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Abstract

Microglia are myeloid cells residing in the central nervous system that regulate

innate and adaptive immune responses in development, infections, and neuro-

pathological disorders. Clinical and experimental data show that microglia

constitute the dominant immune infiltrate in malignant gliomas. The clinical

significance of the mononuclear infiltrate in gliomas remains the subject of

controversy. Despite accumulation of these immune cells in both low and high

grade gliomas, the antitumor immune response is defective in glioblastomas.

Some evidence shows the immunosuppressive and pro-invasive action of

glioblastoma-infiltrating microglia. Molecular mechanisms responsible for

dual and likely opposite role of these cells are being recently unraveled. This

chapter summarizes the latest findings on the heterogeneity of glioma-infiltrating

microglia/macrophages, functional characterization of their phenotype, and

contribution to glioma pathology. Recent attempts to determine a profile of

cytokine/chemokine production and gene expression profiling in CD11b+ cells

isolated from patients or rodent gliomas revealed their similarity to alternatively

activated, the M2-type macrophages observed in other tissues. Glioma-

infiltrating microglia/macrophages acquire the alternative, pro-invasive pheno-

type in which their phagocytic, trophic, and tissue remodeling functions are

enhanced. Cell culture and organotypic brain slice culture studies demonstrated

the pro-invasive activity of microglia, and their polarization into tumor support-

ive cells. This is supported by studies of rodent experimental gliomas which

reproduce glioblastoma pathology. Genetic or pharmacological ablation of

microglia/macrophages impairs glioma growth, extends survival, and in some

cases restores to some extent antitumor immune responses. The potential for

targeting interactions between glioma and infiltrating microglia/macrophages in

B. Kaminska (*)

Laboratory of Molecular Neurobiology, Nencki Institute of Experimental Biology, 3 Pasteur Str.,

02-093 Warsaw, Poland

e-mail: bozenakk@nencki.gov.pl

A. Sedo and R. Mentlein (eds.), Glioma Cell Biology,
DOI 10.1007/978-3-7091-1431-5_9, # Springer-Verlag Wien 2014

241

mailto:bozenakk@nencki.gov.pl


therapeutic interventions is discussed. Small molecule inhibitors of mitogen-

activated protein kinase (MAPK)-signaling with immunosuppressive or anti-

inflammatory properties, such as cyclosporine A and minocycline, were shown

to block infiltration and activation of microglia in vitro and in organotypic brain

slices. These molecules reduce infiltration of microglia/macrophages, angiogen-

esis, and tumor growth of experimental gliomas providing a rationale for

blocking pro-invasive functions of microglia/macrophages as a new therapeutic

strategy in glioblastomas.

Keywords

Glioma • Infiltrating microglia/macrophages • M1/M2 phenotype • Gene expres-

sion • Pro/anti-inflammatory cytokines • Tumor angiogenesis

Abbreviations

BM Bone marrow

G-CM Glioma-conditioned medium

GDNF Glial cell-derived neurotrophic factor

GFP Green fluorescent protein

GLUT5 Glucose transporter 5

GM-CSF Granulocyte-macrophage colony stimulating factor

HO Heme oxygenase

IFN Interferon

IL Interleukin

LPS Lipopolysaccharide

MAPK Mitogen-activated protein kinase (ERK1 and ERK2)

MCP-1 Monocyte chemoattractant protein-1 (CCL2)

M-CSF Macrophage colony stimulating factor

MMP Matrix metalloproteinase

MT1-MMP Membrane type 1-MMP (¼MMP14)

RANTES Regulated on activation normal T cell expressed and secreted, CCL5

TGF Transforming growth factor

TLR Toll-like receptor

TNF Tumor necrosis factor

Treg Regulatory T cell

TREM2 Triggering receptor expressed on myeloid cells 2
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9.1 Introduction

Microglia are an abundant portion of the central nervous system (CNS) cell

population comprising 5–20 % of the total glial cell population. Microglial cells,

in contrast to other CNS cell types, are of myeloid origin. The consensus pheno-

typic profile for the microglial cell is: CD68+, CD45low, CD11b+, CD11chigh, MHC

class II+, CD14 (Guillemin and Brew 2004). Apart from resident microglia,

extraparenchymal brain macrophages normally exist in the CNS as perivascular,

choroid plexus-associated, and meningeal macrophages; therefore, the term “brain

macrophage” is used to encompass all types of macrophages infiltrating the brain.

Neurons control microglial function by physical contact or by releasing

neurotransmitters, peptides, and/or growth factors including gamma-aminobutyric

acid, glutamate, catecholamines, CD22, CCL21, fraktalkine (CX3CL1), which act

on receptors present on microglia membrane. The surface molecule CD200 widely

expressed on neurons, astrocytes, and oligodendrocytes via its receptor CD200R

(exclusively expressed on microglia) leads to inactivation of microglia and keeps

them in a resting state (Cardona et al. 2006; Kierdorf and Prinz 2013). Under

physiological conditions, microglia perform tissue surveillance in the nervous

system and produce neurotrophic factors supporting cell survival, regeneration,

and neurogenesis (Neumann et al. 2009). These cells can respond to changes in

sensory activity and can influence neuronal activity. During development and

neurogenesis, microglia interactions with neurons help to shape the final patterns

of neural circuits. Activated microglia can remove damaged cells as well as

dysfunctional synapses, in a process termed “synaptic stripping” (Kettenmann

et al. 2013).

One of the most remarkable features of microglia is their ability of morphologi-

cal and functional plasticity in response to activating stimuli. In vivo imaging

studies of transgenic mice, in which all microglia are fluorescently labeled after

replacing the Cx3cr1 gene with the gene encoding enhanced green fluorescent

protein, have revealed that in the brain, microglia are highly dynamic, moving

constantly to actively survey the brain parenchyma. Transcranial time-lapse

two-photon imaging of GFP-labeled microglia demonstrates that microglial cells

display a ramified morphology with microglial processes highly dynamic in the

intact mouse cortex. However, under number of pathological conditions, ramified

microglia will activate and engage a series of morphological alterations that leads to

a hypertrophy of microglial cell body and a retraction of their ramifications

(Nimmerjahn et al. 2005; Hanisch and Kettenmann 2007). Fully activated (reactive)

microglia harbor an amoeboid morphology similar to an activated macrophage.

