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Abstract

The most common types of primary brain tumors in adults are gliomas. Glioblastoma multiforme
(GBM) is the most highly aggressive type of glioma. GBM contains various numbers of cells with
characteristics of activated or dysmorphic macrophages/microglia. Among them, some cell types
provide significant support for tumor growth, while others are able to inhibit tumor progression. These
cells are generally considered part of the tumor stroma and are often described as TAMs (tumour-
associated macrophages). The presence of TAMs has been linked to increased tumor grade and poor
clinical outcome in GBM, suggesting that depletion or inhibition of these cells may suppress tumor
growth. A better understanding of tumor microenvironment in the brain would therefore be expected
to contribute to the development of improved therapies for brain tumors that are urgently required
due to a poor availability of treatments for these malignancies. This review summarizes some of the
known interactions between brain tumors and different stromal cells, and also discusses potential
therapeutic approaches within this context.
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Introduction (WHO). GBM is characterized by uncontrolled
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Malignant gliomas are the most common type of
primary brain cancer while patients’ median survival
is approximately 15 months even with aggressive
therapy [1-3]. Gliomas that are classified as grade I,
IL, IIT and grade IV (also referred to as Glioblastoma
multiforme, GBM) according to histopathological
criteria defined by the World Health Organization

http://www.nanobe.org



Nano Biomed Eng 2014,Vol. 6, Issue |

proliferation, areas of necrosis and diffuse infiltration
[4]. GBM is one of the most lethal cancers. Malignant
gliomas represent approximately 80% of all malignant
brain tumors accounting for as many as 26,000
U.S. and European deaths annually, making them a
significant unmet medical need [5]. There has been
no major improvement in survival rate of glioma
patients for the past several decades. Current standard
treatment of GBM is surgical resection of the tumor,
followed by adjuvant radiotherapy and chemotherapy
[6]. Complete surgical resection of GBM is extremely
rare. Radiation therapy, which enhances the necrotic
microenvironment, often results in further tissue
damage and more aggressive tumors. Since surgery,
radiotherapy, chemotherapy, or a combination of
multiple modalities cannot achieve satisfactory
treatment outcomes, the development of effective
therapeutic options on all scientific and clinical fronts
to improve GBM patient outcome is desperately
necessary [7].

The main challenge for successfully treating
GBM is its diffuse infiltration of the adjunction brain
parenchyma that renders the tumor cells refractory to
surgery, chemo-radiotherapy and immune surveillance,
leading invariably to recurrence [8]. The aggressive
invasion by malignant glioma cells into surrounding
normal brain tissues has increasingly been recognized
as an important cause for frequent relapse that leads
to high mortality [9-10]. Therefore investigation of
the mechanism of glioblastoma cell invasion has
received a great deal of interest. Development of
novel therapeutic modalities is hampered by the lack
of reliable prognostic markers and molecular targets.
Despite extensive research, treatment options for
malignant gliomas remain limited. Although GBMs
are immunogenic tumors, they are not eradicated by
the immune system [11]. While immunotherapeutic
approaches have demonstrated safety and promising
preliminary activities, their effectiveness can be
improved by overcoming the immuno-suppressive
mechanisms induced by these tumors [2, 12]. Indeed
there is a growing interest in establishing novel
immunotherapeutic approaches to the management of
GBM npatients.

One difficulty in treating GBM is substantial tumor-
cell and genetic heterogeneity, leading to aberrant
activation of multiple signaling pathways [13-15].
In contrast, noncancerous stromal cells in the tumor
microenvironment are genetically stable therapeutic
targets [16-17]. The contemporary anti-tumor strategies

are shifting from tumor-cell centric to those targeting
various components of the tumor microenvironment
[18-19]. The tumor microenvironment is a mixture of
extracellular matrix molecules, tumor cells, endothelial
cells, fibroblasts, and immune cells [20-21]. Among
the tumor-infiltrating leukocytes, the predominant
infiltrating cells comprise macrophages/microglia,
which are referred to as tumor-associated macrophages
(TAMs). TAMs can contribute to one-third or more to
their actual tumor mass [22-23]. The molecular and
functional characterization of TAMs is a current topic
of investigation, and the interplay between TAMs and
neoplastic cells represents a promising target for future
therapeutic approaches.

