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Abstract

Various preclinical studies have demonstrated that the success of immunotherapeutic strategies in
inhibiting tumor progression in animal models of Glioblastoma multiforme (GBM). It is also
evident that tumor-induced immune suppression drastically impacts the efficacy of immune based
therapies. Among the mechanisms employed by GBM to induce immunosuppression is the
accumulation of regulatory T cells (Tregs) and Myeloid derived suppressor cells (MDSCs).
Advancing our understanding about the pathways regulating the expansion, accumulation and
activity of MDSCs will allow for the development of therapies aimed at abolishing the inhibitory
effect of these cells on immunotherapeutic approaches. In this review, we have focused on the
origin, expansion and immunosuppressive mechanisms of MDSCs in animal models and human
cancer, in particular GBM.
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1. Glioblastoma multiforme (GBM) and immunesuppression in GBM

Glioblastoma multiforme is the most common and aggressive form of glioma, with a 5-year
relative survival rate of about 5% [1]. These primary brain tumors most often occur in the
cerebral hemispheres and include astrocytomas, oligodendriogliomas, and oligoastrocytomas
[2]. Current WHO classification of gliomas into prognostically useful grades is based on
histological classification of morphological features, separating diffuse lower grade gliomas,
which are classified as WHO grades Il and 111, from GBM, a WHO grade IV glioma.
However, the utility of histopathological classification is limited by assessor variability and
morphological ambiguity, resulting in a diagnostic and therapeutic challenge [3, 4]. Recent
advances in molecular characterization of gliomas reveal a wide spectrum of genetic
diversity which may inform prognosis and treatment for a particular glioma with greater
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specificity. Histologically indistinguishable categories of primary glioblastomas, which arise
de novo, and secondary glioblastoma can now be molecularly distinguished by the presence
of IDH1 mutation in secondary glioblastoma, indicating a more favorable clinical prognosis
[2, 3, 5]. Similarly, molecular markers have identified up-regulation of PDGFRA as a
hallmark of pediatric gliomas, distinguishing these tumors from adult primary glioblastomas
which often show EGFR amplification and PTEN mutation [6]. The emerging picture of
diverse biomarker expression between tumors in addition to heterogeneity of biomarker
expression within a single tumor suggests a need for high resolution classification schemes
and targeted treatments [7]. While current standard of care includes resection followed by
radiotherapy and chemotherapy with temozolomide, greater specificity in molecular
characterization and targeted, precision-based immunotherapies may vastly improve upon
the current treatment strategies [8].

Various preclinical studies have demonstrated that immunotherapeutic strategies can be
successful in animal models of GBM, including: gene therapy [9], passive immunotherapy
with antibodies against tumor antigens [10], adoptive T-cell transfer with T cells activated
against tumor antigens or engineered T cells to express chimeric antigen receptors (CARS)
[11-13]. In addition, immune modulatory strategies can be aimed at inhibiting the immune
checkpoints used by tumors to escape from immune surveillance [14, 15] as well as active
immunotherapy, employing peptide or dendritic cell (DC) vaccines [16]. It is also evident
that successful immunotherapy for glioma needs to address the mechanisms of tumor-
induced immune suppression.

It was previously accepted that the brain exhibits a dampened immune response or “immune
privilege” because of the presence of the blood brain barrier, lack of traditional lymphatic
structures and lack of antigen presenting cells (APCs) within the brain parenchyma [17, 18].
Gliomas have been shown to employ a variety of mechanisms to suppress the immune
system including secreted cytokines such as TGFp, IL-10 and VEGF, markers expressed on
tumor cells such as programmed death ligand 1 (PDL1) and Fas-L, and immunosuppressive
supporting cells [19-24]. Targeting specific mechanisms of immune suppression may not
only be useful in increasing the effectiveness of immunotherapies but may also bolster the
immune system against severe lymphopenia caused by standard treatment with radiation and
temozolomide [25].

