor cells in cancer patients: a clinical perspective. J 
Immunother. 2012;35:107-115.

 29. Tomić S, Joksimović B, Bekić M, et al. Prostaglanin-E2 potentiates the suppres-
sive functions of human mononuclear myeloid-derived suppressor cells and 
increases their capacity to expand IL-10-producing regulatory T cell subsets. 
Front Immunol. 2019;10:475.

 30. Pal S, Nandi M, Dey D, et al. Myeloid-derived suppressor cells induce regulatory 
T cells in chronically HBV infected patients with high levels of hepatitis B sur-
face antigen and persist after antiviral therapy. Aliment Pharmacol Ther. 
2019;49:1346-1359.

 31. Limagne E, Euvrard R, Thibaudin M, et al. Accumulation of MDSC and Th17 
cells in patients with metastatic colorectal cancer predicts the efficacy of a 
FOLFOX-bevacizumab drug treatment regimen. Cancer Res. 2016;76:5241-5252.

 32. Ji J, Xu J, Zhao S, et al. Myeloid-derived suppressor cells contribute to systemic 
lupus erythaematosus by regulating differentiation of Th17 cells and Tregs. Clin 
Sci (Lond). 2016;130:1453-1467.

 33. Bruger AM, Dorhoi A, Esendagli G, et al. How to measure the immunosuppres-
sive activity of MDSC: assays, problems and potential solutions. Cancer Immunol 
Immunother. 2019;68:631-644.

 34. Tcyganov E, Mastio J, Chen E, Gabrilovich DI. Plasticity of myeloid-derived 
suppressor cells in cancer. Curr Opin Immunol. 2018;51:76-82.

 35. Barrera L, Montes-Servín E, Hernandez-Martinez JM, et al. Levels of periph-
eral blood polymorphonuclear myeloid-derived suppressor cells and selected 
cytokines are potentially prognostic of disease progression for patients with non-
small cell lung cancer. Cancer Immunol Immunother. 2018;67:1393-1406.

 36. Yamauchi Y, Safi S, Blattner C, et al. Circulating and tumor myeloid-derived 
suppressor cells in resectable non-small cell lung cancer. Am J Respir Crit Care 
Med. 2018;198:777-787.

 37. Binsfeld M, Ott M, Xiu J, et al. Granulocytic myeloid-derived suppressor cells 
promote angiogenesis in the context of multiple myeloma. Oncotarget. 
2016;7:37931-37943.

 38. Condamine T, Mastio J, Gabrilovich DI. Transcriptional regulation of myeloid-
derived suppressor cells. J Leukoc Biol. 2015;98:913-922.

 39. Kumar S, Wilkes DW, Samuel N, et al. ΔNp63-driven recruitment of myeloid-
derived suppressor cells promotes metastasis in triple-negative breast cancer. J 
Clin Invest. 2018;128:5095-5109.

 40. Liang H, Deng L, Hou Y, et al. Host STING-dependent MDSC mobilization 
drives extrinsic radiation resistance. Nat Commun. 2017;8:1736.

 41. Li T, Li X, Zamani A, et al. c-Rel is a myeloid checkpoint for cancer immuno-
therapy. Nat Cancer. 2020;1:1-11.

 42. Li BH, Garstka MA, Li ZF. Chemokines and their receptors promoting the 
recruitment of myeloid-derived suppressor cells into the tumor. Mol Immunol. 
2020;117:201-215.

 43. Holmgaard RB, Brachfeld A, Gasmi B, et al. Timing of CSF-1/CSF-1R signal-
ing blockade is critical to improving responses to CTLA-4 based immunother-
apy. Oncoimmunology. 2016;5:e1151595.

https://orcid.org/0000-0001-8741-7121


12 Clinical Medicine Insights: Oncology 

 44. Priceman SJ, Sung JL, Shaposhnik Z, et al. Targeting distinct tumor-infiltrating 
myeloid cells by inhibiting CSF-1 receptor: combating tumor evasion of antian-
giogenic therapy. Blood. 2010;115:1461-1471.

 45. Mok S, Koya RC, Tsui C, et al. Inhibition of CSF-1 receptor improves the anti-
tumor efficacy of adoptive cell transfer immunotherapy. Cancer Res. 2014;74: 
153-161.

 46. Zhu Y, Knolhoff BL, Meyer MA, et al. CSF1/CSF1R blockade reprograms 
tumor-infiltrating macrophages and improves response to T-cell checkpoint 
immunotherapy in pancreatic cancer models. Cancer Res. 2014;74:5057-5069.

 47. Pyonteck SM, Akkari L, Schuhmacher AJ, et al. CSF-1R inhibition alters mac-
rophage polarization and blocks glioma progression. Nat Med. 2013;19:1264- 
1272.