Tumor-Associated Macrophages
are in charge of the tumor micro-
environment

TAMs not only stimulate the survival, proliferation,
invasion and metastasis of tumor cells, but also
construct a supportive stroma by promoting tumor
vascularization and suppressing antitumor immunity
by secreting growth factors, immune-suppressive
cytokines and angiogenic factors and metalloproteinase
[24]. The mechanism of this macrophage recruitment
into viable glioblastomas is far from clear. The
functional role of these tumour-infiltrating macrophages
is also largely unknown. Of note, one recent study
suggests that TAMs, arising from peripheral monocytes
rather than resident microglia, are the predominant
inflammatory cells to infiltrate human glioma [9].

Interestingly, there are two macrophage
subpopulations that play separate roles in tumorigenic
processes. Macrophages can become classically
activated (M1 activation) in response to pathogens
and pro-inflammatory molecules, resulting in killing
microorganisms and tumor cells and produce copious
amounts of proinflammatory cytokines and antigen
processing and presentation [25-28]. Classically
activated M1-type macrophages participate in the
coordinated response to immunogenic antigens
primarily through production of proinflammatory
mediators (such as TNF-a, IL-1B, and 1L-12),
upregulation of cell surface molecules necessary
for antigen presentation (including MHC II and
costimulatory molecules CD80 and CD86), and an
overall enhanced ability to phagocytose pathogenic
material [29-31].
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In contrast, macrophage/microglia become
immunosuppressive as designated as M2-type
macrophages in response to anti-inflammatory
molecules such as IL-4 (interleukin-4) and IL-10 and
are unable to produce proinflammatory cytokines,
induce effector T-cell anergy, demonstrate impairments
in cytotoxicity, and induce Tregs because of their anti-
inflammatory functions [25, 32]. Tumor-associated M2
MFs have been shown to promote cancer by secreting
proangiogenic factors and enhancing invasion
mediated by the production of soluble factors such
as transforming growth factor-b (TGF-), interleukin
(IL)-1, vascular endothelial growth factor, and matrix
metallopeptidase. Alternatively activated M2-type
macrophages do not secrete the proinflammatory
mediators IL-1B or TNF-o and are believed to exert
immunomodulation primarily through secretion of
the potent immunosuppressive cytokines 1L-10, IL-6,
and TGF-a, down regulation of cell surface molecules
necessary for antigen presentation including MHC
II, CD80, and CD86, decreased phagocytic capacity,
and upregulation of cell surface antigens FasL and
B7-H1 both known to stimulate programmed cell
death in lymphocytes, among other effects [33-36].
Recent studies also showed that the presence of M2
macrophages is associated with a poor prognosis
for patients with many kinds of tumor, including
gliomas [22, 37-38]. Therefore, it is speculated that
the inhibition of macrophage polarization toward
the M2 phenotype could represent a new strategy for
anticancer therapy.

Features of Tumor-Associated
Macrophages

As previously mentioned, an increasing number
of research indicates that M2-type of TAMs are in
charge of the immunosuppressive function in the
tumor microenvironment [39-40]. Besides, TAMs
also act as the preponderant element included in the
immune infiltration of human malignant glioma, finally
result in facilitation of glioma cell progression. That’s
why it would be extremely important to have a better
understanding about Tumor-Associated Macrophages.

TAMs express immunosuppressive
antigens and soluble mediators

Recent reports have described that glioma TAMs
reduce immunological responsiveness. Glioma TAMs

are now thought to represent an altered phenotype
resulting from the directed influence of tumor cells
upon immune cells in efforts to turn into a suitable
tumor microenvironment [27, 41-42]. As shown in a
recent series of experiments, glioblastoma-conditioned
monocytes dramatically increased immunosuppressive
interleukin-10, transforming growth factor-beta, and
B7-H1 expression, decreased phagocytic ability, and
increased ability to induce apoptosis in activated
lymphocytes [43]. Hence, expression of IL-10 by
TAMs in glioma tissue appears to be an important
immunosuppressive intermediary agent of the glioma
microenvironment, and its subsequent expression
in glioma cells may serve both as an initial agent to
recruit monocytes, as well as the driver of feed forward
loops of immunosuppressive mediator expression
between tumor cells and macrophages within the tumor
microenvironment [41, 44].