T-cell defects have also been recognized in GBM patients. It has been shown that
glioblastoma causes significant CD4* lymphopenia, leaving immune modulatory Tregs as an
increased fraction of the CD4* compartment [26]. Tregs are a subset of CD4* cells which
physiologically inhibit T cell activation to induce tolerance toward self-antigens and prevent
autoimmunity. Surprisingly, removal of Tregs from patients with glioblastoma resulted in
normal CD4™* T cell function, indicating that normal immune function may be restored by
abrogating effects of immune cells which have been skewed towards an immunosuppressive
phenotype. Gliomas may further suppress the immune system by stimulating a subset of
Natural Killer T cells called NKT type I cells, which secrete immunosuppressive cytokines
IL-13 and TGF-B, and M2 polarized macrophages, which secrete immunosuppressive
cytokines IL-10 and TGF-B and inhibit T cell proliferation [27, 28]. Gliomas are also
infiltrated by a unique population of immune cells termed myeloid-derived suppressor cells,
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or MDSCs [29, 30]. As reviewed below, MDSCs support glioma progression and invasion,
mediate immune suppression and inhibit the efficacy of anti-tumor immunity.

2. Origin and subtypes of MDSCs

MDSCs are a heterogeneous population of immature myeloid cells and myeloid progenitor
cells [31-34]. Under physiological situations, these immature cells would normally give rise
to myeloid cells such as granulocytes, macrophages and dendritic cells, however under
conditions of stress, such as in infection, trauma, autoimmune diseases and cancer, a block
in their usual differentiation pathway leads to the expansion of immature myeloid cells [31,
33, 34]. While MDSC:s are a heterogeneous population of cells, three characteristics define
these cells: their myeloid origin, immature status and ability to suppress T cell responses
[31, 33, 34]. Although the term MDSCs was formally adapted in 2007, these cells have been
described 35 years ago and referred to natural suppressor (NS) cells, immature myeloid cells
(IMC) or myeloid suppressor cells (MSC) [35, 36]. In mice MDSCs are identified as CD11b
*, Gr-1* cells that lack the expression of markers typically expressed on mature
differentiated monocytes, macrophages or DCs [31-33, 37]. Normal mouse bone contains
20-40% of these CD11b, Gr-1 expressing cells while the spleen contains about 2-4% [31].
Based on the expression of Gr-1, MDSCs in mice have been divided into two main subtypes,
Gr-1Ngh (polymorphonuclear; PMN MDSCs) and Gr-1°" (monocytic; M-MDSCs) MDSCs
[31-33, 38, 39]. Use of epitope specific antibodies has refined the classification as CD11b*,
Ly6G*, Ly6C!'o" Granulocytic MDSCs and CD11b*, Ly6G~, Ly6CNi9" monocytic MDSCs
[39, 40]. The Gr-1M9h MDSCs are phenotypically similar to neutrophils while the Gr-1'oW
MDSCs are morphologically and phenotypically similar to monocytes. Because of the broad
nature of the markers used for MDSC classification, it can be technically challenging to
distinguish these cells from tumor associated macrophages (TAMSs) and granulocytes.
MDSCs have typically been associated with lower F4/80 and higher Gr-lexpression than
TAMSs [31]. What further complicates the identity of these cells is that within the tumor
microenvironment, MDSCs can differentiate into TAMSs [38]. In humans, MDSCs are
defined as CD14~, CD11b* cells or cells that express CD33 but lack the expression of
myeloid or lymphoid markers and of MHC Il molecule HLA-DR [30, 33, 41-49]. In
humans, PMN-MDSCs are CD14~, CD11b*, CD33*, CD15" while the M-MDSCs are
CD14*, HLA-DR™'oW cells [33]. Additionally a third population identified as Lin~, HLA-
DR, CD33* represents a mixed group of enriched myeloid progenitors and all three
populations are required to be analyzed in cancer patients for accurate analysis [33, 41, 42,
45, 48, 50]. As discussed later the potency and mechanism of suppression exerted by the
various subsets are distinct from each other.