 48. Saleh R, Elkord E. Acquired resistance to cancer immunotherapy: role of tumor-
mediated immunosuppression. Semin Cancer Biol. 2020;65:13-27.

 49. Lamichhane P, Karyampudi L, Shreeder B, et al. IL10 release upon PD-1 block-
ade sustains immunosuppression in ovarian cancer. Cancer Res. 2017;77:6667- 
6678.

 50. Groom JR, Luster AD. CXCR3 in T cell function. Exp Cell Res. 2011; 
317:620-631.

 51. Xie JH, Nomura N, Lu M, et al. Antibody-mediated blockade of the CXCR3 
chemokine receptor results in diminished recruitment of T helper 1 cells into 
sites of inflammation. J Leukoc Biol. 2003;73:771-780.

 52. Harlin H, Meng Y, Peterson AC, et al. Chemokine expression in melanoma 
metastases associated with CD8+T-cell recruitment. Cancer Res. 2009;69: 
3077-3085.

 53. Inngjerdingen M, Rolstad B, Ryan JC. Activating and inhibitory Ly49 receptors 
modulate NK cell chemotaxis to CXC chemokine ligand (CXCL) 10 and 
CXCL12. J Immunol. 2003;171:2889-2895.

 54. Younis RH, Han KL, Webb TJ. Human head and neck squamous cell carci-
noma-associated semaphorin 4D induces expansion of myeloid-derived suppres-
sor cells. J Immunol. 2016;196:1419-1429.

 55. Clavijo PE, Friedman J, Robbins Y, et al. Semaphorin 4D inhibition improves 
response to immune-checkpoint blockade via attenuation of MDSC recruitment 
and function. Cancer Immunol Res. 2019;7:282-291.

 56. Choueiry F, Torok M, Shakya R, et al. CD200 promotes immunosuppression in 
the pancreatic tumor microenvironment. J Immunother Cancer. 2020;8:e000189.

 57. Sicard F, Gayral M, Lulka H, Buscail L, Cordelier P. Targeting miR-21 for the 
therapy of pancreatic cancer. Mol Ther. 2013;21:986-994.

 58. Xu Z, Ji J, Xu J, et al. MiR-30a increases MDSC differentiation and immuno-
suppressive function by targeting SOCS3 in mice with B-cell lymphoma. FEBS 
J. 2017;284:2410-2424.

 59. Ren W, Zhang X, Li W, et al. Exosomal miRNA-107 induces myeloid-derived 
suppressor cell expansion in gastric cancer. Cancer Manage Res. 2019;11:4023- 
4040.

 60. Wang J, Yu F, Jia X, et al. MicroRNA-155 deficiency enhances the recruitment 
and functions of myeloid-derived suppressor cells in tumor microenvironment 
and promotes solid tumor growth. Int J Cancer. 2015;136:E602-E613.

 61. Li L, Zhang J, Diao W, et al. MicroRNA-155 and MicroRNA-21 promote the 
expansion of functional myeloid-derived suppressor cells. J Immunol. 2014;192: 
1034-1043.

 62. Chen S, Wang L, Fan J, et al. Host miR155 promotes tumor growth through a 
myeloid-derived suppressor cell-dependent mechanism. Cancer Res. 2015;75: 
519-531.

 63. Huber V, Vallacchi V, Fleming V, et al. Tumor-derived microRNAs induce 
myeloid suppressor cells and predict immunotherapy resistance in melanoma. J 
Clin Invest. 2018;128:5505-5516.

 64. Wesolowski R, Markowitz J, Carson WE, 3rd. Myeloid derived suppressor cells 
– a new therapeutic target in the treatment of cancer. J Immunother Cancer. 2013; 
1:10.

 65. Feldmeyer N, Wabnitz G, Leicht S, et al. Arginine deficiency leads to impaired 
cofilin dephosphorylation in activated human T lymphocytes. Int Immunol. 
2012;24:303-313.

 66. Rodriguez PC, Zea AH, DeSalvo J, et al. L-arginine consumption by macro-
phages modulates the expression of CD3 zeta chain in T lymphocytes. J Immu-
nol. 2003;171:1232-1239.

 67. Romano A, Parrinello NL, La Cava P, et al. PMN-MDSC and arginase are 
increased in myeloma and may contribute to resistance to therapy. Expert Rev 
Mol Diagn. 2018;18:675-683.

 68. Romano A, Parrinello NL, Chiarenza A, et al. Immune off-target effects of 
Brentuximab Vedotin in relapsed/refractory Hodgkin Lymphoma. Br J Haema-
tol. 2019;185:468-479.