Badie et al. demonstrated that nearly every
infiltrating monocyte-derived cell in murine glioma
models expressed FasL [45]. FasL expression can
stimulate programmed cell death in lymphocytes and
also support the growth of experimental intracranial
glioma [46]. Down-regulating FasL expression and/
or function in glial malignancies can enhance T-cell
tumor infiltration and inhibit tumor growth [47].
This hypothesis is strengthened by the finding that
neutralization of FasL results in a significant increase
in the number of tumor-infiltrating lymphocytes in
a murine glioma model [48]. The findings suggest
that targeting endogenous FasL in glial malignancies
could enhance the efficacy of emerging immune-based
treatment strategies.

B7-homologue 1 (B7-H1), a recently identified
homologue of B7.1/2 (CD80/86), has been described
to exert costimulatory and immune regulatory
functions through engagement of the programmed
death receptor (PD-1) on the surface of T cells
[49]. PD-1 activation on T cells by B7-H1 has been
shown to initiate an intracellular signaling cascade
resulting in downregulation of T-cell receptor (TCR)
signaling and may also promote T-cell apoptosis
[50, 51]. Although the precise role of B7-H1 is still
unknown, mutual expression of B7-H1 in both glioma
and TAM cells may provide a critical mechanism
by which lymphocyte suppression is achieved in the
tumor microenvironment. These findings suggest that
inhibition of classically activated antitumor effector
functions of glioma M1-type TAMs may be a long-
lasting regulatory phenotype.
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TAMs reduced antitumor function in
glioma

In addition to the immunosuppressive function
described earlier, TAMs in malignant gliomas
demonstrate a significant reduction in specific
proinflammatory or antitumor function. Much of
this is evidenced by studies showing reductions in
secretion of proinflammatory cytokines and increases
in secretion of inhibitory cytokines. The mature M1
macrophage marker CD14 serves as a coreceptor of
TLR4 and is upregulated in almost all brain tumor [51].
However, downregulation of CD14 has been observed
in TAMs in several other cancers, and Rodriguez and
Parney et al. demonstrated that monocytes isolated
from healthy subjects reduce CD14 (but not CD11b)
expression upon exposure to human glioblastoma cell
lines [43]. This represents another potential mechanism
by which TAMs have diminished antiglioma activity.

Other deficiencies of glioma TAMs found to
promote local immunosuppression are decreased
in the expression of HLA and costimulatory
molecules. Badie and Schartner who used FACS
to demonstrate little to no expression of MHCII,
CD80, or CD86 on macrophages freshly isolated
from rat gliomas. Furthermore, expression of these
costimulatory molecules on TAMs could not be
restored by stimulation with IFN-y or LPS [52].
There is suppressed secretion of IFN-y from CD4+
T cells cultured with GBM-treated monocytes [41].
Similar evidence regarding downregulation of cell
surface molecules and reduction of T-cell activation
were reported by Rodrigues et al., demonstrating
that following coculture with malignant glioma cells,
human monocytes induce apoptosis in activated
autologous T cells [43].

TAMs have also been shown to be short of
phagocytosis. Rodrigues and colleagues demonstrated
a significant decrease in the ability to phagocytose
bacterial cell wall particles following stimulation
in glioma cell conditioned monocytes, as compared
with both astrocyte conditioned and unconditioned
monocytes [43]. In another report, Hussain et al.
demonstrated active phagocytosis of opsonized beads
in macrophages isolated from ex vivo human GBM
specimens [32]. This group further attempted to
show that TAMs isolated directly from human GBM
tumors are deficient of non-MHC-restricted antitumor
cellular toxicity through coculture with a target cell
line derived from malignant human glioma [32]. Their

results indicate minimal cytotoxic ability of these
glioma TAMs, as compared to naive microglia isolated
from normal brain tissue.