Microglial processes are highly motile and respond to chemoattractant molecules

released by damaged or apoptotic cells (“find-me” signals) such as fractalkine and

extracellular nucleotides (ATP, UDP). An engulfment synapse is formed between

microglial receptors and their ligands in the membrane of the apoptotic cell (“eat-

me” signals), leading to the tethering and engulfing of the apoptotic cell in a

phagosome which matures by fusing with lysosomes. The apoptotic cell is fully

degraded in the phagolysosome in less than 2 h (Sierra et al. 2013).
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Detection of pathogen-associated molecular patterns (PAMPS) is mediated

through scavenger receptors, Toll-like receptors (TLRs) such as the CD14/TLR4

complex, or receptors of the immunoglobulin superfamily (e.g., c-type lectins).

Detection of apoptotic cells, in particular exposure of phosphatidylserine in the

outer leaflet of the cell membrane, is mediated directly by several receptors,

including brain-specific angiogenesis inhibitor 1—BAI-1 (Armstrong and

Ravichandran 2011), and by bridging molecules such as milk fat globule-epidermal

growth factor (MFG-E8). Another receptor is triggering receptor expressed on

myeloid cells-2 (TREM2), whose loss of function prevents microglial phagocytosis

(Takahashi et al. 2007). Anionic oligosaccharides such as bacterial lipopolysac-

charides and heat shock protein 60 (Hsp60) exposed in the surface of apoptotic cells

have been proposed as TREM2 ligands (Stefano et al. 2009). Antibodies (IgG) and

proteins of the complement system such as C3b bind to Fc receptors and comple-

ment receptor 3 (CR3) on microglia, and mediate phagocytosis (Goodridge

et al. 2012). Apoptotic cell clearance is generally an immunologically silent process

and a common feature of microglial phagocytosis via TREM-2 or phophati-

dylserine receptors is a release of anti-inflammatory cytokines such as interleukin

(IL)-10 and transforming growth factor beta (TGFβ) (Ravichandran 2010).

Microglial cells rapidly respond to pathological insults, becoming activated to

induce a variety of effects that may contribute to both pathogenesis, or to confer

neuronal protection. Once activated, they become immune effector cells mediating

both innate and adaptive responses (Graeber and Streit 2010; Yang et al. 2010).

Proper antigen presentation is critical in the generation of specific, durable

responses by the adaptive immune system, and requires interaction between the T

cell receptor and processed antigen peptide presented on major histocompatibility

complex (MHC) molecules by the antigen presenting cells (APC).

Gliomas are the most frequent primary CNS tumors. According to the WHO

classification gliomas are divided in low-grade (grades I and II) and high-grade

(grades III and IV) tumors. Low-grade tumors are well-differentiated, slow-growing

lesions. Grade I tumors are well restricted and surgically curable, whereas grade II

tumors are diffuse, infiltrating lesions with a potential for progression towards a

high-grade tumor. Pilocytic astrocytomas (grade I) also differ from diffuse

astrocytomas in their altered and increased expression of immune response genes

(Huang et al. 2005). TheWHO classification divides the malignant gliomas of adults

into astrocytic tumors—the most malignant of which is termed glioblastoma—as

well as oligodendrogliomas and oligoastrocytomas. Glioblastoma is considered to

be one of the most difficult human malignancies to manage, due to frequent

dysfunctions of tumor suppressors and oncogenes. These highly infiltrative tumors

often invade into normal brain tissues preventing surgical resection. Glioblastoma

develops several mechanisms that mediate tumor escape from immune surveillance

and produce immunosuppressive factors which results in T-cell anergy or apoptosis

(Prins and Liau 2004; Albesiano et al. 2010). The mean survival of patients with

glioblastoma has only increased slightly and generally ranges between 1 and 2 years

in spite of recent therapeutic advancements.
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Histopathologic studies of glioma tissue have shown consistently high levels of

infiltrating microglia. Though, microglia could play a role in the immune defense

against gliomas, their unharmed growth and highly malignant behavior indicates

that microglial immune defense mechanisms do not function properly in these

tumors (Graeber et al. 2002; Hussain et al. 2006a, b). In fact, recent evidence

indicates that glioma-infiltrating microglia/macrophages promote glioma growth,

invasion, and facilitate immunosuppression (Charles et al. 2012). In this chapter I

will review microglial origin, phenotype, and activities in gliomas, and provide a

plausible explanation for their dual role in these tumors.

9.2 Microglia/Macrophage Accumulation in Gliomas

9.2.1 Evaluation of Microglia/Macrophage Content in Gliomas
by Immunohistochemistry

Although the presence of leukocytes within tumors has been recognized for over

100 years, advancements in histological techniques and flow cytometry allowed

estimation of the extent of tumor infiltration by myeloid cells. In one of the first

studies, the authors have analyzed 47 CNS (11 glioblastomas, 9 meningiomas,

3 medulloblastomas, 12 primary neural tumors, and 12 brain metastases) for their

content of macrophages. Cell suspensions were prepared by enzymatic digestion

and macrophages were determined by IgGEAC rosette assay (Morantz et al. 1979).

The 11 glioblastomas had a mean macrophage content of 45 % (from 8 % to 78 %),

the 9 meningiomas had 44 % (from 5 % to 81 %), the 3 medulloblastomas 6 %

(from 2 % to 15 %), and the metastatic tumors 24 % (range: 4 % to 70 %) (Morantz

et al. 1979). Immunohistochemical studies by Morimura et al. (1990) using macro-

phage markers: Fc-gamma (Fcγ) and complement receptors found in average 20–

30 % positive cells of all cells present in 12 gliomas. Microglial cells were

recognized by a restricted panel of macrophage markers (anti-Fcγ receptors 1, 2,

3, complement receptor CR3, HLA-DR, common leukocyte antigen CD45, and the

monocyte marker RM3/1). Only low numbers of T cells were detected in the

tumors. In peritumoral tissue mainly dendritic, microglia-like cells were present,

with decreased expression of antigens CD4, RM3/1, and Fcγ receptors in compari-

son to those in gliomas (Morimura et al. 1990).