 69. Scheffel MJ, Scurti G, Simms P, et al. Efficacy of adoptive T-cell therapy is 
improved by treatment with the antioxidant N-acetyl cysteine, which limits acti-
vation-induced T-cell death. Cancer Res. 2016;76:6006-6016.

 70. Wang W, Green M, Choi JE, et al. CD8+ T cells regulate tumour ferroptosis 
during cancer immunotherapy. Nature. 2019;569:270-274.

 71. Srivastava MK, Sinha P, Clements VK, Rodriguez P, Ostrand-Rosenberg S. 
Myeloid-derived suppressor cells inhibit T-cell activation by depleting cystine 
and cysteine. Cancer Res. 2010;70:68-77.

 72. Sangaletti S, Talarico G, Chiodoni C, et al. SPARC is a new myeloid-derived 
suppressor cell marker licensing suppressive activities. Front Immunol. 2019;10: 
1369.

 73. Prendergast GC, Malachowski WJ, Mondal A, et al. Indoleamine 2,3-dioxy-
genase and its therapeutic inhibition in cancer. Int Rev Cell Mol Biol. 
2018;336:175-203.

 74. Li A, Barsoumian HB, Schoenhals JE, et al. IDO1 inhibition overcomes radia-
tion-induced “rebound immune suppression” by reducing numbers of IDO1-
expressing myeloid-derived suppressor cells in the tumor microenvironment. Int 
J Radiat Oncol Biol Phys. 2019;104:903-912.

 75. Munn DH, Mellor AL. IDO in the tumor microenvironment: inflammation, 
counter-regulation, and tolerance. Trends Immunol. 2016;37:193-207.

 76. Munn DH, Sharma MD, Hou D, et al. Expression of indoleamine 2,3-dioxy-
genase by plasmacytoid dendritic cells in tumor-draining lymph nodes. J Clin 
Invest. 2004;114:280-290.

 77. Curti A, Pandolfi S, Valzasina B, et al. Modulation of tryptophan catabolism by 
human leukemic cells results in the conversion of CD25− into CD25+ T regula-
tory cells. Blood. 2007;109:2871-2877.

 78. Yu J, Du W, Yan F, et al. Myeloid-derived suppressor cells suppress antitumor 
immune responses through IDO expression and correlate with lymph node 
metastasis in patients with breast cancer. J Immunol. 2013;190:3783-3797.

 79. Qu J, Liu L, Xu Q , et al. CARD9 prevents lung cancer development by sup-
pressing the expansion of myeloid-derived suppressor cells and IDO production. 
Int J Cancer. 2019;145:2225-2237.

 80. Holmgaard RB, Zamarin D, Li Y, et al. Tumor-expressed IDO recruits and acti-
vates MDSCs in a Treg-dependent manner. Cell Rep. 2015;13:412-424.

 81. Feng S, Cheng X, Zhang L, et al. Myeloid-derived suppressor cells inhibit T cell 
activation through nitrating LCK in mouse cancers. Proc Natl Acad Sci U S A. 
2018;115:10094-10099.

 82. Gonzalez-Junca A, Driscoll KE, Pellicciotta I, et al. Autocrine TGFβ is a sur-
vival factor for monocytes and drives immunosuppressive lineage commitment. 
Cancer Immunol Res. 2019;7:306-320.

 83. Xu Z, Li L, Qian Y, et al. Upregulation of IL-6 in CUL4B-deficient myeloid-
derived suppressive cells increases the aggressiveness of cancer cells. Oncogene. 
2019;38:5860-5872.

 84. Geis-Asteggiante L, Belew AT, Clements VK, et al. Differential content of pro-
teins, mRNAs, and miRNAs suggests that MDSC and their exosomes may medi-
ate distinct immune suppressive functions. J Proteome Res. 2018;17:486-498.

 85. Deng Z, Rong Y, Teng Y, et al. Exosomes miR-126a released from MDSC induced  
by DOX treatment promotes lung metastasis. Oncogene. 2017;36:639-651.

 86. Zhu D, Tian J, Wu X, et al. G-MDSC-derived exosomes attenuate collagen-
induced arthritis by impairing Th1 and Th17 cell responses. Biochim Biophys Acta 
Mol Basis Dis. 2019;1865:165540.

 87. Dong G, Yang Y, Li X, et al. Granulocytic myeloid-derived suppressor cells con-
tribute to IFN-I signaling activation of B cells and disease progression through 
the lncRNA NEAT1-BAFF axis in systemic lupus erythematosus. Biochim Bio-
phys Acta Mol Basis Dis 2020;1866:165554.

 88. Ott PA, Bang Y-J, Piha-Paul SA, et al. T-cell-inflamed gene-expression profile, 
programmed death ligand 1 expression, and tumor mutational burden predict 
efficacy in patients treated with pembrolizumab across 20 cancers: KEY-
NOTE-028. J Clin Oncol. 2019;37:318-327.