TAMs expression of multiple glioma-
promoting mediators: augmenting
glioma progression

Glioma cells could produce a number of
self-supportive factors concurrently with their
corresponding cell surface receptors, together acting
to promote their own proliferation, migration,
angiogenesis, and subsequently tumor extension [53-
56]. Indeed, current models of the glioma tumor
microenvironment suggest a potent milieu of trophic
and immunomodulatory factors bathing all tumor cells
and propagating tumor growth through autocrine and
paracrine loops of expression and stimulation [41].
Less clear than their lack of effector function or their
expression of immunosuppressive mediators, glioma
TAMs are increasingly implicated in the contribution
of glioma-promoting tumor trophic factors to the
local microenvironment. Among the tumor supportive
factors potentially secreted by TAMs, TGF-B, EGF,
and HGF/SF have drawn the most attention, though
dissecting the precise role of TAMs in the production
of these trophic factors remains to be accomplished.

Potential therapeutic targets

Flt-1

Vascular endothelial growth factor (VEGF) is an
requisite angiogenic growth factor to provide adequate
blood supply in tumors. The biological feature of
VEGF family members is mediated by the activation of
tyrosine kinase receptors structurally related to fms/kit/
PDGFR family [57]. Several lines of evidence indicate
that Flt-1, a fms-like tyrosine kinase receptor, which
binds to vascular endothelial growth factor (VEGF)-A,
VEGF-B, and PIGF (Placental growth factor) [58], is
a positive regulator of angiogenesis in the context of
tumor growth and metastasis. Except for endothelial
cells, Flt-1 is also expressed by other different cell
types, including monocytes and macrophages [59-60].

Flt-1 could be involved in macrophage-mediated
tumor growth through at least two pathways: First,
via Flt-1-kinase—dependent macrophage activation
and expression of several proangiogenic factors;
second, Flt-1 might be able to induce the migration of
monocytes toward VEGF-A and PIGF [61-62]. Loss of
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FIt-1 signaling in tumor infiltrating macrophages has
a remarkable suppressive effect on tumor growth and
vascularization in an experimental glioma model [63].
Flt-1 signaling in macrophages has been implicated
in promoting cell survival and migration. VEGF/FIt-
1 in macrophages might serve to amplify expression
of proangiogenic factors, including VEGF itself [64].
Several groups have shown that Flt-1 is crucial for
VEGF dependent monocyte/macrophage migration
[63]. VEGF and PIGF overexpression by tumor cells
induced an accumulation of bone marrow—derived
myeloid cells into tumor site. This infiltration was
decreased in tumors grown in Flt-1 TK-/-bone marrow
chimeras [65-66].

Flt-1 signaling in macrophages might be able to
amplify the expression of available VEGF in the
glioma tissue and might represent an important step
particularly in the initial phases of tumor growth [67].
Therefore, targeting Flt-1 receptor in bone marrow—
derived infiltrating macrophages might be a prospective
approach towards the future antiangiogenic therapies
in gliomas.

CSF-1R

Colony-stimulating factor 1 receptor (CSF1R)
is involved in macrophage differentiation and
survival. CSF-1R blockade slowed intracranial
growth of patient-derived glioma xenografts. CSF-
IR inhibition blocks glioma growth and progression
through a mechanism in which TAMs are not depleted
but are instead ‘re-educated’ within the glioma
microenvironment [13]. TAMs in all GBM models
were specifically protected from CSF-1R inhibitor—
induced death. This contrasted with the observed
depletion of microglia in the normal brain and the
depletion of macrophages in other tissues, which is
consistent with previous reports [68-69]. Modeling
these microenvironment-mediated effects in culture
allowed us to identify GM-CSF and IFN-y as glioma-
supplied factors that facilitate macrophage survival in
the context of CSF-1R inhibition.