2.2 Expansion of MDSCs

Initial studies described the marked systemic expansion of MDSCs in tumor bearing animals
and cancer patients. Since then expansion and accumulation of these cells have been shown
to occur during bacterial and parasitic infections such as Trypanosoma cruzi infection [51],
acute toxoplasmaosis [52], polymicrobial sepsis [53], helminth infections [54], Candida
albicans [55] and Porphrymonas gingivalis [56]. Autoimmune diseases and inflammatory
conditions such as experimental autoimmune encephalomyelitis, experimental autoimmune
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uveoretinitis and inflammatory bowel disease have also been associated with MDSC
expansion [57-59]. As mentioned above, immature myeloid cells are part of myelopoiesis, a
process that is tightly regulated by cytokines such as granulocyte/macrophage colony
stimulating factor (GMCSF) [60, 61], granulocyte colony stimulating factor (GCSF) [62,
63], macrophage colony stimulating factor (MCSF) [64], stem cell factor (SCF) [65], IL-3
and FMS-related tyrosine kinase 3 (FIt3L) among others [31]. Aberrant production of these
and other cytokines by tumor cells can directly skew myelopoiesis and the generation of
MDSCs. Exposure of bone marrow stem cells to tumor-cell cultures results in expansion of
MDSCs [66]. When CD14+ monocytes from healthy donor plasma was cultured with
glioma cells, increase in the expression of immunosuppressive factors such as IL-10, TGFB
and PDL1 was observed along with an increase in their ability to induce apoptosis in
activated T cells [67]. Other factors shown to cause MDSC expansion include
cyclooxygenase 2 (COX2) [68], prostaglandins [69], IL-6 [70, 71] and vascular endothelial
growth factor [72]). A number of studies have highlighted the importance of STAT3
signaling in regulating MDSC expansion [31, 73]. STAT3 in myeloid cells drives Bcl-xL, c-
myc and cyclin D1 expression which prevents cell apoptosis and promotes cell proliferation
[73]. STAT3 and JAK2 were activated in hematopoietic cells exposed to tumor cell cultures
and the expansion of MDSCs was abrogated when STAT3 was inhibited [74, 75]. MDSCs
from tumor bearing animals also have increased levels of phosphorylated STAT3 compared
to those from naive mice [75]. Ablation of STAT3 also reduced the expansion of MDSCs
and increased T cell responses in tumor bearing mice [76]. STAT3 dependent induction of
S100A8 and S100A9 expression by myeloid progenitor cells inhibited their differentiation
and induced expansion of MDSCs in the spleens of tumor bearing mice [77]. In addition to
factors that cause MDSC expansion, several other factors have been identified that activate
MDSCs to exert their immunosuppressive potential. Blockade of IFN-y for example
abrogates MDSC mediated T cell suppression [38]. IFN+y results in the induction of arginase
1 and iNOS expression through STAT1; thus, MDSCs from STAT1~/~ mice did not suppress
T cell responses [78]. A second pathway implicated in the activation of MDSCs occurs
through the activation of IL-4Ra-STAT6 signaling leading to the induction of arginase 1
expression [79, 80]. MyD88 signaling downstream of Toll-like receptor activation is
potentially involved in the expansion and activation of MDSCs in polymicrobial sepsis [53].
HIF-1a has emerged as another important factor regulating MDSC expansion and function.
In response to hypoxia in the TME, HIF-1a was shown to induce arginase 1 and iNOS in
tumor infiltrating MDSCs and further promoted their differentiation into TAMs [81].
Additionally HIF-1a also regulates the expression of PDL1 (binds to PD-1 on T cells to
activate checkpoint blockade) on MDSCs [82]. HMGB1 has also been shown to drive the
generation of MDSCs from bone marrow cells, contributed to the T cell suppressive ability
of MDSCs and promoted IL-10 release from MDSCs [83]. TNFa prevents MDSC
differentiation in a S100A8/A9 dependent manner and enhances the T cell suppressive
potential of the immature cells [84].

2.3 Mechanisms of immunosuppressive activity

One of the salient properties of these cells is their ability to inhibit T cell responses [31, 33,
37]. It is important to mention that CD11b*, Gr-1* myeloid cells from tumor free animals do
not inhibit antigen-specific T cell responses as shown by Kusmartsev et al. and our
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unpublished observations [85]. PMN-MDSCs and M-MDSCs also use distinct mechanisms
to exhibit immunosuppression; while PMN-MDSCs express high levels of ROS and low
NO, M-MDSCs primarily use NO production and cytokine release [38, 39]. M-MDSCs also
consistently show higher suppressive activity than PMN-MDSCs on a per cell basis.

