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Myeloid-derived suppressor cells (MDSCs) contribute to
tumor-mediated immune escape and negatively correlate
with overall survival of cancer patients. Nowadays, a variety of
methods to target MDSCs are being investigated. Based on
the intervention stage of MDSCs, namely development,
expansion and activation, function and turnover, these
methods can be divided into: (I) prevention or differentiation
to mature cells, (II) blockade of MDSC expansion and
activation, (III) inhibition of MDSC suppressive activity or
(IV) depletion of intratumoral MDSCs. This review describes
effective mono- or multimodal-therapies that target MDSCs
for the benefit of cancer treatment.

General Introduction

The clinical efficacies of antitumor therapeutics attempted so
far remain limited. One confounding factor imparting this limi-
tation may be observed intratumoral immunosuppression, a typi-
cal property of tumor environments that may hamper the desired
antitumor effect. Apart from the immunosuppressive mecha-
nisms exerted by cancer cells, suppressive immune cells present
within the tumor also play a major role. The main immune cell
types contributing to tumor immunosuppression and escape
include: tumor-associated macrophages (TAMs), regulatory T
cells (Tregs), type 2 natural killer T (NKT) cells and myeloid-
derived suppressor cells (MDSCs).1 Therapeutic strategies target-
ing these cell populations for the benefit of cancer treatment are
emerging.

In healthy individuals MDSCs, present in low numbers in the
circulation, are involved in regulation of immune responses and
tissue repair.1 During immunological responses to infections,
inflammation and cancer this population rapidly expands.
MDSCs are a heterogeneous population of myeloid lineage
defined by an immature state and the capacity to suppress T-cell
responses. Because of their incomplete differentiation, MDSCs
differ from mature myeloid cells.1 In mouse models, MDSCs are
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identified by co-expression of CD11b (aM-integrin) and Gr-1
(Ly6 C-Ly6G)2 on their cell surface. Recently, the immature
marker CD31 was reported as necessary for proper identification
of MDSCs.3 Human MDSCs are more difficult to characterize
due to the absence of lineage specific antigens, such as CD3 or
CD19. Most often, human MDSCs are identified as
CD14-CD11bCCD33C, without co-expression of the MHC
Class-II molecule HLA-DR typical of mature myeloid and lym-
phoid cells.4,5 A more detailed account of their histological and
functional characteristics can be found in this review.6

Recent studies have shown that circulating MDSCs signifi-
cantly increase in early and late stage cancer patients and correlate

with clinical cancer stage and metastatic disease.7 In addition,
MDSCs accelerate angiogenesis, tumor progression and metasta-
sis via multiple mechanisms (Fig. 1). Ample evidence demon-
strates that cancer tissues with high MDSC infiltration are
associated with poor patient prognosis and resistance to various
therapies.6,8 Therefore, several mono-, bi- or multi-therapeutic
strategies are now being developed to target MDSCs coincident
with the stimulatation of potent antitumor immune responses.
This review provides an overview of therapeutic strategies that
are grouped based on the processes they target: MDSC develop-
ment, expansion and activation and strategies that specifically tar-
get the suppressive mechanisms employed by MDSCs (Table 1).