Morris and Esiri (1991) used monoclonal antibodies Mac387, KP1, and the

lectin RCA-1 to stain for macrophages and microglia in 27 gliomas. They found

RCA-1 to be the superior tool for detecting most macrophages and microglia, and

detected more macrophages and microglia in high-grade gliomas than in low-grade

(Morris and Esiri 1991). A study by Wierzba-Bobrowicz et al. (1994) using lectin

RCA-1 on a panel of 40 gliomas demonstrated the presence of both the ramified and

amoeboid microglia in the protoplasmic and fibrillary astrocytomas, while in

glioblastoma and anaplastic astrocytomas the greatest number of amoeboid

microglia and very rarely ramified microglial cells were found. In the
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non-anaplastic tumors such as gemistocytic astrocytomas, numerous but mostly

ramified microglia have been observed.

Further studies of 72 brain tumors of different types using the monocyte/macro-

phage lineage markers (Ki-M1P, HLA-DR, KP1, My4, My7, Ki-M1, Ki-M6, EBM

11) showed the largest number of ramified and ameboid microglia as well as

macrophages among glioblastoma and anaplastic gliomas (Roggendorf

et al. 1996). Fewer, predominantly amoeboid, microglia cells were found in glial

tumors of low malignancy. Neuronal tumors showed only a mild increase of

microglia suggesting some type of specificity for microglia–glioma interactions.

Gemistocytic astrocytomas contain unusually high numbers of microglial cells

and aberrant MHC Class II expression by tumor cells correlates with loss of

immune-competent microglia. Although these tumors are graded as WHO grade

II astrocytomas and their proliferative potential is low, they behave aggressively.

Their poor prognosis could be due to pro-invasive role of microglia (Klein and

Roggendorf 2001). An immunohistochemical double-labeling study of pilocytic

astrocytomas and astrocytomas WHO grade II–IV using the antibodies Ki67 (as

proliferation-marker) and CD68 (as microglia marker) demonstrated that microglial

cells in astrocytic brain tumors proliferate, with the highest rates of proliferating

microglia especially in pilocytic astrocytomas. The proliferation indices of

microglia were lowest in fibrillary astrocytoma (Klein and Roggendorf 2001).

Our unpublished studies using HLA-DP, DQ, DR immunohistochemistry on a

panel of brain tumors confirmed the strong immunoreactivity reflecting microglia/

macrophage accumulation in glial tumors. Positive cells were localized diffusely

throughout the tumor, around vessels; we did not observe the presence of positive

cells in the areas of palisading necrosis. Malignant embryonal tumors such as PNET

(primitive neuroectodermal tumors) or medulloblastoma did not show HLA-DP,

DQ, DR immunoreactivity (Fig. 9.1). In adult gliomas we found the significant

correlation between HLA-DP, DQ, DR immunoreactivity and tumor grade. Such

correlation was not observed among pediatric tumors. Interestingly, we found

numerous, but mostly hypertrophic HLA-DP, DQ, DR positive cells in pilocytic

astrocytomas, while most HLA-DP, DQ, DR positive cells were amoeboid in

glioblastoma. A meta-analysis of five microarray datasets characterizing the

expression profiles of immune-defense associated and inflammatory genes in

gliomas of different grades showed the reduced expression of many immune

response and TLR signaling pathway genes in glioblastomas (unpublished). It

suggests a dual role of glioma-infiltrating microglia/macrophages which in

low-grade gliomas may exert effective antitumor responses.

Several studies reported different accumulation of macrophages/microglial cells

in tumors of different grades. The number of CD68+ cells was higher in glioblas-

toma (glioblastoma multiforme, GBM) than that in grade II or III gliomas and

positively correlated with vascular density (Nishie et al. 1999). Infiltrating CD68+

cells were positively stained for heme oxygenase (HO)-1 that indicated HO-1

expression in infiltrating microglia/macrophages in gliomas. Deininger

et al. (2000) reported that the number of macrophages/microglial cells, expressing

cyclooxygenase (COX)-1, was significantly lower in oligodendrogliomas than in
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anaplastic oligodendrogliomas (Deininger et al. 2000). A study using another

microglial marker, glucose transporter 5 (GLUT5), indicated that the number of

GLUT5-positive microglia/macrophages was significantly higher in astrocytic

tumors than in oligodendroglial tumors (Sasaki et al. 2004).

Infiltration experimental gliomas with microglia/macrophages have been

demonstrated in rodent animal glioma models using immunohistochemical staining

for Iba1 or CD68 antigens. Mouse glioma 261 (GL261) cells that carry point

mutations in the K-ras and p53 genes are frequently used as a model of experimen-

tal glioblastoma. Transplanted GL261 cells develop both subcutaneous and

Fig. 9.1 Accumulation of microglia/macrophages in human brain tumors of different grades. The

abundance of microglia/macrophages was determined immunohistochemically by evaluating

HLA-DP, DQ, DR expression on paraffin-embedded sections of glioma biopsies from juvenile

pilocytic astrocytoma (a), pleomorphic xanthoastrocytoma (b), primitive neuroectodermal

tumor—PNET (c), and glioblastoma multiforme (d). Intense positive staining (brown) is present
(magnification:�100, inset:�200) intratumorally and around vessels. Note the ramified morphol-

ogy of HLA-DP, DQ, DR immunoreactive cells in anaplastic astrocytoma (b) and more amoeboid

morphology of HLA-DP, DQ, DR immunoreactive cells in glioblastoma (d). No positive staining

was detected in the areas of palisading necrosis (N) in glioblastomas
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intracranial tumors in immunocompetent C57BL/6 mice (Szatmári et al. 2006;

Maes and Van Gool 2011). Microglia/macrophages accumulation was detected

by Iba1 staining in experimental GL261 gliomas (Färber et al. 2008; Markovic

et al. 2009). Histological detection of Iba1 antigen and flow cytometry studies show

accumulation of microglia and macrophages in intracranial GL261 gliomas

(Gabrusiewicz et al. 2011; Sielska et al. 2013).