2.3.1 Arginase 1 and iNOS—The most common mechanism through which MDSCs
work is associated with L-arginine metabolism. Both arginase 1 and iNOS metabolize L-
arginine to produce urea and L-ornithine, and nitric oxide (NO) and L-citrulline respectively
[86]. The enhanced activity of arginase 1 and iNOS in MDSCs leads to increased catabolism
of L-arginine from the extracellular environment thus depleting this non-essential amino
acid from the microenvironment [86]. Depletion of L-arginine from the extracellular
environment inhibits T cell proliferation by interfering with the expression of the CD3¢
chain, by preventing the upregulation of cell cycle regulators cyclin D3 and cdk4 [87, 88].
NO at the same time inhibits JAK3 and STATS5 function in T cells, inhibits expression of
MHC I1 and induction of T cell apoptosis [31]. Studies of human T cells have also shown
that NO affects the stability of mMRNA encoding IL-2 and the release of IL-2 by activated
lymphocytes [86]. Additionally by depleting L-arginine from the extracellular environment,
the activity of NOS is switched from mainly producing NO to mostly O,™ [86]. Reactive
oxygen species (ROS) such as these as explained in the next section also suppress T cell
responses.

2.3.2 ROS—Several tumor derived factors such as IL-3, IL-6, IL-10 and GMCSF induce
ROS production in MDSCs [31]. Oxidative stress caused by macrophages derived from
tumor bearing mice inhibited C chain expression in T cells and antigen-induced T cell
proliferation [89]. Treatment of these macrophages with N-acetylcysteine abrogated the
effect on CD3( chain expression on T cells [89]. Addition of oxidants such as hydrogen
peroxide (H,0,) and diamide to T cells also reduced the expression of CD3 C chain [89].
Kusmartsev et al. showed that arginase activity in MDSCs led to significant increase in ROS
levels that subsequently inhibited antigen-specific T cell proliferation [85]. The inhibition of
T cell proliferation was abolished in the presence of catalase or an arginase inhibitor (nor-
NOHA) [85]. Peroxynitrite (ONOQ™) is one of the most powerful oxidants produced in the
body as a result of the reaction between NO and superoxide anion (O,7) [86]. It induces the
nitration and nitrosylation of amino acids cysteine, methionine, tryptophan and tyrosine.
Direct contact of MDSCs with T cells resulted in the nitration of the T cell receptor and the
CD8 molecule, which rendered T cells unresponsive to non-specific stimuli [90]. Use of
peroxynitrite scavenger resulted in a block in MDSC immunosuppression [85]. Both
peroxynitrites and H,O, are also thought to have a direct role in inducing apoptosis of
antigen-activated T cells [86].

2.3.3 Induction of Tregs—MDSCs have also been shown to support the development of
FoxP3* regulatory T cells (Tregs). Several mechanisms have been shown to be involved in
this process. In a mouse colon carcinoma model, IFNy activated Gr-1* CD115" M-MDSC
were shown to produce 1L-10 and TGFp to mediate the development of CD4* CD25" Treg
cells [91]. In a mouse model of ID8 ovarian tumors, expression of CD80 on MDSCs was
essential for the induction of Tregs [92]. Another group showed that MDSCs promoted Treg
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development through arginase 1 and independent of TGF [93]. A new population of
MDSCs in hepatocellular carcinoma patients induced CD4*CD25" Foxp3 T Cells [43]. In
contrast some other studies have ruled out the contribution of MDSCs in inducing Tregs
suggesting that immunosuppression by MDSCs probably occurs through multiple
mechanisms, all of which may not be active in the same tumor. Our unpublished
observations suggest that the phenotype and functionality of the tumor infiltrating MDSCs is
influenced by the genetic makeup of the tumor. Differential cytokine release by the tumor
cells can influence the activation of these cells.