The new drug, called BLZ945, penetrates the
brain and has high affinity and specificity for colony-
stimulating factor 1 receptor (CSF-1R), specifically
reduced macrophage proliferation and survival in
vitro without affecting glioma cell viability [24]. Its
antitumor effect was mediated by decreased tumor cell
proliferation and vascularity and increased apoptosis
following BLZ945 treatment. However, BLZ945 did
not promote depletion of TAMs, which were protected

from CSF1R inhibition by glioma-secreted factors.
In contrast, BLZ945 triggered downregulation of
protumorigenic, alternatively activated M2 macrophage
markers and enhanced the phagocytic function
of glioma-derived TAMs, suggesting that CSFIR
blockade—induced depolarization inhibits the tumor
promoting activity of TAMs [13]. Indeed, BLZ945
suppressed glioma cell-TAM heterotypic signaling,
resulting in decreased glioma cell proliferation.
Moreover, gene signatures associated with BLZ945
treatment were predictive of increased overall survival
in patients with proneural GBM, independent of
macrophage numbers [70]. These findings suggest that
re-education, rather than depletion, of macrophages
in the tumor microenvironment, combining CSF-
1R inhibition with standard-of-care therapies, such
as radiation and temozolomide may provide more
efficient therapeutic options for patients with GBM.

TGF-B1-TGFBR2 pathway

In primary human gliomas and orthotopical
transplanted syngeneic glioma, the number of TAM/
Ms at the invasive front was correlated with the
presence of CD133+ glioma stem-like cells (GSLCs),
and these TAM/Ms produced high levels of TGF-B1
[9]. CD133+ GSLCs isolated from murine transplanted
gliomas exhibited higher invasive potential after being
cocultured with TAM/Ms, and the invasiveness was
inhibited by neutralization of TGF-B1. It also has been
found that human glioma-derived CD133+ GSLCs
became more invasive upon treatment with TGF-B1.
In addition, compared with CD133- committed tumor
cells, CD133+ GSLCs expressed higher levels of type
II TGF-p receptor (TGFBR2) mRNA and protein, and
downregulation of TGFBR2 with short hairpin RNA
inhibited the invasiveness of GSLCs [71]. Mechanism
studies revealed that TGF-B1 released by TAM/Ms
promoted the expression of MMP-9 by GSLCs, and
TGFBR2 knockdown reduced the invasiveness of
these cells in vivo [72-73]. These results demonstrate
that TAM/Ms enhance the invasiveness of CD133+
GSLCs via the release of TGF-B1, which increases
the production of MMP-9 by GSLCs. Therefore, the
TGF-B1 signaling pathway is a potential therapeutic
target for limiting the invasiveness of GSLCs.

Infiltrating leukocytes are responsible for the
accumulation of TGF-B1 at the invasive front area of
tumor, whereas glioma cells are reported to produce
TGF-B2 [70-71]. Once activated, TGF-p binds to the
type II TGF-B receptor (TGFBR2). The ligand-bound
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TGFBR?2 is then able to efficiently trans-activate the
type I TGF-P receptor (TGFBR1), which transduces
intracellular signals through canonical Smad-
dependent and/or Smad-independent pathways, such
as ERK, p38, Rac ,and PI3K—Akt pathways [74-77].
TAM/Ms significantly enhance the invasive capability
of GSLCs through paracrine production of TGF-f1 and
the TGF-B1-TGFBR2 signaling pathway. TGFBR2
knockdown was shown to decrease the invasion of
GSLCs both in vitro and in vivo.

Furthermore, GSLCs possessed high invasive
ability, especially after coculture with TAMs that were
derived from transplanted tumors or pretreatment
with exogenous TGF-B1 [78]. Moreover, recent
studies showed that TGF-B can increase self-renewal
capability of GSLCs [34, 71, 77]. Additionally, TAMs
also produce factors such as TGF-B1 and IL-10 that
may enhance tumor immune suppression and facilitate
tumor progression [79]. Whether or not the TGF-
signaling pathway contributes to other biological
properties of GSLCs, such as invasion, remain to
be explored. Development of therapeutic strategies
against the TGF-B1-TGFBR?2 signaling pathway and
exploration of effective means for conversion of tumor-
infiltrating macrophages into anti-tumor M1 phenotype
may present new countermeasures to disrupt glioma
invasion.