The experimental rat RG-2 gliomas in rats were heavily infiltrated with

microglia/macrophages, and infiltrating cells were positive for MHC Class II

(Ia) antigens (Morioka et al. 1992a). Activated cells expressing CR3 complement

receptor and MHC class II (Ia) antigen were found throughout the tumor and with

increased density along the tumor periphery (Morioka et al. 1992b). Cells

expressing the ED2 epitope (considered to be macrophages) were almost exclu-

sively of the perivascular type and did not show distribution similar to MHC class II

(Ia) expressing cells. The ED2 epitope was found sporadically on ramified

microglial cells. The results showed glioma infiltration with microglia and blood

mononuclear cells, and no evidence of tumor destruction (Morioka et al. 1992b).

Another glioma model is a transgenic rat expressing v-erbB (a viral, oncogenic

form of the epidermal growth factor receptor) under transcriptional regulation by

the S100-β promoter that develops a brain tumor. A recent study that assessed Iba1

staining for microglia/macrophages in brain tumors in transgenic rats (five malig-

nant glioma, four anaplastic oligodendroglioma, four astrocytoma) demonstrates

Iba1+ cells in the tumor core of malignant gliomas that were more activated than

Iba1+ microglia of non-neoplastic brain tissue and intraparenchymal anaplastic

oligodendrogliomas. Iba1 expression was positively correlated to Ki-67 expression

in all the gliomas that suggests ongoing microglial proliferation. Most Iba1+ cells

showed no or little expression of putative M2 phenotype markers, CD163 or

CD204, in transgenic rats (Sasaki et al. 2013).

A new glioma model (ALTS1C1) derived from primary astrocytes transformed

by SV40 large T antigen, followed by serial subcutaneous and intracranial passages

in syngeneic C57BL/6J mice, was recently introduced. It recapitulates numerous

neuropathological features of human high-grade gliomas and shows accumulation

of microglia/macrophages in ALTS1C1 tumor-bearing brains (Wang et al. 2012).

The authors noticed different expression levels of F4/80 and CD68 markers: in the

primary tumor core both markers were expressed almost equally and overlapped,

while in the tumor margin and the infiltration islands there were higher levels of

F4/80 than CD68, and there was a subset of F4/80+/CD68� tumor-infiltrating cells

which were rarely found in the primary tumor core (Wang et al. 2012).

Several studies using CD11b-TK mice in which a treatment with ganciclovir

(GCV) results in ablation of microglia/macrophages (CD11b+, CD68+, Iba1+,

CD45low cells) addressed the question of a role of these cells in glioma progression.

Although, a preliminary study using this model has shown that depletion of

microglia/macrophages in CD11b-TKmt-30 mice via GCV systemic injection

resulted in the increased tumor size (Galarneau et al. 2007), a recent study using

the same model showed that local ablation of microglia/macrophages in CD11b-

TKmt-30 mice decreased tumor size and improved survival (Zhai et al. 2011).

248 B. Kaminska



Studies of Neurofibromatosis-1 (NF1) genetically engineered mice that develop

optic gliomas demonstrated the role of microglia in optic glioma proliferation.

GCV treatment of CD11b-TK mice reduced Nf1 optic gliomas proliferation during

tumor development and progression (Simmons et al. 2011). Altogether, findings

from clinical and animal studies strongly suggest that malignant gliomas recruit

microglia/macrophages, and induce production of tumor survival and invasion

promoting factors, which in turn facilitates glioma growth and malignancy.

9.2.2 Evaluation of Microglia and Macrophage Content in Gliomas
by Flow Cytometry

Flow cytometry is used to identify microglial cells within the central nervous

system. A flow cytometric phenotype for ramified microglia isolated from adult

CNS was defined (CD45low CD11b/c+) in the Lewis and Brown Norway rats and

clearly distinguished these cells from all blood-derived leukocytes, the latter being

CD45high. Isolated microglia cells were mostly MHC class II positive (Sedgwick

et al. 1991, 1993). Highly purified populations of CD45lowCD11b/c+ microglia and

CD45highCD11b/c+ macrophages have been obtained from the adult CNS (Dick

et al. 1995).

Badie and Schartner (2000) determined infiltration of immune cells into experi-

mental gliomas (intracranially implanted rat C6, 9L, and RG-2 tumor cells) based

on detection of CD11b/c, CD45, and CD8a antigens by flow cytometry. The extent

of microglia (CD11bhigh, CD45low), macrophage (CD11bhigh, CD45high), and lym-

phocyte (CD11bnegative, CD45high) infiltration into tumors, tumor periphery, and

contralateral tumor-free hemispheres was measured for each glioma type. They

found that microglia account for 13–34 % of viable cells and were present in the

tumors, tumor periphery, and contralateral tumor-free hemispheres. In contrast,

macrophages were less prominent within the tumors and tumor periphery (4.2–

12 %) and were rare in the contralateral tumor-free hemispheres (0.9–1.1 %).

Among the tumor types, RG-2 gliomas had the least microglia/macrophage infiltra-

tion. The distribution pattern of lymphocytes varied among tumor models: whereas

lymphocytes accounted for more than one-third of the cells in C6 and 9L tumors;

they represented only 1 % of cells in RG-2 gliomas.