2.3.4 Decreased expression of L-selectin by T cells—L-selectin also known as
CDG62L plays an essential role in the homing of lymphocytes to the lymph nodes and the
TME. MDSCs, potentially though the expression of ADAM17, an enzyme that cleaves the
CD62L ectodomain, downregulate L-selectin levels on naive T cells, thus interfering with
their trafficking to sites where they would be activated [94].

2.3.5 Checkpoint blockade on T cells—Another mechanism by which MDSCs can
potentially block T cell responses is by expressing ligands that bind to checkpoint receptors
on T cells and cause inhibition of T cell proliferation [95]. CD80 was observed to be
upregulated on MDSCs from an ovarian tumor model compared to naive mice and the
CD80-CTLA-4 interaction was crucial for T cell suppression by these MDSCs [92]. In
glioma patients, circulating monocytes showed elevated expression of PDL1 as compared to
monocytes from normal individuals. When normal monocytes were exposed to GBM culture
media, PDL1 expression was further enhanced and led to T cell apoptosis [96].

Independent of their immunosuppressive activity, MDSCs also support angiogenesis, tissue
invasion, establishment of a pre-metastatic niche and metastasis through the release of
VEGF, bFGF, Bv8 and MMP9. Increased tumor angiogenesis, vascular maturation and
decreased tumor cell apoptosis was observed when tumor derived CD11b*, Gr-1* cells were
co-injected with MC26 cells [97]. The effect was dependent on MMP9 release by CD11b*,
Gr-1* cells. Ortiz et al showed that immature myeloid cells lacking immunosuppressive
potential could recruit 1L-17 producing CD4 T cells and promote tumor growth in a model
of epidermal carcinogenesis [98]. Of note, accumulation of these immature lineages apart
from directly affecting T cell responses and tumor growth, also interferes with the
generation of functional mature APCs that are so crucially required for the activation of anti-
tumor T cell response [99].

2.4 Effect on tumor progression

Aberrant myelopoiesis, affecting one or more cells of the myeloid lineage has been
described in cancer patients [41]. The use of aberrant myelopoiesis as a biomarker and
prognostic indicator for tumor progression has been however hampered by the wide range of
markers that have been used to define these cells as mentioned by Messmer et al. [44].
Despite this, several studies have convincingly shown the relation between the accumulation
of immunosuppressive myeloid cells and tumor progression in a range of tumor types
[41-43, 45-47, 50, 100, 101]. Like MDSCs from murine tumor models, MDSCs from cancer
patients show elevated expression of PDL1, iNOS, arginase, ROS and IDO, molecules
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implicated in T cell suppression [48, 102]. MDSCs isolated from melanoma, glioma,
squamous cell carcinoma, non-small cell lung cancer, breast cancer, hepatocellular
carcinoma, gastric cancer, colorectal and chronic myeloid leukemia cancer patients have
been shown to suppress antigen-specific and CD3-ligation induced T cell proliferation [29,
30, 42, 45, 103]. MDSC expansion has been negatively associated with tumor stage,
metastatic burden, response to therapy and progression-free or overall survival [44, 46, 47,
104, 105] .

2.5 Therapeutic targeting of MDSCs

Defective T cell function is one of the major mechanisms of tumor escape. T cell
immunosuppression by MDSCs creates a huge barrier to the efficacy of immunotherapeutic
approaches and therefore it is imperative that strategies that can efficiently block the activity
of these cells be developed. As indicated by Messmer et al, certain tumor derived factors
such as HMGB1 and S100A8/A9 may act within the tumor microenvironment, while factors
like GMCSF, IL-6 and VEGF may act at the systemic level [44]. This is an important
consideration for developing therapies that would either be working at the systemic level or
locally within the tumor. A number of methods have recently been shown to be effective in
either depleting these cells or inhibiting their activity.