 89. Daud AI, Wolchok JD, Robert C, et al. Programmed death-ligand 1 expression 
and response to the anti-programmed death 1 antibody pembrolizumab in mela-
noma. J Clin Oncol. 2016;34:4102-4109.

 90. Van Allen EM, Miao D, Schilling B, et al. Genomic correlates of response to 
CTLA-4 blockade in metastatic melanoma. Science. 2015;350:207-211.

 91. Rizvi NA, Hellmann MD, Snyder A, et al. Cancer immunology. Mutational 
landscape determines sensitivity to PD-1 blockade in non-small cell lung cancer. 
Science. 2015;348:124-128.

 92. Nowicki TS, Hu-Lieskovan S, Ribas A. Mechanisms of resistance to PD-1 and 
PD-L1 blockade. Cancer J. 2018;24:47-53.

 93. Vétizou M, Pitt JM, Daillère R, et al. Anticancer immunotherapy by CTLA-4 
blockade relies on the gut microbiota. Science. 2015;350:1079-1084.

 94. Meyer C, Cagnon L, Costa-Nunes CM, et al. Frequencies of circulating MDSC 
correlate with clinical outcome of melanoma patients treated with ipilimumab. 
Cancer Immunol Immunother. 2014;63:247-257.

 95. Weide B, Martens A, Zelba H, et al. Myeloid-derived suppressor cells predict 
survival of patients with advanced melanoma: comparison with regulatory T cells 
and NY-ESO-1- or melan-A-specific T cells. Clin Cancer Res. 2014;20:1601- 
1609.

 96. Bagchi S, Yuan R, Engleman EG. Immune checkpoint inhibitors for the treat-
ment of cancer: clinical impact and mechanisms of response and resistance. Annu 
Rev Pathol. 2021;16:223-249.



Li et al 13

 97. Limagne E, Richard C, Thibaudin M, et al. Tim-3/galectin-9 pathway and 
mMDSC control primary and secondary resistances to PD-1 blockade in lung 
cancer patients. Oncoimmunology. 2019;8:e1564505.

 98. Theivanthiran B, Evans KS, DeVito NC, et al. A tumor-intrinsic PD-L1/
NLRP3 inflammasome signaling pathway drives resistance to anti-PD-1 immu-
notherapy. J Clin Invest. 2020;130:2570-2586.

 99. Tachinami H, Nishii N, Xia Y, et al. Differences of tumor-recruiting myeloid cells 
in murine squamous cell carcinoma influence the efficacy of immunotherapy com-
bined with a TLR7 agonist and PD-L1 blockade. Oral Oncol. 2019;91:21-28.

 100. Clavijo PE, Moore EC, Chen J, et al. Resistance to CTLA-4 checkpoint inhi-
bition reversed through selective elimination of granulocytic myeloid cells. 
Oncotarget. 2017;8:55804-55820.

 101. Lacal PM, Atzori MG, Ruffini F, et al. Targeting the vascular endothelial 
growth factor receptor-1 by the monoclonal antibody D16F7 to increase the 
activity of immune checkpoint inhibitors against cutaneous melanoma. Pharma-
col Res. 2020;159:104957.

 102. Kalluri R, Zeisberg M. Fibroblasts in cancer. Nat Rev Cancer. 2006;6:392-401.
 103. Mueller MM, Fusenig NE. Friends or foes – bipolar effects of the tumour stroma 

in cancer. Nat Rev Cancer. 2004;4:839-849.
 104. Ohlund D, Elyada E, Tuveson D. Fibroblast heterogeneity in the cancer wound. 

J Exp Med. 2014;211:1503-1523.
 105. Kumar V, Donthireddy L, Marvel D, et al. Cancer-associated fibroblasts neu-

tralize the anti-tumor effect of CSF1 receptor blockade by inducing PMN-
MDSC infiltration of tumors. Cancer Cell. 2017;32:654-668.e5.

 106. Sano M, Ijichi H, Takahashi R, et al. Blocking CXCLs-CXCR2 axis in tumor-
stromal interactions contributes to survival in a mouse model of pancreatic ductal 
adenocarcinoma through reduced cell invasion/migration and a shift of immune-
inflammatory microenvironment. Oncogenesis. 2019;8:8.

 107. Xiang H, Ramil CP, Hai J, et al. Cancer-associated fibroblasts promote immu-
nosuppression by inducing ROS-generating monocytic MDSCs in lung squa-
mous cell carcinoma. Cancer Immunol Res. 2020;8:436-450.