A recent study using immunomagnetic sorting of CD11b+ cells from intracranial

murine EGFP-GL261 gliomas followed by detection of CD45 antigens by flow

cytometry, demonstrated an early accumulation of activated microglia (8 days

postimplantation) followed by accumulation of peripheral macrophages in gliomas

at day 15th. Quantification of glioma-infiltrating microglia/macrophages revealed a

~2.6-fold increase in the number of microglia and a ~30-fold increase in the number

of macrophages 15 days after tumor implantation (Gabrusiewicz et al. 2011). The

Iba1 staining of tissue sections showed the strong increase in Iba1-positive cells at

day 8 after tumor implantation. At the day 15 the tumor was heavily infiltrated with

amoeboid, Iba1-positive cells that accumulated within and around the implanted

glioma cells. Interestingly, Iba1-positive cells in the close vicinity of the tumor
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were evidently more activated and amoeboid than the cells located distantly

(Fig. 9.2). Ramified microglia, with thin branching processes and a small cell

body, were detected in the tumor-free parenchyma (Gabrusiewicz et al. 2011).

Altogether, histological and flow cytometry studies show accumulation of

microglia and macrophages in human gliomas and rodent experimental gliomas.

Intratumoral microglia/macrophage density increases during glioma progression

and correlates with the grade of malignancy. Neuronal or embryonal CNS tumors

do not exhibit accumulation of microglia and macrophages within tumors.

9.3 Origin of Myeloid Cells Infiltrating Gliomas

To date, no single microglia-specific marker that does not also label peripheral

macrophages or extraparenchymal brain macrophages has been identified; therefore

the question remains whether all CD11b+ cells are CNS resident microglia or are at

least in part from other sources such as bone marrow. Flow cytometry studies, based

on evaluation of CD11b and CD45 antigens, show accumulation of both microglia

and macrophages in human gliomas and rodent experimental gliomas.

Fig. 9.2 Accumulation of activated microglia/macrophages in murine experimental gliomas. (a)
Representative confocal images of brain sections 15 days after implantation of pEGFP-N1 GL261

cells into the striatum of C57BL/6 mice. Note the infiltration and morphological transformation of

glioma-infiltrating Iba1+ cells (white arrows). Scale bar: left image—1,000 μm, right image—
20 μm. (b) Microglia and macrophages were separated using a magnetic-bead-conjugated anti-

CD11b antibody and stained with CD45 PerCP-Cy5.5 and CD11b PE prior to FACS acquisition.

Representative dot plots for microglia (Gate R4, CD11b+/CD45low) and macrophages (Gate R5,

CD11b+/CD45high) from tumor-bearing hemispheres. (c) Quantification of glioma infiltrating

microglia, macrophages, and T lymphocytes 8, 15, and 25 days after tumor cell implantation
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Microglial progenitors are yolk sac-derived, invade the brain during early

embryonic development, and then locally proliferate in the brain (Ginhoux

et al. 2010; Schulz et al. 2012). In contrast to other yolk sac-derived macrophages,

they are not replaced during the postnatal period and later life by liver- or bone

marrow (BM)-derived macrophages (Hoeffel et al. 2012). Results from irradiation/

bone marrow reconstitution studies indicated that microglia in the brains of chime-

ric mice are slowly replenished by BM-derived cells and microglial turnover could

accelerate under neurological conditions. There are also interspecies differences:

reactive microglia in rats originate from resident microglia, whereas they have a

mixed BM-derived and resident origin in mice, depending on the severity of

ischemic tissue damage (Lambertsen et al. 2011). Recent works questioned the

use of irradiation/reconstitution experiments and re-evaluation of microglia origin

in the CNS suggests that postnatal hematopoietic progenitors do not significantly

contribute to microglia population in the adult brain in mice (Davoust et al. 2008).

In vivo lineage tracing studies established that adult microglia originate from

primitive hematopoietic progenitors that arise before embryonic day 8 (Ginhoux

et al. 2010).

Our studies of glioma-infiltrating microglia/macrophages in chimeric mice with

the reconstituted bone marrow from GFP transgenic mice showed the significant

infiltration of peripheral macrophages to the experimental murine DsRed-GL261

gliomas. Using flow cytometry we found that the infiltrating macrophages

(CD11b+CD45hi) consist 60 % of all GFP cells found in the tumor-bearing hemi-

sphere (unpublished). These results suggest that myeloid cells infiltrating malignant

gliomas consist of a heterogeneous population that may arise from different origin

(brain or blood and bone marrow derived) and exhibits different functionalities.

Even if irradiation/bone marrow reconstitution studies exaggerate the extent of

contribution of peripheral or BM-derived monocytes/macrophages to a pool of

glioma-infiltrating myeloid cells, together with flow cytometry studies, it shows

considerable accumulation of microglia and macrophages in glioblastoma. The lack

of appropriate animal models and flow cytometry data from human low-grade

gliomas do not allow estimating the contribution of peripheral or BM-derived

monocytes/macrophages to pathobiology of these tumors.

9.4 Defining a Phenotype of Glioma-Infiltrating Microglia/
Macrophages

9.4.1 Functional and Molecular Definition of Microglia/
Macrophage Phenotype in Cocultures and Animal Glioma
Models

9.4.1.1 Immune Responses of Microglia/Macrophages Exposed
to Glioma

Although glioblastoma is immunogenic, immune-mediated eradication does not

occur efficiently, and attempts at immunotherapy directed against brain tumors

have been minimally successful (Grauer et al. 2009; Rolle et al. 2012). There are
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numerous impairments in glioma immunity which include: low peripheral lympho-

cyte counts, reduced hypersensitivity reactions to recall antigens, impaired

mitogen-induced blastogenic responses by peripheral blood mononuclear cells,

and increased CD8+ suppressor T cells (reviewed in Hussain and Heimberger

2005). Adaptive immune responses are remarkably deficient, with diminished

responsiveness of peripheral T cells due to impaired transmembrane signaling

through the T-cell receptor/CD3 complex (Morford et al. 1997). Soluble factors

derived from glioblastoma cell lines increased chemotaxis of Treg, compared with

conventional T cells, Treg infiltration, proliferation, and survival (Crane

et al. 2012).

Activation of adaptive immune responses that are essential for tumor eradica-

tion/suppression is triggered by activation of innate immunity (Akira et al. 2001).