2.5.1 Promoting myeloid cell differentiation—Since the hallmark feature of these
cells is their immature status, efforts have been made to promote their differentiation into
mature lineages. In this regard, Vitamin A and its metabolites such as retinoic acid (all-trans
retinoic acid; ATRA) have been used to trigger the differentiation of immature myeloid cells
into DCs and macrophages [106]. ATRA has also been shown to reduce ROS levels in
MDSCs. Administration of all-trans retinoic acid resulted in a decrease in MDSCs in tumor
bearing mice, improved tumor-specific T cell responses and enhanced the efficacy of
vaccination [101]. Administration of ATRA with dendritic cell vaccination in extensive stage
SCLC patients decreased MDSC numbers by 2-fold and enhanced cytotoxic CD8 T cell
response [100]. Likewise in patients with metastatic renal cell carcinoma, ATRA
administration led to a decrease in MDSCs in the blood and improved antigen-specific T cell
responses [101].

2.5.2 Inhibition of MDSC expansion—Several studies have focused on trying to block
tumor derived factors that can cause MDSC expansion. Blocking of SCF-KIT-induced
signaling decreased MDSC expansion and tumor angiogenesis [65]. Likewise administration
of avastin, a VEGF blocking antibody resulted in a decrease in the population of CD11b*,
VEGFR1* MDSCs in the peripheral blood of patients with metastatic renal cell carcinoma
[107]. Use of neutralizing antibodies against GCSF and GMCSF, have shown promise in
mouse models. Shojaei et al showed that blocking GCSF drastically reduced CD11b*, Gr-1*
cells in the tumor, inhibited angiogenesis and delayed the growth of EL4 and LLC tumors
that were refractory to anti-VEGF treatment [108]. GCSF neutralization with antibody or
with short hairpin mediated knockdown also reduced MDSC burden and tumor growth in
4T1 and AT-3 tumor bearing mice [62]. Blocking the release of GMCSF in pancreatic cancer
cells inhibited MDSC generation and tumor growth in CD8 T cell dependent manner [109].
Use of anti-IL-6 receptor monoclonal antibody decreased MDSC accumulation in the tumor
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and spleen and enhanced anti-tumor T cell response [70]. Use of certain chemotherapy drugs
such as gemcitabine [110] and sunitinib [111, 112], 5-fluorouracil [113] and docetaxel [114]
have been shown to eliminate MDSCs from the tumor and spleen and a significant increase
in the immunotherapy induced anti-tumor T cell responses. Sunitinib treatment in GBM
mouse models also resulted in decreased circulating and TME infiltrating MDSCs and
increase in CD3 and CD4 T cell counts. Total T cell proliferation and IFNy release was also
increased in the spleens of sunitinib treated mice [29].

2.5.3 Inhibition of MDSC function—Another approach to block MDSC activity is to
inhibit the induction of immunosuppressive molecules in these cells. COX2 inhibitor for
example downregulated the expression of arginase 1 by MDSCs and improved
immunotherapy induced anti-tumor T cell responses [48, 115]. This was thought to occur
through the inhibition of prostaglandin E2, which in turn has been shown to induce arginase
1 expression in MDSCs. Similarly administration of sildenafil, a phosphodiesterase inhibitor
resulted in a substantial delay in tumor progression in several mouse models by
downregulating the expression of arginase 1 and iNOS in MDSCs [116].

2.5.4 Inhibition of MDSC trafficking—Interventions that target the migration of
MDSCs to the TME are currently being developed. Since various mechanisms regulating
MDSC migration to the TME are in play across the variety of tumor types, therapies in this
case will probably have to be tumor specific. Examples include inhibition of CSF-1 receptor
signaling blockade, CCL2/CCR2 blockade, CXCL2/CXCR2 blockade, CXCL12/CXCR4
blockade, COX2 and PDE-5 inhibitors [31, 33, 34]. Pharmacologic inhibition of CSF1R
signaling using GW2580 blocked the trafficking of M-MDSCs and in combination with anti-
VEGFR?2 antibody suppressed tumor angiogenesis and tumor growth [64].