 108. Geng F, Bao X, Dong L, et al. Doxorubicin pretreatment enhances FAPα/sur-
vivin co-targeting DNA vaccine anti-tumor activity primarily through decreas-
ing peripheral MDSCs in the 4T1 murine breast cancer model. Oncoimmunology. 
2020;9:1747350.

 109. Condamine T, Kumar V, Ramachandran IR, et al. ER stress regulates myeloid-
derived suppressor cell fate through TRAIL-R-mediated apoptosis. J Clin Invest. 
2014;124:2626-2639.

 110. Gonzalez H, Hagerling C, Werb Z. Roles of the immune system in cancer: from 
tumor initiation to metastatic progression. Genes Dev. 2018;32:1267-1284.

 111. Noy R, Pollard JW. Tumor-associated macrophages: from mechanisms to ther-
apy. Immunity. 2014;41:49-61.

 112. Li X, Liu R, Su X, et al. Harnessing tumor-associated macrophages as aids for 
cancer immunotherapy. Mol Cancer. 2019;18:177.

 113. DeNardo DG, Ruffell B. Macrophages as regulators of tumour immunity and 
immunotherapy. Nat Rev Immunol. 2019;19:369-382.

 114. Zhang M, He Y, Sun X, et al. A high M1/M2 ratio of tumor-associated macro-
phages is associated with extended survival in ovarian cancer patients. J Ovarian 
Res. 2014;7:19.

 115. Yuan X, Zhang J, Li D, et al. Prognostic significance of tumor-associated mac-
rophages in ovarian cancer: a meta-analysis. Gynecol Oncol. 2017;147:181-187.

 116. Yuan A, Hsiao YJ, Chen HY, et al. Opposite effects of M1 and M2 macrophage 
subtypes on lung cancer progression. Sci Rep. 2015;5:14273.

 117. Xiao H, Guo Y, Li B, et al. M2-Like Tumor-associated macrophage-targeted 
codelivery of STAT6 inhibitor and IKKβ siRNA induces M2-to-M1 repolariza-
tion for cancer immunotherapy with low immune side effects. ACS Cent Sci. 
2020;6:1208-1222.

 118. Kumar V, Cheng P, Condamine T, et al. CD45 Phosphatase inhibits STAT3 
transcription factor activity in myeloid cells and promotes tumor-associated 
macrophage differentiation. Immunity. 2016;44:303-315.

 119. Gabrilovich DI, Ostrand-Rosenberg S, Bronte V. Coordinated regulation of 
myeloid cells by tumours. Nat Rev Immunol. 2012;12:253-268.

 120. Franklin RA, Liao W, Sarkar A, et al. The cellular and molecular origin of 
tumor-associated macrophages. Science. 2014;344:921-925.

 121. Biswas S, Mandal G, Roy Chowdhury S, et al. Exosomes produced by mesen-
chymal stem cells drive differentiation of myeloid cells into immunosuppressive 
M2-polarized macrophages in breast cancer. J Immunol. 2019;203:3447-3460.

 122. Liu Z, Xie Y, Xiong Y, et al. TLR 7/8 agonist reverses oxaliplatin resistance in 
colorectal cancer via directing the myeloid-derived suppressor cells to tumori-
cidal M1-macrophages. Cancer Lett. 2020;469:173-185.

 123. Yin Y, Huang X, Lynn KD, et al. Phosphatidylserine-targeting antibody induces 
M1 macrophage polarization and promotes myeloid-derived suppressor cell dif-
ferentiation. Cancer Immunol Res. 2013;1:256-268.

 124. Negorev D, Beier UH, Zhang T, et al. Human neutrophils can mimic myeloid-
derived suppressor cells (PMN-MDSC) and suppress microbead or lectin-
induced T cell proliferation through artefactual mechanisms. Sci Rep. 
2018;8:3135.

 125. Marvel D, Gabrilovich DI. Myeloid-derived suppressor cells in the tumor 
microenvironment:expect the unexpected. J Clin Invest. 2015;125:3356-3364.

 126. Gopalakrishnan V, Helmink BA, Spencer CN, Reuben A, Wargo JA. The influ-
ence of the gut microbiome on cancer, immunity, and cancer immunotherapy. 
Cancer Cell. 2018;33:570-580.

 127. Routy B, Le Chatelier E, Derosa L, et al. Gut microbiome influences efficacy of 
PD-1-based immunotherapy against epithelial tumors. Science. 2018;359:91-97.

 128. Li W, Deng Y, Chu Q , et al. Gut microbiome and cancer immunotherapy. Can-
cer Lett. 2019;447:41-47.

 129. Dong X, Pan P, Zheng DW, Bao P, Zeng X, Zhang XZ. Bioinorganic hybrid 
bacteriophage for modulation of intestinal microbiota to remodel tumor-immune 
microenvironment against colorectal cancer. Sci Adv. 2020;6:eaba1590.