Figure 1. Mechanisms used by MDSCs to decrease antitumor immunity and contribute to tumor immune escape. Under normal circumstances,
hematopoietic stem cells (HSCs) located in the bone marrow give rise to immature myeloid cells (IMCs), which differentiate into mature macrophages,
dendritic cells (DCs) or granulocytes. In the context of cancer, the tumor microenvironment releases mediators that signal development of IMCs to mye-
loid-derived suppressor cells (MDSCs) and chemokines that signal MDSC migration to tumors. Immunosuppressive intratumoral MDSCs can: (i) block
migration of na€ıve CD62LC (L-selectin) T cells to lymphoid organs and subsequent formation of effector T cells; (ii) release factors that stimulate regula-
tory T cell (Treg) conversion and expansion; (iii) induce intracellular pathways that promote self-expansion; (iv) produce high levels of arginase 1 (ARG-1)
that depletes T cells of L-arginine, inducing cell cycle arrest; (v) stimulate production of reactive oxygen and nitrogen species (ROS, RNS) that decrease
T cell receptor (TCR) functionality; (vi) nitrate / nitrosylate CD8 and chemokine C-C or C-X-C motif ligands and receptors that contribute to MDSC and,
respectively, T cell migration. TNFa, tumor necrosis factor a; TGFb, transforming growth factor b; IL1b, interleukin 1 b; IL6/10, interleukin 6/10; GM-CSF,
granulocyte macrophage colony stimulating factor; SCF, stem cell factor; Flt3, Fms-like tyrosine kinase 3; ARG1, arginase 1; iNOS, inducible nitric oxide
synthase; NO, nitric oxide; S100A8 and S100A9, S100 calcium binding proteins; ADAM17,ADAM disintegrin and metallopeptidase domain 17; STAT, signal
transducer and activation of transcription; HIF-1a, hypoxia inducible factor 1a; Myd88, myeloid differentiation primary response protein 88; proto-
oncogene c-kit, SCF receptor; VEGFR, vascular endothelial growth factor receptor.
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MDSC Development—Prevention or Differentiation
to Mature Cells

MDSCs increase in abundance under the duress of pathologi-
cal conditions, such as in response to inflammation and cancer.
In the case of malignant disease, a tumor-driven
‘microenvironment’ arises6 characterized by alterations in cyto-
kine homeostasis.3 Immature myeloid cells (IMCs) are blocked
en route during differentiation from hematopoietic stem cells
(HSCs) to mature granulocytes, macrophages or dendritic cells.
This cell-fate specification blockage results in accumulation of
IMCs with immunosuppressive activities, which are collectively
called MDSCs.1 Local cell-cell signaling mediators, such as the
interleukins IL-1b and IL-6, as well as tumor necrosis factor a
(TNFa), granulocyte monocyte colony stimulating factor (GM-
CSF), and vascular endothelial growth factor (VEGF) stimulate
development of MDSCs in the bone marrow. In contrast,
tumor-associated cytokines, such as the C-C and C-X-C motif
chemokines CCL2, CXCL12 and CXCL15, induce recruitment
of the newly formed MDSCs to the tumor site.9

Strategies that prevent MDSC formation and migration
MDSC differentiation depends on signaling through cellular

tyrosine kinases. For example, intracellular signal transducer and
activator of transcription 3 (STAT3) activation stimulates expres-
sion of proliferative genes in IMCs and promotes their subse-
quent development to MDSCs.10 Thus, compounds able to
block STAT3 activation are currently being investigated as
potential anticancer agents.11

Sunitinib is a broad-spectrum tyrosine kinase inhibitor that
selectively targets MDSCs. Treatment with sunitinib strongly
decreases functionality of c-Kit and vascular endothelial growth
factor receptor (VEGFR), 2 receptors localized on both cancer
cells and MDSCs, and involved in skewing of MDSCs toward an
immunosuppressive phenotype. Sunitinib was shown to have sig-
nificant, though not curative, clinical therapeutic effects in meta-
static renal cell carcinoma (mRCC), as circulating MDSCs in
mRCC patients were reduced by 50% after treatment. In addi-
tion, sunitinib treatment has been shown to diminish Treg levels
and improv cytotoxic T lymphocyte (CTL) response.12,13 Suniti-
nib has been reported to have inhibitory effects on various tyro-
sine kinases and to selectively decrease MDSC levels, in spleens
alone13 or in both tumors and spleens of various preclinical mod-
els,14 while concurrently increasing numbers and functionality of
CD8C and CD4C T cells. Importantly, one cycle of sunitinib
treatment \ significantly reduced IL-4 production and increased ]
interferon g (IFNg) producing T cells in mRCC patients.15