2.5.5 Use of myeloid depleting antibodies—Gr-1 or Ly6G specific antibodies have
been used in a variety of mouse models to deplete cells expressing Gr-1 or more specifically
Ly6G [68]. The success of these antibodies in mouse models reinforces the notion that
MDSC depletion can potently enhance anti-tumor immune responses. Both of these
antibodies would however also deplete cells other than MDSCs, such as granulocytes,
neutrophils and myeloid progenitors that in turn can negatively impact the generation of
functional APCs. Our data with immune-stimulatory gene therapy in mouse GBM models
has highlighted that the timing of depletion is a crucial factor and maximum benefit is seen
when MDSCs are depleted during the proliferative phase of the anti-tumor T cell response.
The development of a MDSC depleting antibody in humans will be technically challenging
though because of the significant heterogeneity in the population and the lack of a single
defining marker.

in Glioma

Significant infiltration of MDSCs has been observed in both de novo and transplantable
rodent GBM models [29, 68, 80, 102, 117, 118]. MDSCs identified as CD33*/Lin"/HLA-
DR cells were expanded in the blood of GBM patients as compared to healthy donors [67].
High levels of PDL1 were also seen on the MDSCs obtained from these patients compared
to peripheral blood monocytes from the same samples. Raychaudhuri et al analyzed the
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MDSC frequency in 28 patients with newly diagnosed glioblastoma and compared it to 11
normal donors [30]. Increased circulating MDSCs were seen in the blood of GBM patients
and interestingly the frequency of circulating MDSCs were the highest as compared to
patients with RCC, melanoma and bladder carcinoma [30]. Not only that, but Sippel et al
showed that the CD11b* cells in the blood were most expanded in GBM patients as
compared to patients with meningioma, pituitary tumors and anaplastic glioma [103].
Similar to the other tumor types, greater expansion of the granulocytic MDSCs was seen as
compared to the monocytic subset. 15% of the identified MDSCs were composed of the Lin
~ cell type (CD33*, CD157, CD14~, HLA-DR"). T cells from GBM patients also showed
suppressed IFNvy release upon stimulation compared to T cells from healthy controls, that
was restored by the depletion of MDSCs using anti-CD15 and anti-CD33 antibody coated
magnetic beads [30]. They also showed that GBM tumor tissues were infiltrated by MDSCs,
the majority of which were Lin~, followed by granulocytic and monocytic subtypes. Since
GBM patients are often treated with glucocorticoids, the authors also evaluated the effect of
steroids on MDSCs. No correlation was observed between MDSC counts and steroid dosing.
Similar results were observed by Dubinski et al [102].

Systemic administration of a CCL2 neutralizing antibody by itself and in combination with
temozolomide significantly reduced MDSC and macrophage infiltration in GL261-induced
GBM and enhanced the survival of tumor bearing mice [118]. COX2 blockade was shown to
suppress GBM growth in a CCL2 dependent manner. MDSC numbers were reduced in the
bone marrow along with a reduction in MDSC infiltration in the GBM TME. Inhibition of
MDSC accumulation was associated with elevated levels of CXCL10 and cytotoxic T
lymphocytes in the TME [68]. Studies have looked at the efficacy of combining COX2
inhibitor celecoxib in combination with immunotherapy [119], dendritic cell vaccination
[120], CD40 monoclonal antibody [121] with moderate to good success. GMCSF was
upregulated in both human and mouse glioma TME and Kohanbash et al. showed that
GMCSF induced IL-4Ra expression on MDSCs in the glioma TME, that in turn induced
arginase expression in response to IL-13 [80]. IL-4Ra. ™/~ mice showed slower glioma
growth and showed lower levels of arginase in the TME. Incidentally glioma patients have
been shown to have elevated plasma arginase activity compared to healthy donors [30]. L-
arginine supplementation to T cells reversed the T cell suppression induced by CD11b* from
glioma patients indicating that exogenous L-arginine supplementation may help to reverse
some of the MDSC induced T cell defects [103]. While much attention has focused on the
effect of MDSCs on CD8 T cells, a recent study has found a strong link between MDSCs
and CD4 effector memory T cells (CD4 Tgp) in glioma [102]. A positive correlation was
observed between the frequencies of granulocytic MDSCs and CD4 Tg at the tumor site.
The frequency and expression of PD-1 was significantly higher on tumor infiltrating TEM as
compared to circulating Tgy or those from healthy donors. Since PD-1 is expressed on
activated T cells and is associated with T cell exhaustion, the authors also analysed the
expression of PD-1 on the CD4 Tgp cells. GBM infiltrating CD4 Tgp showed PD-1
upregulation that correlated with reduced IFN+y release by these cells. Tumor derived
MDSCs showed PDL1 expression and when tumor derived MDSCs were cultured with CD4
T cells, PD-1 expression on CD4 T cells was induced.
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4. Conclusion and future directions