 130. Pushalkar S, Hundeyin M, Daley D, et al. The pancreatic cancer microbiome 
promotes oncogenesis by induction of innate and adaptive immune suppression. 
Cancer Discov. 2018;8:403-416.

 131. Harusato A, Viennois E, Etienne-Mesmin L, et al. Early-life microbiota expo-
sure restricts myeloid-derived suppressor cell-driven colonic tumorigenesis. 
Cancer Immunol Res. 2019;7:544-551.

 132. Wang T, Fan C, Yao A, et al. The adaptor protein CARD9 protects against colon 
cancer by restricting mycobiota-mediated expansion of myeloid-derived suppres-
sor cells. Immunity. 2018;49:504-514.e4.

 133. Zhang Q , Ma C, Duan Y, et al. Gut microbiome directs hepatocytes to recruit 
MDSCs and promote cholangiocarcinoma. Cancer Discov. 2021;11:1248-1267.

 134. Zegarra-Ruiz DF, Kim DV, Norwood K, et al. Thymic development of gut-
microbiota-specific T cells. Nature. 2021;594:413-417.

 135. Reck M, Rodríguez-Abreu D, Robinson AG, et al. Pembrolizumab versus che-
motherapy for PD-L1-positive non-small-cell lung cancer. N Engl J Med. 
2016;375:1823-1833.

 136. Larkin J, Chiarion-Sileni V, Gonzalez R, et al. Combined Nivolumab and Ipili-
mumab or Monotherapy in Untreated Melanoma [published correction appears 
in N Engl J Med. 2018 Nov 29;379(22):2185]. N Engl J Med. 2015;373:23-34.

 137. Horn L, Mansfield AS, Szczęsna A, et al. First-line atezolizumab plus chemother-
apy in extensive-stage small-cell lung cancer. N Engl J Med. 2018;379:2220-2229.

 138. Garg AD, More S, Rufo N, et al. Trial watch: Immunogenic cell death induction 
by anticancer chemotherapeutics. Oncoimmunology. 2017;6:e1386829.

 139. Kroemer G, Galluzzi L, Kepp O, et al. Immunogenic cell death in cancer ther-
apy. Annu Rev Immunol. 2013;31:51-72.

 140. Dasari S, Tchounwou PB. Cisplatin in cancer therapy: molecular mechanisms of 
action. Eur J Pharmacol. 2014;740:364-378.

 141. Ghosh S. Cisplatin: the first metal based anticancer drug. Bioorg Chem. 
2019;88:102925.

 142. Wu K, Tan MY, Jiang JT, et al. Cisplatin inhibits the progression of bladder can-
cer by selectively depleting G-MDSCs: a novel chemoimmunomodulating strat-
egy. Clin Immunol. 2018;193:60-69.

 143. Huang X, Cui S, Shu Y. Cisplatin selectively downregulated the frequency and 
immunoinhibitory function of myeloid-derived suppressor cells in a murine B16 
melanoma model. Immunol Res. 2016;64:160-170.

 144. Alexander ET, Minton AR, Peters MC, van Ryn J, Gilmour SK. Thrombin inhi-
bition and cisplatin block tumor progression in ovarian cancer by alleviating the 
immunosuppressive microenvironment. Oncotarget. 2016;7:85291-85305.

 145. Balog JÁ, Hackler L Jr, Kovács AK, et al. Single cell mass cytometry revealed the 
immunomodulatory effect of cisplatin via downregulation of splenic CD44+, 
IL-17A+ MDSCs and promotion of circulating IFN-γ+ myeloid cells in the 
4T1 metastatic breast cancer model. Int J Mol Sci. 2019;21:170.

 146. Takeyama Y, Kato M, Tamada S, et al. Myeloid-derived suppressor cells are 
essential partners for immune checkpoint inhibitors in the treatment of cisplatin-
resistant bladder cancer. Cancer Lett. 2020;479:89-99.

 147. Huang J, Zhao Y, Xu Y, et al. Comparative effectiveness and safety between 
oxaliplatin-based and cisplatin-based therapy in advanced gastric cancer: a meta-
analysis of randomized controlled trials. Oncotarget. 2016;7:34824-34831.

 148. Yamada Y, Higuchi K, Nishikawa K, et al. Phase III study comparing oxaliplatin 
plus S-1 with cisplatin plus S-1 in chemotherapy-naïve patients with advanced 
gastric cancer. Ann Oncol. 2015;26:141-148.

 149. Sharma A, Kalyan Mohanti B, Pal Chaudhary S, et al. Modified gemcitabine and 
oxaliplatin or gemcitabine + cisplatin in unresectable gallbladder cancer: results of 
a phase III randomised controlled trial. Eur J Cancer. 2019;123:162-170.