Curcumin is a diarylheptanoid (diferuloylmethane) derived
from the rhizome of the East Indian plant Curcuma longa, a
member of the ginger family (Zingiberaceae). A component of
the spice turmeric, curcumin downregulates the activity of several
pro-inflammatory enzymes, such as cyclooxygenase-2 (COX2)
and lipoxygenase. Curcumin derivatives are naturally occurring
phenols usually used for their anti-oxidant and anti-inflamma-
tory activities. Recently, curcumin derivatives were described to
modulate cell signaling, by inhibiting the Janus kinase 2 (JAK2)

and STAT3 signaling pathways in MDSCs,16 sensitizing tumor
cells to antigen-specific CTLs and inducing differentiation of
immature dendritic cells (DCs)17 Furthermore, treatment with
curcumin derivatives has no negative effects on the viability and
activity of human peripheral blood mononuclear cells.16 More
studies in several murine tumor models are warranted to further
elucidate the therapeutic potential of curcumin derivatives.

An alternative approach is to block mobilization of the already
formed MDSCs from the bone marrow into the circulation.
Bisphosphonates have been used primarily to prevent loss of
bone mass in patients with bone metastases. However, recent
studies have shown that bisphosphonates inhibit enzymes
responsible for the generation of prenyl groups, which are added
to metalloproteinases (MMPs) during post-translational modifi-
cations.18 Decreased prenylation of MMPs, such as MMP9,
affect c-Kit cleavage and diminish MDSC mobilization from the
bone marrow.19 MMP9-induced mobilization of VEGF and sub-
sequent binding to it’s cognate receptor VEGFR on MDSCs are
also prenylation dependent, and thus, bisphosphonate sensitive.
Furthermore, combination of the n-bisphosphonate zolendronic
acid with a plasmid DNA vaccine encoding rat p185/Her-2 was
shown to decrease circulating MDSC levels, enhance anti-p185
antibody levels and decrease tumor growth.20 These results have
been recapitulated in other tumors models in which treatment
with zolendronic acid increased IFNg levels,decreased intratu-
moral MDSC levels and attenuated tumor growth.21

Strategies that promote MDSC maturation
One to 5 percent of MDSCs can form myeloid cell colonies

and approximately one third of this population differentiates
into mature, non-suppressive cells in the presence of specific
cytokines.1 Stimulation of MDSC differentiation into mature
myeloid cells without immunosuppressive functionalities is thus
a promising strategy.

A compound well-known to have this stimulant effect is the
all-trans retinoic acid (ATRA) metabolite of vitamin A. Various
studies showed enhanced MDSC levels in the bone marrow and
spleen of vitamin A deficient mice22 and in mice treated with a
pan-retinoic-acid-receptor antagonist.23 In contrast, MDSC lev-
els decreased upon ATRA administration, due to rapid stimula-
tion of MDSC differentiation to DCs and macrophages in vitro
and in vivo.5,24 ATRA activated the ERK1/2 kinase pathway
leading to up-regulation of the reactive oxygen species (ROS)
scavenger glutathione (GSH)25 and reduction of ROS levels in
MDSCs.26 Importantly, Mirza et al. reported no significant tox-
icity in cancer patients receiving ATRA treatment.27 Further-
more, a vaccine targeting the H-2Db-restricted epitope of the
human papillomavirus 16 (HPV-16) E7 protein in combination-
with ATRA decreased the growth of implanted C3 fibrosarcomas
by 3-fold.24 A similar effect was observed in response to a combi-
natorial therapy in which p53-primed DCs were administered
with ATRA to treat murine sarcomas expressing a mutant p53
gene. However, ATRA was also shown to induce the develop-
ment of CD4C regulatory T cells (Tregs), by upregulating expres-
sion of the T cell cell-fate regulatory transcription factor
FoxP3.28 Thus, ATRA not an ideal candidate for MDSC
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depletion, as simultaneous Treg induction induced by ATRA
treatment could further contribute to tumor development. These
methods have not yet been widely investigated in clinical trials,25

however, more studies are warranted.
Another promoter of myeloid cell differentiation is 1a,25-

dihydroxyvitamin D3. Testa et al. showed that vitamin D3
induced monocytic maturation in several leukemic cell lines.29 In
contrast to such reports claiming vitamin D3 to be a direct pro-
moter of myeloid cell maturation, others have suggested that vita-
min D3 exerts its effects indirectly. For example, Serafini et al.
showed that vitamin D3 efficiently reduced tumor growth when
applied in mice with high levels of GM-CSF (Csf-2) activated
MDSCs.3