So far studies have conclusively shown the accumulation of MDSCs in the TME and in the
circulation of GBM patients. Efforts are underway to understand the mechanism of
expansion and activation of MDSCs in GBM and it seems likely that mechanisms and
pathways uncovered in GBM will also be encountered in other solid tumors. Glioma cells
express several factors such as IL-6, VEGF, IL-10, PGE2 and GMCSF that previously have
been associated with MDSC expansion, activation or trafficking in other tumor types. It also
appears that several distinct molecules may be involved across the various GBM subtypes
and a single approach to block MDSC activity or expansion may not be applicable for all
GBMs. A variety of targets including STAT3, COX2, CCL2, arginase and CSF1R have been
identified as potential therapeutic strategies to block MDSC-mediated immunosuppression
and more research is needed to take these therapies to the bedside.
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Figure 1. Hematopoiesis and MDSC generation
Under physiological conditions, hematopoietic stem cells (HSCs) give rise to the various

cells that form the hematopoietic system in a tightly regulated process through the
generation of multipotent progenitors (MPPs), common myeloid progenitor (CMPs) and
common lymphoid progenitors (CLPs). CLPs eventually give rise to cells of the lymphocyte
lineage, such as T cells, B cells and NK cells. CMPs give rise to myeloid and erythroid
lineages such as granulocytes, monocytes, platelets and red blood cells (RBCs). Tumor
growth results in aberrant myelopoiesis leading to the accumulation of myeloid progenitor
cells and a mixture of immature myeloid cells. Several tumor derived factors such as
GMCSF, MCSF and IL-3, normally involved in myelopoiesis have been implicated in
MDSC generation. Two main types of MDSCs have been identified, polymorhonuclear
MDSCs (PMN-MDSCs) and monocytic MDSCs (M-MDSCs). M-MDSCs within the TME
can differentiate to tumor associated macrophages (TAMs).

Clin Immunol. Author manuscript; available in PMC 2018 April 09.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Page 21

T cell apoptosis
* Inhibition of JAK-STAT
signaling
Induction of +  GAL9-TIM3 interaction
M2 Macrophages
B 101

e TGFt

\_Proliferative
L-arginine arrestin T cells

f’ _| * Loss of TCR chain

fﬁlﬂ? IL- 10Tg Y $ '—CYste'"e + Inhibition of cell
o= \ Fen

Of <0 Tert & Al e
“NOY Gé ROS,
= o Trus
Induction of
ROS,
Tregs fRNS
rafflckmg to the TME
- Antlgen presentaﬂon Nitration or nitrosylation of

( .’ « Nitration or nitrosylation of Gek2
J TCR, CD8 and CD3 { \
o « Suppressive DCs ; o =
. /;\D Tumor cell
Trafficking to the LN \
« Cleavage of CD62L by MDSC
expressed ADAM17 @ Granulocytic MDSC

G &%) Monocytic MDSC

( . T cells

@;‘ CD4 Treg cells
s 4

Figure 2. M echanisms of MDSC-mediated immunosuppression
MDSCs within and outside the TME can suppress anti-tumor immunity in a variety of ways.

Cleavage of CD62L from the surface of T cells by MDSC expressed ADAM17 blocks naive
T cell migration to lymph nodes, where they would be activated by antigen presenting cells.
Through production of reactive oxygen species (ROS) and reactive nitrogen species (RNS),
MDSCs interfere with T cell activation and recruitment to the TME. By depleting arginine
and cysteine from the extracellular environment of the T cells, MDSCs induce proliferative
arrest in T cells. Additionally through the release of cytokines such as IL-10 and TGF,
MDSCs promote induction of Tregs and M2 macrophage polarization.
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