CAV1

Caveolin-1 (CAV1), a plasma membrane molecule
with pleiotropic functions, is significantly up-regulated
in monocytes in the presence of GBMs [80]. siRNA
inhibition of CAV1 restores myeloid cell function, as
measured by TNF-alpha secretion, in the presence of
GBMs. To determine if a single, dominant molecule
was responsible for the GBM-mediated suppression of
TAM function, a comprehensive, array-based approach
to identify pathways and mechanisms by which GBMs
suppress myeloid cell activation was performed.
Caveolin-1 (CAV1) was identified as significantly up-
regulated in myeloid cells in the presence of GBM
tumor cells [81]. CAV1 was initially described as
a member of a family of scaffolding proteins that
interacts with signaling molecules and regulates their
activity. It has been reported to have many functions,
including the formation of caveolae, membrane
trafficking, signal transduction, apoptosis, calcium
and lipid homeostasis [82]. More recent evidence
indicates that CAV1 also suppresses inflammation
[83]. CAV1 expression has been demonstrated

in multiple immune cells including monocytes/
macrophages, dendritic cells, and lymphocytes [84].
Similar to the findings in human GBMs, upregulation
of CAV1 in murine macrophages dramatically reduced
proinflammatory cytokine production (TNF-alpha
and IL-6) and increased anti-inflammatory cytokine
production (IL-10) [85]. Reported mechanisms of
CAV1 mediated immunosuppression in murine models
include inhibition of eNOS activity and activation of
the MKK3/p38 pathway. Taken together, these data
indicate that GBM-mediated suppression of tumor-
associated myeloid cell function is mediated at least
in part by CAV1, and importantly, that activity can
be restored by suppressing CAV1. Currently FDA
approved pharmacological inhibitors of CAV1 such as
lovastatin and celecoxib may be useful in altering the
local tumor microenvironment.

Stat3

Signal transducer and activator of transcription-3
(Stat3) affects the tumor microenvironment and
tumor development by virtue of its association with
immunosuppression, angiogenesis, and cancer cell
proliferation [86-87]. In some kinds of malignant
tumors, including high grade glioma, patients with high
Stat3 activation in tumor cells have significantly worse
clinical prognosis [88]. Therefore, Stat3 is thought to
be an important target molecule for anticancer therapy,
and many researchers have introduced various kinds
of Stat3 inhibitors as anticancer drugs [89]. Stat3
signaling in macrophages is known to participate in
regulating immune responses. Targeted disruption
of Stat3 signaling resulted in activation of antigen
specific T cells, and suppressed tumor development
in murine cancer models [90-92]. In patients with
glioblastoma, inhibition of Stat3 not only suppressed
tumor cell growth but also reversed immune tolerance
by impairing the immunesuppressive function of
alternatively activated macrophage/microglia [93].

M2 macrophages were found to support proliferation
of glioma cells through Stat3 activation. Cell—cell
interaction during direct contact between tumor cells
and macrophages contributes to strong activation
of macrophages, which in turn activates tumor cells
[94]. In vitro results of the use of a receptor-type
tyrosine kinase (RTK) array revealed the importance
of macrophage-colony stimulating factor receptor
(M-CSFR) activation in this cell—cell interaction. The
crucial role of macrophage-colony stimulating factor
(M-CSF), especially membrane-type M-CSF (mM-
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CSF), and its binding to M-CSFR during direct cell—
cell interactions between tumor cells and macrophages
was determined [95]. The M-CSFR/Stat3 signals might
well prove to be a promising therapy target for patients
with high grade glioma.