Recently, treatment of immature myeloid cells with the flavo-
noid Icariin and its derivative 3, 5, 7-trihydroxy-40-emthoxy-8-
(3-hydroxy-3-methylbutyl)-flavone (ICT) has been reported to
decrease MDSC percentages, likely due to differentiation to
mature myeloid cells.30 This differentiation was shown to be
induced by inhibition of S100A8/9 expression and the STAT3
and AKT signaling pathways. Upon ICT treatment, MDSCs
produced levels of NO and ROS decreased simultaneously with
increased CD8C T cell IFNg.30

Lastly, the novel Lentinus edodes-derived polysaccharide
MPSSS was also found to induce MDSC differentiation, reduc-
ing MDSC levels and inhibiting tumor growth.31 Similarly, the
naturally occurring antitumor compound curcumin that, as
described above, is able to inhibit MDSC development from
immature myeloid cells, has been suggested to also induce
MDSC maturation.32

MDSC Expansion and Activation—Blockade
Mechanisms

In healthy individuals, the bone marrow contains about 20–
30% MDSCs, the spleen about 2–4% and the lymph nodes con-
tain no MDSCs.1 In cancer patients a substantial increase in
MDSCs in the periphery is often seen.4,5,27 MDSC enhance-
ment, a process thought to occur in the bone marrow and the
spleen,33 is influenced by 2 main types of factors: (i) promoters
of MDSC expansion, and (ii) mediators involved in MDSC
functional activation.

Strategies that block MDSC expansion
Mediators known to enhance the expansion of MDSCs are:

cyclooxygenase-2 (COX2), prostaglandins, stem-cell factor
(SCF),6 macrophage colony-stimulating factor (M-CSF), IL-6,
granulocyte/macrophage colony-stimulating factor (GM-CSF)
and vascular endothelial growth factor (VEGF). These mediators
trigger activating pathways that involve Janus kinase (JAK) and
signal transducer and activator of transcription (STAT).1 STAT3
is the transcription factor often considered to be the key mediator
in regulation of MDSC expansion, as it promotes myelopoiesis
and inhibits myeloid cell differentiation. STAT3 can operate
through targeting genes encoding c-MYC, BCL-XL, cyclin D1
and survivin.1 Additionally, STAT3 induces expression of the

inflammatory proteins S100A8 and S100A934 on the cell surface
membrane of MDSCs. GM-CSF, another mediator of MDSC
expansion, plays a role only in expansion of monocytic, but not
granulocytic MDSCs.35 Thus, several studies aimed to directly
neutralize these mediators in order to abrogate their MDSC
expansion-promoting effects. Recently, stem cell factor (SCF)-
mediated signaling of MDSCs was repressed by blocking the
interaction with its receptor c-Kit. This inhibition resulted in
decreased MDSC expansion and tumor angiogenesis.36

Other mediators involved in MDSC proliferation are VEGF,
IL-6 and MMPs. Interestingly, during a clinical trial in which
cancer patients were treated with antibodies neutralizing VEGF,
(termed VEGF-traps), there was no change in MDSC levels.37

However, in another setting in which RCC (Caki-1) tumor-
bearing animals were treated with the VEGF-specific blocking
antibody avastin, MDSC levels in the peripheral blood were sig-
nificantly reduced.38 Curcumin, thenaturally occurring antitu-
mor compound that can inhibit MDSC formation, acts via
STAT3 blockade, and abrogates MDSC expansion via its ability
to inhibit MDSC-mediated IL-6 secretion.32 Inhibition of
MMP-9, a downstream target of STAT3, lowered intratumoral
MDSC levels and significantly delayed tumor growth.39 The
mechanism by which STAT3 blockade leads to a reduction in
MDSC expansion is not fully elucidated yet,40 however, it is not
advisable to delete STAT3 with the purpose of MDSC targeting,
as Welte et al. showed that transgenic mice with a STAT3 dele-
tion in the bone marrow died within 2 months of a Crohn’s dis-
ease-like inflammatory syndrome.41