Rodent studies have shown that microglia play a critical effector role in rapid

responses to injury, autoimmune stimuli, and viral infections, and initiate CNS

innate and adaptive immune responses through multiple TLRs (Olson and Miller

2004). The phenotype and function of microglia isolated from resected human

glioma tissues by sequential Percoll density gradients have been characterized.

Those studies demonstrated that glioma-infiltrating microglia/macrophages express

Toll-like receptors (TLR1, 2, 3, 4) and the adaptor protein CD14, were capable of

phagocytosis, however did not produce pro-inflammatory cytokines: IL-6, IFNα,
and TNFα. Microglia isolated from normal brain were more efficient at tumor

cytotoxicity than those derived from tumors (Hussain et al. 2006a).

Further studies revealed that despite surface MCH class II expression, glioma-

infiltrating microglia/macrophages lack expression of the co-stimulatory molecules

CD86, CD80, and CD40 critical for T-cell activation. Glioma patients demonstrate

lack of effector/activated T cells (glioma-infiltrating CD8+ lymphocytes were CD8

+CD25�) and an increased population of regulatory CD4 T cells (CD4+CD25

+FOXP3+) infiltrating the tumor. Overall, glioma-infiltrating microglia/

macrophages may have a few innate immune functions intact, but their capacity

to secrete cytokines, to upregulate co-stimulatory molecules, and subsequently to

activate antitumor effector T cells could not be sufficient to initiate immune

responses (Hussain et al. 2006a).

There is no data on the innate immune phenotype and function of microglia

isolated from low-grade gliomas. However, gene expression studies in pilocytic and

diffusely infiltrating grade II astrocytomas shed some light on differences in

immune defense responses in various tumors. Comparison of gene expression

profiles in WHO grade I benign pilocytic astrocytoma, diffusely infiltrating grade

II astrocytomas and oligodendrogliomas revealed that the number of immune

system-related genes (such as HLA-DRα, HLA-DPB1, HLA-DQB1, IgG3, IgGK,
FCER1G, A2M, FCRN, IFI-56K, and DAP12) were upregulated in all tested tumors

relative to normal cerebellum. However, immune-defense genes such as HLA-
DRalpha, HLA-DPA1, HLA-DPB1, HLA-DQB1, A2M, TIMP1, TIMP2, CDKN1A,
and SOCS3 were expressed at higher levels in pilocytic astrocytomas than diffuse

astrocytomas and oligodendrogliomas (Huang et al. 2005). The results suggest that

a pattern of immune gene expression in pilocytic astrocytomas differs from those of
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diffusely infiltrating low-grade gliomas and that their benign behavior may be

related to upregulation of immune defense-associated genes.

The importance of ability to upregulate immune defense-associated genes and to

launch effective antitumor responses by tumor infiltrating microglia/macrophages

is strengthened by recent gene expression profiling data of human gliomas. Ten

epidemiologic studies indicated that allergies appear to reduce glioma risk. In a

meta-analysis of 12 studies evaluating allergy and risk of gliomas, a significant

negative association (a protective effect) was found between allergy and glioma

(Chen et al. 2011). The systematic analysis of 919 allergy- and inflammation-

related genes in 142 glioblastoma tissue samples revealed downregulation of the

majority of allergy- and inflammation-related genes in glioblastoma

(Schwartzbaum et al. 2010). Moreover, 69 % of these genes were found negatively

correlated with the expression of a glioma stem-like cell marker CD133, including

allergy-related (e.g., IL-4R-α) and immunoregulatory genes (e.g., TGFβ1). A recent

study evaluating gene expression microarray profiles of high grade gliomas from

long-term survivors showed that increased immune gene expression and immune

cell infiltration in tumors distinguished long-term from short-term survivors

(Donson et al. 2012). Using immune cell-specific gene classifiers, both T cell-

associated and myeloid linage-associated genes were shown to be enriched in high

grade gliomas from long-term versus short-term survivors.

Taking into consideration previous results on the role of glioma initiating cells in

tropism of microglia/macrophages to gliomas (Yi et al. 2011) and their polarization

into immunosuppressive cells (Wu et al. 2010), we can postulate a critical role of

polarized microglia/macrophages in shaping immune microenvironment of malig-

nant human gliomas and the lack of effective antitumor defense against these

tumors.

9.4.1.2 Phagocytic Properties of Microglia/Macrophages Exposed
to Glioma

Microglia from human glioblastoma patients have the capability of phagocytosing

latex microbeads ex vivo (Hussain et al. 2006a). Cocultures of human microglial

cells (microglial CHME5 cell line) grown on collagen beads or on coverslips and

placed on monolayer of C6 cells showed decreased bead phagocytosis after a

transient increase (Voisin et al. 2010). Cell motility and viability were not affected

in such cocultures. In contrast, a recent study shows enhancement of phagocytosis

by primary rat microglial cultures exposed to rat C6 glioma cells or glioma-

conditioned medium (Ellert-Miklaszewska et al. 2013). The same study shows

the strong increase of microglial motility and sustained proliferation under such

conditions. This discrepancy could arise from the use of an immortalized microglia

CHME5 cell line which has different properties than primary microglial cultures.

Studies of cyclodextrin-based nanoparticle (CDP-NP) uptake shows that CDP-NPs

were preferentially taken up by BV2 and N9 microglial cells compared with GL261

glioma cells (Alizadeh et al. 2010). Fluorescent microscopy and flow cytometry

analysis of intracranial GL261 gliomas demonstrated a predominant CDP-NP
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uptake by macrophages and microglia, within and around the tumor site (Alizadeh

et al. 2010).