SDF-1

A number of tumor-derived chemoattractants,
including chemokines and chemokine receptor families,
are thought to ensure TAM recruitment. Among the
factors that can contribute to the invasive phenotype
of glioma cells, stromal-derived factor-1 (SDF-1) has
gained increased attention recently. SDF-1 through its
receptor, CXCR4, has been shown to be a major player
in tumor metastasis and growth in several human
malignancies [96-97]. The SDF-1/CXCR4 axis brings
about these effects by recruiting bone marrow derived
cells to neovascular niches to promote angiogenesis,
as well as stimulating the proliferation and survival
of tumor cells in a paracrine manner [38]. A major
stimulus for SDF-1 production is hypoxia through the
generation of HIF-1. The SDF-1 can in turn enhance
the survival of bone marrow-derived mesenchymal
stem cells under hypoxic conditions through activation
of PI3K/Akt and ERK1/2 pathways [98-99]. SDF-1 in
brain tumor invasion provides a new preclinical brain
tumor model for designing new treatment options for
invasive cases.

CX3CR1

The chemokine CX3CL1 (also known as fractalkine
or neurotactin) exists as a membrane-anchored and
potentially soluble form, which suggests that it can
exert both localized and systemic effects, and that it
may be involved in immune responses that underlie
various human diseases [100]. Interestingly, CX3CR1
(also termed RBSI11 or V28), the highly specific
receptor for CX3CL1, is not only expressed on
monocytes, dendritic cells, T cell subsets, endothelial
cells, and platelets, its robust expression has also been
described on microglial cells from normal CNS tissue
[100-101]. Although a role for CX3CL1/CX3CRI1
in tumorigenesis has been established, it was shown
in mice that CX3CR1 deficiency does not impact
on glioma growth or infiltration of microglia and
lymphocytes [102]. Nevertheless, little is known about
the expression and function of CX3CR1 in human
glioma-infiltrating microglia/macrophages (GIMs),
in part because of the scarcity of fresh human glioma
tissue and the technical difficulties in obtaining pure
human GIMs from CNS tissue [103]. CX3CR1 was

overexpressed in gliomas at both the mRNA and
protein level and was expressed in GIMs in situ. As
revealed by co-localization of CX3CR1 with ionized
calcium-binding adapter molecule 1 (Ibal) and CD11b/
¢, CX3CRI1 was exclusively found to be expressed
on GIMs [104]. Moreover, following enrichment of
GIMs from fresh human glioblastoma samples, it has
been showed that CX3CL1 promoted GIMs adhesion
and migration in vitro [105]. Finally, based on the
CX3CL1-induced up-regulation of their expression,
it has been identified that the matrix metalloproteases
(MMPs) 2, 9, and 14 act as potential candidates
facilitating these properties.

MIF

Macrophage migration inhibitory factor (MIF) is
currently emerging as a key factor in glioma [18].
For example, its expression correlates well with
glioma recurrence and poorer prognosis and, thereby,
MIF is currently being considered as a valuable and
independent prognostic indicator for patients with
glioma [106]. MIF is also expressed by a variety of
immune cells, including macrophages, lymphocytes,
and eosinophils, as well as by endothelial cells
and epithelial cells. Further, MIF has been shown
to promote tumor progression in many types of
malignancies and been implicated as a direct link
between the process of inflammation and tumor
growth, thus making it a potential target for anti-cancer
treatment [107].

Multifunctional nanoparticles
targeting TAMs for glioma therapy

Despite tremendous efforts to develop diagnostic
tools and therapeutic avenues, the treatment of glioma
remains a formidable challenge in the field of neuro-
oncology [108]. Chemotherapy for intracranial gliomas
is hampered by he complexity of the brain and limited
delivery of therapeutic agents through the blood
brain barrier (BBB) [109]. The BBB maintains the
homeostasis of the highly sensitive central nervous
system (CNS) and protects the brain from neurotoxic
substances prevalent in the peripheral circulatory
system. This comprises of endothelial cells that does
not allow entry of exogenous material, bacteria,
viruses and chemotherapeutic agents. However, BBB
allows the passage of small sized particles that are
hydrophobic in nature [110]. An optimal therapeutic
agent for brain tumors would selectively cross the
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BBB, accumulates at the site of a tumor, preventing
adequate destruction of malignant cells and be
activated from an innocuous prodrug within the tumor.