 150. Park I, Kim BS, Lim HY, et al. Gemcitabine plus carboplatin versus gemcitabine 
plus oxaliplatin in cisplatin-unfit patients with advanced urothelial carcinoma: a 
randomised phase II study (COACH, KCSG GU10-16). Eur J Cancer. 2020; 
127:183-190.

 151. Kim NR, Kim YJ. Oxaliplatin regulates myeloid-derived suppressor cell-medi-
ated immunosuppression via downregulation of nuclear factor-κB signaling. 
Cancer Med. 2019;8:276-288.

 152. Suzuki E, Kapoor V, Jassar AS, Kaiser LR, Albelda SM. Gemcitabine selectively 
eliminates splenic Gr-1+/CD11b+ myeloid suppressor cells in tumor-bearing 
animals and enhances antitumor immune activity. Clin Cancer Res. 2005;11: 
6713-6721.



14 Clinical Medicine Insights: Oncology 

 153. Wu C, Tan X, Hu X, Zhou M, Yan J, Ding C. Tumor microenvironment follow-
ing Gemcitabine treatment favors differentiation of immunosuppressive 
Ly6Chigh myeloid cells. J Immunol. 2020;204:212-223.

 154. Otsuka K, Mitsuhashi A, Goto H, et al. Anti-PD-1 antibody combined with 
chemotherapy suppresses the growth of mesothelioma by reducing myeloid-
derived suppressor cells. Lung Cancer. 2020;146:86-96.

 155. Beyranvand Nejad E, van der Sluis TC, van Duikeren S, et al. Tumor eradication 
by cisplatin is sustained by CD80/86-mediated costimulation of CD8+ T cells. 
Cancer Res. 2016;76:6017-6029.

 156. Sun L, Clavijo PE, Robbins Y, et al. Inhibiting myeloid-derived suppressor cell 
trafficking enhances T cell immunotherapy. JCI Insight. 2019;4:e126853.

 157. Highfill SL, Cui Y, Giles AJ, et al. Disruption of CXCR2-mediated MDSC 
tumor trafficking enhances anti-PD1 efficacy. Sci Transl Med. 2014;6:237ra67.

 158. Zeng Y, Li B, Liang Y, et al. Dual blockade of CXCL12-CXCR4 and PD-1-PD-
L1 pathways prolongs survival of ovarian tumor-bearing mice by prevention of 
immunosuppression in the tumor microenvironment. FASEB J. 2019;33: 
6596-6608.

 159. Malumbres M. Cyclin-dependent kinases. Genome Biol. 2014;15:122.
 160. Zhou J, Liu M, Sun H, et al. Hepatoma-intrinsic CCRK inhibition diminishes 

myeloid-derived suppressor cell immunosuppression and enhances immune-
checkpoint blockade efficacy. Gut. 2018;67:931-944.

 161. Teng MW, Ngiow SF, Ribas A., et al. Classifying cancers based on T-cell infil-
tration and PD-L1. Cancer Res. 2015;75;2139-2145.

 162. Taube JM, Klein A, Brahmer JR, et al. Association of PD-1, PD-1 ligands, and 
other features of the tumour immune microenvironment with response to 
anti-PD-1 therapy. Clin Cancer Res. 2014; 20:5064-5074.

 163. Pyonteck SM, kkari L, Schuhmacher AJ, et al. CSF-1R inhibition alters macro-
phage polarization and blocks glioma progression. Nat Med. 2013;19:1264-1572.

 164. DeNardo DG, Brennan DJ, Rexhepaj E, et al. Leucocyte complexity predicts 
breast cancer survival and functionally regulates response to chemotherapy. Can-
cer Discov. 2011;1:54-67.

 165. Qian BZ, Li J, Zhang H, et al. CCL2 recruits inflammatory monocytes to facili-
tate breast-tumour metastasis. Nature. 2011;475:222-225.

 166. Bonapace L, Coissieux MM, Wyckoff J, et al. Cessation of CCL2 inhibition 
accelerates breast cancer metastasis by promoting angiogenesis. Nature. 
2014;515:130-133.

 167. Smyth MJ, Ngiow SF, Ribas A, et al. Combination cancer immunotherapies tai-
lored to the tumour microenvironment. Nat Rev Clin Oncol. 2016;13:143-158.

 168. Dawson MA, Kouzarides T. Cancer epigenetics: from mechanism to therapy. 
Cell. 2012;150:12-27.

 169. Morel D, Jeffery D, Aspeslagh S, et al. Combining epigenetic drugs with other 
therapies for solid tumours—past lessons and future promise. Nat Rev Clin 
Oncol. 2020;17:91-107.