Tumor cells are known to evade phagocytosis by deficient “eat-me” signals on

their membrane. Microglia phagocytose tumor cells induced to apoptosis with the

cytotoxic agent etoposide (Chang et al. 2000). Normal human astrocytes, glioma

cells, and microglia all phagocytosed apoptotic U-251 MG glioma cells; however,

microglia had phagocytose fourfold more than did other cells. Binding of annexin-

V to phosphatidylserine on apoptotic glioma cell membranes inhibited microglial

phagocytosis by 90 % (Chang et al. 2000). Furthermore, the ability of microglia to

phagocytose undamaged or rat 9L gliosarcoma cells damaged by alloreactive

cytotoxic T lymphocytes (aCTL) has been demonstrated. In vitro, 5.5� 0.9 % of

microglial cells isolated from tumor-bearing rat brains phagocytosed aCTL-

damaged 9L cells. At 3 days following intracranial 9L cell infusion, 17.5� 0.1 %

of the microglia phagocytosed CFSE-labeled aCTL-damaged 9L tumor cells within

glioma-bearing brain (Kulprathipanja and Kruse 2004).

9.4.2 Characterization of Microglia/Macrophage Phenotype
in Human Gliomas

Activated macrophages can be broadly classified in two main groups: classical,

inflammatory macrophages (M1 type), activated by interferon gamma (IFNγ) and
lipopolysaccharide (LPS), and alternatively activated macrophages (M2 type). The

latter could be further subdivided depending on stimuli. In general, M1 type

macrophages exhibit potent microbiocidal properties and promote strong IL-12-

mediated Th1 responses, while M2 support Th2-associated effector functions. M2

polarized macrophages play a role in resolution of inflammation through high

endocytic clearance capacities, trophic factor synthesis, accompanied by reduced

pro-inflammatory cytokine secretion (Martinez et al. 2008; Solinas et al. 2009).

Hallmarks of M2 macrophages are IL-10high IL-12low IL-1rahigh IL-1 decoyRhigh

production, CCL17 and CCL22 secretion, high expression of mannose, scavenger

and galactose-type receptors, poor antigen-presenting capability, enhanced phago-

cytic and wound-healing activities. M2 macrophages express specific changes in

some metabolic pathways: arginine metabolism is oriented toward the production

of ornitine and polyamine instead of citrulline and NO. Arginase-1 (Arg1) is

upregulated in alternatively activated macrophages and, due to its higher affinity

for arginine, competes with inducible nitric oxide synthase (iNOS), which

metabolizes arginine. Tumor-associated macrophages (TAMs) resemble

M2-polarized cells and play a pivotal role in tumor growth and progression.

TAMs promote angiogenesis, remodeling, and repair of tissues. Activated M2

cells control the inflammatory response by downregulating M1-mediated functions

(Solinas et al. 2009). Monocyte differentiation could be influenced by soluble

factors in tumor microenvironment. In tumors, there is an established gradient of

IL-10 that can switch monocyte differentiation toward macrophages rather than to

dendritic cells (Li and Flavell 2008).
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Compelling evidence suggests that glioma-associated microglia/macrophages

resemble M2-polarized cells and support tumor growth and progression. The

immune functions of CD11b/c+CD45+ glioma-infiltrating microglia/macrophages

from postoperative tissue specimens of glioma patients have been reduced, as they

did not produce pro-inflammatory cytokines (TNFα, interleukin 1β, or interleukin
6), and do not mediate T-cell proliferation. They express MHC class II, but they

lacked expression of the co-stimulatory molecules CD86, CD80, and CD40 that are

critical for T-cell activation. The presence of regulatory T cells may also contribute

to the lack of effective immune activation against malignant human gliomas

(Hussain et al. 2006a).

Macrophage scavenger receptors CD163 and CD204 are believed to be markers

for “M2 type” macrophages. CD163 and CD204 positive cells were detected in

gliomas. The ratio of CD163 and CD204 positive cells among glioma-infiltrating

microglia/macrophages correlates with the histological grade of glioma (Komohara

et al. 2008). Significant increases in arginase activity and G-CSF levels were

observed in plasma specimens obtained from patients with glioblastoma

(Raychaudhuri et al. 2011). Further, myeloid-derived suppressor cell (MDSC)-

like cells have been detected in glioma patients (Rodrigues et al. 2010). Patients

with glioblastoma (GBM) have increased MDSC counts (CD33+HLADR�) in their
blood that are composed of neutrophilic (CD15+; >60 %), lineage-negative

(CD15�CD14�; 31 %), and monocytic (CD14+; 6 %) subsets. T cells from patients

with glioblastoma had suppressed IFN-γ production after stimulation and removal

of MDSCs by pre-incubation with anti-CD33/CD15-coated beads significantly

restored T cell function.

Increased tumor infiltration by MSDC has been reported in rat glioma models

(Prins et al. 2002; Graf et al. 2005). Animal studies on GFAP-V(12)HA-ras mouse

astrocytomas demonstrated that immune infiltration at the tumor site in mice is

dominated by immunosuppressive cells from the early stages of tumor develop-

ment, even at very early asymptomatic stages (Tran Thang et al. 2010). Phenotypi-

cal characterization of MSDC in GL261 murine glioma suggests that tumor-

infiltrating MSDC are pleiotropic monocytes/macrophages that bear M1- and

M2-type characteristics. Over 90 % were of the CD11b+F4/80+ monocyte/macro-

phage lineage, displayed a CD11b/c+Gr-1lowIL-4Rα+ phenotype, and suppressed

the proliferation of activated splenic CD8+ T cells. These MDSCs expressed both

M1 and M2 activation markers: CD206, CXCL10, IL-1β, TGF-β, and TNF-α
mRNAs and CXCL10, CD206 proteins. In addition, the cells expressed CX3CR1

and CCR2 which are the markers of an inflammatory monocyte (Umemura

et al. 2008).

Soluble factors secreted by glioblastoma cells have been shown to stimulate

cultured peripheral blood monocytes to differentiate into the M2-like or MSDC-like

cells, characterized by increased CD163 and CD204 staining, reduced IL-12 and

TNFα production (Komohara et al. 2008), and upregulation of IL-10 and TGF-β
(Rodrigues et al. 2010). Peripheral blood monocytes cocultured with glioblastoma

cells (U87 and U251) acquired immunosuppressive, MDSC-like features, including

reduced CD14 (but not CD11b) expression, increased immunosuppressive IL-10,
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TGF-β, and B7-H1 expression, decreased phagocytic ability, and increased ability

to induce apoptosis in activated lymphocytes. Direct contact between monocytes

and glioblastoma cells was necessary for complete induction of such phenotype

(Rodrigues et al. 2010). These results support a hypothesis that normal human

monocytes exposed to malignant glioma cells may adopt an MDSC-like phenotype

in glioma microenvironment. It means that many immunologically active cell types

are present in malignant glioma patients and may contribute to immunosuppression.