Strategies that block MDSC activation
IFNg, IL-13, IL-4 and transforming growth factor b (TGFb),

produced by stromal cells after tumor cell death, are molecules
that promote MDSC activation, by inducing intracellular factors
such as STAT1 and STAT6. In turn, these factors induce the
expression of iNOS, arginase and suppressive cytokines, which are
hallmarks of MDSC-mediated immunosuppressive activity.1 A
possible intervention in the activation of MDSCs is to block
IFNg. Movahedi et al. found that an anti-IFNg antibody largely
abolished polymorphonuclear (PMN)-MDSC-mediated immune
suppression.42 Another factor reported to participate in MDSC
activation is TGFb secreted by non-T and non-B cell splenocytes.
Terabe et al indicated that these non-lymphoid splenocytes from
tumor-bearing mice produce large amounts of CTL inhibitory
TGFb. This phenomenon has been identified as a response to IL-
13 produced by CD1d restricted lymphocytes.43 More studies
unraveling the mechanisms by which the TGFb/TGFbR pathway
regulates MDSC polarization toward an immunosuppressive phe-
notype are warranted.

Suppressive Activity of MDSCs—Blockade
of Inhibitory Mechanisms

MDSCs have a remarkable ability to suppress both innate and
adaptive immune responses1 while promoting tumor angiogene-
sis, cell invasion and metastasis.6 The immunosuppressive effects
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of MDSCs depend on direct cell-cell contact through membra-
nous receptors or short-lived soluble mediators.1 Mechanisms
and strategies that may counteract these effects of MDSCs are
discussed below.

Strategies that inhibit nutrient depletion
MDSCs can deplete nutrients needed for the synthesis of lym-

phocyte-activating proteins.6 For instance, MDSCs can deplete
L-arginine44 and L-cysteine,45 2 amino acids required for T-cell
differentiation. To do so, they need arginase-1 (ARG1) and
inducible nitric oxide synthase-2 (iNOS2), for which L-arginine
is a substrate. MDSCs highly express these enzymes as a result of
cytokine stimulation, including IL-10, IFNg, and TNFa. ARG1
converts L-arginine into urea and L-ornithine and iNOS2 metab-
olizes it into nitric oxide (NO) and L-citrulline. These conver-
sions result in a down-regulation of the z-chain of the T cell
receptor (TCR) complex, thus disturbing the normal signal trans-
mission required for activation. Also, NO produced by MDSCs
interferes with T cell JAK-STAT signaling proteins required for
various T-cell effector functions, thus inhibiting MHC Class II
expression and inducing T-cell apoptosis.25

Several attempts have been made to inhibit this MDSC-
mediated nutrient depletion. Firstly, methods were applied to
inhibit the upregulation of ARG1 expression. COX2 stimulates
production of prostaglandin E2 (PGE2), which, in some tumor
models, was suggested to up-regulate ARG1 expression in
MDSCs.1 Indeed, blockade of PGE2 synthesis in tumor-bearing
mice and humans resulted in improved antitumor T-cell
responses.46 This was confirmed by studies reporting a downre-
gulation of ARG1 expression in MDSCs after administration of
COX2 inhibitors, followed by enhanced antitumor T-cell
responses and immunotherapy efficacy.46,47 Furthermore, the
use of the COX2 inhibitor celecoxib reduced levels of tumor-
infiltrating MDSCs and potentiated dendritic cell-based
immunotherapy.48