The field of nanomedicine has opened opportunities
for improved brain cancer diagnosis and treatment. By
using a nanometer sized delivery system, a significant
drug loading per unit volume can be achieved, which
is of crucial importance when high dosing is required
[111]. With the rapid development of nanotechnology
for biomedical applications, multifunctional
nanoparticles offer the potential to improve upon many
of these issues and may lead to breakthroughs in brain
tumor management. Multifunctional nanoparticles
containing optical, thermal, and magnetic properties
are promising systems that offer new opportunities
to overcome the limitations of current brain tumor
management options in the clinic [108]. Polymeric
nanoparticles are amongst the most preferred delivery
system for treatment of cancers due to higher
penetrability, sustainability, degradability and better
payload. Chemotherapy-loaded nanoparticles have
resulted in sustained release formulations that can
lower systemic toxicity and produce greater antitumor
effects. The field has been moving at a rapid pace,
enabling nanoparticles to be utilized in recent clinical
trials [112]. Small sized particles are better permeated
though the barrier with the target ability to the TAMs
cells. While not exhaustive, the list of nanoparticles
being used in the treatment of experimental GBM
includes polymeric particles, micelles, nanoshells,
quantum dots, and magnetic iron-oxide nanoparticles
(IONPs). Nanotubes are another formulation of
nanoparticle, being used to create structures that can
trap diagnostic or therapeutic modalities within a cage
[108, 109].

BLZ945 has high affinity and specificity for colony-
stimulating factor 1 receptor (CSF-1R), specifically
reduced macrophage proliferation and survival in vitro
without affecting glioma cell viability [13]. BLZ945
may be incorporated into the nanoparticle structure for
therapy targeting TAM. Amphotericin (AmpB) B has
been validated as an activator of monocytoid cells and
found that AmpB enhanced the microglial reduction
of BTIC (Brain tumor initiating cells spheres. It
has been noted that monocytes and microglia from
glioblastoma patients were unable to reduce BTIC
sphere formation until they received AmpB [113]. It
can be formed into stable nanometer-sized prodrugs
that inhibit the growth of BTIC, suggesting its

potential application as anticancer agent. The nitrogen
mustard cyclophosphamide induces an acute secretory
activating phenotype (ASAP), releasing CCL4,
IL8, VEGF, and TNFa which induce macrophage
infiltration and phagocytic activity in the bone marrow
[114]. A liposomal encapsulation of the alemtuzumab
and CTX (cyclophosphamide) is another delivery
system resulted in a dramatic synergistic effect in
tumor microenvironments. Despite the tremendous
efforts thus far, only a few nanoparticle systems have
been approved for clinic trials, indicating that many
obstacles still need to be overcome in order to make
these freely available for clinical treatment. Phase
III studies will need to be undertaken to prove their
effectiveness. Nanotechnology has quickly become a
very promising tool in the ongoing research to tackle
the difficulties in treating GBM.

Conclusion

Tumor-associated monocytes/microglia in malignant
gliomas seem to be a dreadful enemy, resulting in
an altered activation state within the local tumor
microenvironment characterized by upregulation of
potent immunosuppressive mediators, deficiencies
in antitumor effector functions, and participation
in paracrine tumorigenic signaling loops involving
expression of trophic factors and their cognate
receptors (summarized in Figure 1). Although the
role of different cell types that constitute tumor
microenvironment of glioma remain unclear during
tumor progression, a turning point seems to occur
late in tumor development, perhaps providing a better
opportunity for clinically based immunotherapy.
Given the compelling evidence that TAMs contribute
significantly to the creation and maintenance of
immunosuppression and tumor progression, it is
unlikely that clinically effective immunotherapy
against malignant gliomas will be achieved until
we gain a better understanding of how to influence
TAM function in the local tumor microenvironment.
Nanoprodrug may also play a significant auxiliary role
in the immunotherapy towards glioma while traditional
therapeutic agents are difficult to be delivered through
the blood brain barrier (BBB).
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