 170. Struhl K. Histone acetylation and transcriptional regulatory mechanisms. Genes 
Dev. 1998;12:599-606.

 171. Xie Z, Ago Y, Okada N, et al. Valproic acid attenuates immunosuppressive func-
tion of myeloid-derived suppressor cells. J Pharmacol Sci. 2018;137:359-365.

 172. Youn JI, Kumar V, Collazo M, et al. Epigenetic silencing of retinoblastoma gene 
regulates pathologic differentiation of myeloid cells in cancer. Nat Immunol. 
2013;14:211-220.

 173. Adeshakin AO, Yan D, Zhang M, et al. Blockade of myeloid-derived suppressor 
cell function by valproic acid enhanced anti-PD-L1 tumor immunotherapy. 
Biochem Biophys Res Commun. 2020;522:604-611.

 174. Kim YD, Park SM, Ha HC, et al. HDAC inhibitor, CG-745, enhances the anti-
cancer effect of anti-PD-1 immune checkpoint inhibitor by modulation of the 
immune microenvironment. J Cancer. 2020;11:4059-4072.

 175. Bae J, Hideshima T, Tai YT, et al. Histone deacetylase (HDAC) inhibitor 
ACY241 enhances anti-tumor activities of antigen-specific central memory 
cytotoxic T lymphocytes against multiple myeloma and solid tumors. Leukemia. 
2018;32:1932-1947.

 176. Hashimoto A, Fukumoto T, Zhang R, et al. Selective targeting of different pop-
ulations of myeloid-derived suppressor cells by histone deacetylase inhibitors. 
Cancer Immunol Immunother. 2020;69:1929-1936.

 177. Saleh R, Toor SM, Taha RZ, et al. DNA methylation in the promoters of 
PD-L1, MMP9, ARG1, galectin-9, TIM-3, VISTA and TGF-β genes in HLA-
DR− myeloid cells, compared with HLA-DR+ antigen-presenting cells. Epi-
genetics. 2020;15:1275-1288.

 178. Sido JM, Yang X, Nagarkatti PS, et al. Δ9-Tetrahydrocannabinol-mediated epi-
genetic modifications elicit myeloid-derived suppressor cell activation via 
STAT3/S100A8. J Leukoc Biol. 2015;97:677-688.

 179. Fang J, Hu M, Sun Y, et al. Expression profile analysis of m6A RNA methylation 
regulators indicates they are immune signature associated and can predict sur-
vival in kidney renal cell carcinoma. DNA Cell Biol. 2020;39:2194-2211.

 180. Zhang D, Baldwin P, Leal AS, Carapellucci S, Sridhar S, Liby KT. A nano-lipo-
some formulation of the PARP inhibitor Talazoparib enhances treatment effi-
cacy and modulates immune cell populations in mammary tumors of 
BRCA-deficient mice. Theranostics. 2019;9:6224-6238.

 181. Zhang Y, Bush X, Yan B, Chen JA. Gemcitabine nanoparticles promote antitu-
mor immunity against melanoma. Biomaterials. 2019;189:48-59.

 182. Ledo AM, Sasso MS, Bronte V, et al. Co-delivery of RNAi and chemokine by 
polyarginine nanocapsules enables the modulation of myeloid-derived suppres-
sor cells. J Control Release. 2019;295:60-73.

 183. Plebanek MP, Bhaumik D, Bryce PJ, Thaxton CS. Scavenger receptor type B1 
and lipoprotein nanoparticle inhibit myeloid-derived suppressor cells. Mol Can-
cer Ther. 2018;17:686-697.

 184. Nagaraj S, Youn JI, Weber H, et al. Anti-inflammatory triterpenoid blocks 
immune suppressive function of MDSCs and improves immune response in can-
cer. Clin Cancer Res. 2010;16:1812-1823.

 185. Hou L, Liu Q , Shen L, et al. Nano-delivery of fraxinellone remodels tumor 
microenvironment and facilitates therapeutic vaccination in desmoplastic mela-
noma. Theranostics. 2018;8:3781-3796.

 186. Rutkowski MR, Stephen TL, Svoronos N, et al. Microbially driven TLR5-
dependent signaling governs distal malignant progression through tumor-pro-
moting inflammation. Cancer Cell. 2015;27:27-40.

 187. Chiu DK, Tse AP, Xu IM, et al. Hypoxia inducible factor HIF-1 promotes 
myeloid-derived suppressor cells accumulation through ENTPD2/CD39L1 in 
hepatocellular carcinoma. Nat Commun. 2017;8:517.

 188. Jayaprakash P, Ai M, Liu A, et al. Targeted hypoxia reduction restores T cell 
infiltration and sensitizes prostate cancer to immunotherapy. J Clin Invest. 
2018;128:5137-5149.