Phosphodiesterase 5 (PDE5) inhibitors such as sildenafil
(Viagra) and tadalafil (Cialis) act likewise as COX inhibitors.
They down-regulate the expression of ARG1 and iNOS in
MDSCs,49 by inhibiting the degradation of cyclic guanosine
monophosphate (cGMP). This downregulation resulted in
MDSC inhibition, induction of antitumor immune responses
and delay of tumor progression. Particularly, CD8C T-cell
tumor infiltration, activation and proliferation were enhanced.
The mechanism by which immunosuppressive MDSC functions
were attenuated was through a decrease in levels of IL-4a recep-
tor as well as those of the effector molecules ARG1 and iNOS.
PDE-5 inhibitors have a good safety profile and are already
used for treatments of erectile dysfunctions, pulmonary hyper-
tension and cardiac hypertrophy.49 Currently, a Phase II clinical
trial is ongoing in which head and neck squamous cell carci-
noma (HNSCC) patients are treated with tadalafil combined
with the conventional HNSCC therapy (clinicaltrials.gov ID
NCT01697800).

Another compound well known for its inhibitory effect on
ARG1 activity is N-hydroxy-L-arginine (NOHA). In vitro stud-
ies have reported that NOHA inhibits ARG1 function, and thus

MDSC suppressive capacities. Concomitantly, NOHA inhibited
MDSC-mediated Treg expansion. It is widely known that Tregs
are detrimental for tumor control, as clonal expansion of anti-
gen-specific natural Tregs translates into de novo stimulation of
FoxP3C Tregs.50 When these FoxP3C Tregs are generated, the
activation and expansion of tumor antigen-specific T cells are
abolished.25

Strategies that block the induction of oxidative stress
The second type of suppressive mechanisms involves MDSC

induction of oxidative stress via production of ROS and reactive
nitrogen species (RNS). These reactive species, which are the
result of cooperative activities of NADPH oxidase, ARG1, iNOS
and TGFb,6 cause loss of TCR z-chain expression and desensiti-
zation of the TCR.51 In vitro studies revealed a complete abro-
gation of the MDSC suppressive effect when ROS production
was repressed.25

Several ROS inhibitors that block MDSC-induced oxidative
stress have been examined. Nitroaspirin countered ARG1 and
iNOS activity in splenic MDSCs.52 A comparable agent, N-
acetyl cysteine (NAC), reduced ROS production and increased
the extracellular pool of cysteine.53 ARG1 and iNOS production
was also inhibited by CpG oligodeoxynucleotides (ODN), which
additionally induced antitumor type 1 macrophage differentia-
tion.54-56 ROS levels could also be reduced by synthetic triterpe-
noids, such as bardoxolone methyl (CDDO-Me), via
upregulation of antioxidant genes.57 In higher concentrations
CDDO-Me also inhibited STAT3. Moreover, CDDO-Me ther-
apy decreased MDSC-mediated ROS production, enhanced T-
cell function and reduced murine tumor growth.58 This com-
pound was tested in a Phase I clinical trial with pancreatic cancer
patients receiving gemcitabine, resulting in significantly
enhanced T-cell responses (Clinical Trial No. RTA 402-C-
0702).

Lastly, root extracts of the plant Withaferin somnifera (WRE)
has been investigated because of its tumor growth reducing prop-
erties.59 Withaferin A (WA), its most abundant constituent,
shows antitumor effects via its antioxidant properties when tested
against cultured and xenografted tumor cells. Sinha et al. investi-
gated the effects of WA on MDSCs and found that WA indeed
reduced MDSC-mediated immune suppression, thus making it
an interesting compound for anti-MDSC therapy.60

Strategies that reverse blockade of lymphocyte trafficking
and viability

Various studies have shown that MDSCs can also influ-
ence lymphocyte tumor trafficking and viability. When
expressed on the plasma membrane of MDSCs, disintegrin
and ADAM metallopeptidase domain-containing protein 17
(ADAM17) downregulate CD62L (L-selectin) expression on
the surface of na€ıve T cells,6 thus limiting T-cell recirculation
to lymph nodes.61 As a result, T cells do not encounter
tumor antigens presented by APCs in the lymph nodes, and
as a result, are not activated.27 Other means by which
MDSCs mediate immunosuppression include decreased effec-
tor CD8C T-cell migration to tumors,62 T-cell apoptosis,63
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and interference with natural killer (NK) cell function.
MDSCs prevent NK cell production of IFNg, a cell-cell con-
tact dependent phenomenon involving the NK cell activation
receptor NKG2D and membrane-bound TGFb.25

Local MDSCs at the Tumor Site

MDSC-induced immunosuppression generates notorious
hallmarks of cancer development, of which angiogenesis is cru-
cial. After migrating to tumors, MDSCs release factors that pro-
mote blood vessel formation. Also, they generate MMPs, such as
MMP-9, which release matrix-bound VEGF and recruit pericytes
that can form new blood vessels. That MDSCs directly stimulate
the process of tumor development was demonstrated by the cor-
relation between the inhibition of MDSC tumor migration and
decreased tumor angiogenesis.25

Strategies that deplete intra-tumoral MDSCs
More than a decade ago, treatment of tumor-bearing mice

with monoclonal anti-Gr-1 antibody (clone RB6–8C5) resulted
in enhanced CD8C T-cell function and a delay in tumor progres-
sion in vivo.64 However, this antibody also targets neutrophils,
thus lacking the necessary specificity for clinical use.3

Specific targeting of MDSCs can be achieved with an engi-
neered RNA aptamer.65 This compound is specific for mouse
and human IL4Ra, a membranous receptor that is upregulated
on the surface of MDSCs present in tumor-bearing mice66 and
cancer patients.67 Treatment with this RNA aptamer leads to
intratumoral MDSC apoptosis, enhanced T-cell infiltration and
delayed tumor growth. Notably, treatment with the aptamer
alone did not cause complete tumor regression. However,
because the aptamer was able to engage the receptor, this method
remains an interesting potential therapeutic agent.65

Another way to target MDSCs is with chemotherapeutic
drugs like gemcitabine. Gemcitabine is a nucleoside analog that
effectively lowers MDSC levels in the spleen, thus improving
antitumor responses induced by immunotherapy. This decrease
is due to gemcitabine-induced MDSC cell death through apopto-
sis and necrosis.68 Le et al. reported significant inhibition of
tumor growth and decrease in splenic MDSC levels after gemci-
tabine treatment when started 5 d after tumor inoculation. This
treatment also resulted in expansion of splenic T cells and a boost
of their IFNg secretion after stimulation with the proper tumor
antigen in vitro. Furthermore, MDSC suppression was also
revealed in bone marrow and blood harvested 24 and 48 h after
gemcitabine treatment.69

The pyrimidine analog 5-fluorouracil (5-FU) is another cyto-
static drug with MDSC-specific cytotoxicity. Five-FU adminis-
tration to tumor-bearing mice increased survival, possibly due to
enhanced cytotoxic T-cell activation. As compared to gemcita-
bine, 5-FU induced a more potent apoptosis-mediated MDSC
depletion in vitro and in vivo.70 However, 5-FU treatment was
not curative in this tumor model because of Nlrp3 inflamma-
some induction, which led to MDSC-derived IL-1b secretion
and angiogenesis.70 As a solution, combinatorial treatment of 5-

FU together with anti-IL-1b could be a successful therapeutic
approach.71

In a recent study performed by Qin H. et al., efficient deple-
tion of both intratumoral granulocytic and monocytic murine
MDSC subsets was achieved with the help of a new therapeutic
peptibody that specifically targets MDSCs without affecting other
proinflammatory immune cells, such as DCs.72 The peptibody
was generated by genetically fusing sequences encoding mouse
MDSC-binding peptides, (and previously identified by phage dis-
play), with those encoding the Fc portion of mouse immunoglob-
ulin G2b (IgG2b). Intravenous peptibody administration
completely depleted intratumoral, intrasplenic and circulating
MDSC subsets. When intravenously administered to EL4 tumor-
bearing mice for a 2-week period, peptibody treatment induced
superior tumor growth inhibition as compared to anti-Gr1 mono-
clonal antibody treatment. Although the mechanism of action of
this peptibody is thought to be through the S100 family of pro-
teins expressed on the surface of MDSCs, more studies are war-
ranted to completely elucidate this mechanism. Nevertheless, this
novel approach to deplete MDSCs seems very promising, as it
offers the advantage of specifically targeting both MDSC subsets.

MDSC-targeting compounds that also counteract
tumor-promoting phenomena

Some of the compounds reported to target MDSC develop-
ment, expansion or activation can also counteract non-MDSC
related tumor-promoting phenomena. For example, the tyrosine
kinase inhibitor sunitinib is also a reported inhibitor of tumor
angiogenesis, through blockade of VEGF 1–3 receptors. Another
dual acting compound able to inhibit angiogenesis is withaferin
A.59,60 However, while some of these compounds alone induce
tumor regression due to their multiple tumor-targeting mecha-
nisms, studies focus nowadays on combinatorial therapies with
superior antitumor effects.

Combination Therapies

New studies focused on combining MDSC targeting meth-
ods with various immunotherapies are emerging. Most com-
monly, MDSC-targeting compounds employed in multi-
therapy approaches are chemotherapeutics already approved
for clinical use. In a study combining a DNA-vaccine with a
Pseudomonas-derived neurotoxin, MDSC depletion was
induced by administration of IL-13 linked to the respective
neurotoxin (IL-13-PE). Addition of this neurotoxin to the
DNA vaccine against IL-13 receptor led to a significantly
greater decrease in tumor growth of IL-13 receptor positive
MCA307 sarcomas, as compared to vaccination alone.73 Com-
bination of the nucleoside analog gemcitabine with IFNb
treatment led to an enhancement of antitumor immune activ-
ity superior to that observed in either treatment alone.68 A
multimodal therapy regimen composed of gemcitabine, a
HER-2/neu vaccine and monoclonal antibodies against anti-
glucocorticoid tumor necrosis factor receptor related protein
(GITR) managed to break self-tolerance and induced strong
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antitumor immunity in a tolerogenic HER2/neu mouse tumor
model.74 Similarly, a significant increase in tumor-specific T-
cell responses and a prolonged antitumor effect was observed
in various tumor models after combined treatment of ATRA
with 2 different cancer vaccines.24

Recent studies suggest that combination of sunitinib with var-
ious immune-based cancer therapies may effectively enhance
their efficacy (Table 2).75,76 Despite these promising preclinical
results, combination of the TroVax vaccine with sunitinib in a
Phase III clinical trial did not lead to enhanced survival, as com-
pared to sunitinib alone.77 This can be explained by the fact that
sunitinib might not be able to directly enhance intratumoral vac-
cine-induced T-cell infiltration. In our hands, administration of
sunitinib followed by therapeutic immunization with a viral vec-
tor based vaccine directed against human papilloma virus led to a
stable decrease of intratumoral, intrasplenic and circulating
MDSC levels and a concomitant increase of total and antigen-
specific CD8C T cells. Additionally, this multi-therapy induced a
regression of tumor growth, thereby leading to 75% of mice
exhibiting tumor-free survival in a pre-clinical model of HPV-
induced cancer (Table 2, unpublished data).

In the last decade, several studies have reported that local
tumor irradiation can enhance immunotherapy efficacy, either by
increasing localized APC uptake of tumor antigens or by enhanc-
ing intratumoral migration of immunization-induced antigen-spe-
cific CTLs.78,79 Also, addition of sunitinib to low-dose local
tumor irradiation led to improved survival in a mouse glioma

model.80 These promising results, make the multi-therapy
approach of sunitinib, local tumor irradiation and therapeutic
immunization constitute an interesting option to analyze. How-
ever, a very careful dose scheduling and treatment succession of
these therapies must be employed, combined with stringent moni-
toring of ongoing studies. Meticulous orchestration of the timing
and dosage of such treatments is necessary and justified since suni-
tinib has been previously reported to inhibit T-cell priming when
administered simultaneously with therapeutic immunization, an
effect that does not occur upon sequential administration.81

Concluding Remarks

Current knowledge indicates MDSC-mediated immune sup-
pression as a main hallmark of cancer development. Given that
many promising MDSC targeting agents are already FDA-
approved, their implementation in bi- or multi-therapy regimens
that include cancer immunotherapy is warranted.
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