Interestingly, a recent study has demonstrated immunosuppressive properties of

glioma cancer stem cells which produce soluble CSF-1, TGF-β1, and macrophage

inhibitory cytokine (MIC)-1, thus inducing recruitment and polarization of

macrophages/microglia into immunosuppressive cells (Wu et al. 2010).

Studies on cultured microglial cells demonstrate remarkable plasticity and

ability to adapt different fate or differentiation route depending on a stimulus. Rat

primary microglial cultures exposed to glioma-conditioned medium (G-CM)

undergo morphological alterations and become motile and highly phagocytic.

Global gene expression profiling of LPS- or G-CM-stimulated microglial cultures

followed by computational analysis of gene expression pattern in differentially

stimulated microglia revealed activation of alternative genetic programs. Most

genes characteristic for innate and inflammatory immune responses, which are

commonly upregulated during classical inflammation, were not induced by G-CM

stimulation. The analysis of signaling pathways activated in microglia after G-CM

demonstrates defective NFκB and STAT 1 activation, resulting in failure to mount

production of inflammation mediators (IL-1β, iNOS, Cox2) and polarize to the

classical inflammatory phenotype. Furthermore, the increased expression/produc-

tion of many M2-like factors (Arg1, MT1-MMP, IL-10, TGF-β) in G-CM activated

microglial cultures could be responsible for sustained proliferation and acquisition

of the glioma-associated phenotype (Ellert-Miklaszewska et al. 2013). In particular,

upregulation of genes coding for CD69—a C-type lectin R family member, a

negative regulator of the immune response; CD86—the co-stimulatory molecule

implicated in dendritic cell maturation; CCL2 (MCP-1, monocyte chemoattractant

protein-1), CCL5 (RANTES, regulated on activation, normal T cell expressed and

secreted), CXCL chemokines CXCL1, CXCL2, CXCL7, and CXCL14 was

detected (Ellert-Miklaszewska et al. 2013). Glioma secretome-exposed microglia

express the microglial fractalkine receptor CX3CR1 that could be important in the

regulation of myeloid cell trafficking and polarization. These findings are

summarized in Fig. 9.3.

Recent data support the notion that microglia/macrophage accumulation in

diffuse glial tumors reflects participation of these cells in supporting the invasive

potential of gliomas. Microglia and macrophages can secrete various cytokines,

growth factors, and enzymes, including extracellular matrix proteases which

directly or indirectly may influence tumor migration/invasiveness and proliferation

(Watters et al. 2005; Li and Graeber 2012).

Experimental studies using brain organotypic slices, microglia-glioma

cocultures, and genetic models, in which microglial cells are ablated in the

tumor, strongly support pro-invasive role of glioma-infiltrating microglia
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(Markovic et al. 2005, 2009; Sliwa et al. 2007). The invasion of GFP-labeled

GL261 glioblastoma cells in organotypic brain slices that were depleted of

microglia by treatment with clodronate-filled liposomes was significantly

decreased. Inoculation of exogenous microglia together with glioma cells into

cultured brain slices increased the infiltrative behavior of the tumor depending on

the microglia/glioma cell ratio and increased activity of metalloproteinase-

2 (MMP-2). It has been shown that soluble factors released from glioma cells

strongly stimulate MMP-2 activity in microglia (Markovic et al. 2009). Membrane

bound MT-MMPs, in particular membrane-type MT1- and MT2-MMP, play a

major role in activating MMP-2. Newly synthesized MMP-2 is secreted as an

inactive pro-enzyme, which is cleaved on the cell surface by membrane-type

MT1-MMP complexed with TIMP-2. Metalloproteinase MT1-MMP secreted by

glioma-exposed microglia activates pro-MMP-2 in glioma cells that promotes

tumor invasion, as was shown using brain slices from MT1-MMP-deficient mice

Fig. 9.3 Graphical summary of the classical, inflammatory, and pro-tumorigenic phenotypes of

activated microglia. Primary rat microglial cultures exposed to lipopolysaccharide (LPS) or

glioma secreted factors adapt different fates and polarize into pro-inflammatory or alternatively

activated cells. Glioma-derived factors increase focal adhesion kinase and PI-3K/Akt signaling

and activate ERK and p38 MAPK but not JNK signaling. In contrast to LPS stimulation, glioma

secretome do not activate pro-inflammatory Stat1 and NFκB signaling in microglial cells. The

genetic program induced by glioma secretome include: transcription factors c-Myc and Id1/3

(inhibitors of differentiation), and numerous coding for chemokines and cytokines regulating

immune cell recruitment and trafficking. Glioma-induced activation is associated with increased

TGF-β and IL-10 production, while LPS-induced cells produce inflammation mediators
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and in a microglia depletion model (Markovic et al. 2009). Glioma-released factors

induce the expression and activity of MT1-MMP via microglial toll-like receptors

and the p38 MAPK pathway, as deletion of the toll-like receptor adapter protein

MyD88 or p38 inhibition prevented MT1-MMP expression and activity in cultured

microglial cells. Microglial MT1-MMP in turn activates glioma-derived pro-MMP-

2 and promotes glioma expansion, as shown in an ex vivo model using MT1-MMP-

deficient brain tissue and in microglia depleted mice (Markovic et al. 2009).

Activated microglia release cytokines which enhance tumor cell invasion

(Wesolowska et al. 2008). Microglial cells exposed to glioblastoma cells secrete

active TGF-β1, which through a paracrine loop stimulates glioblastoma invasion.

Plasmid-transcribed small hairpin RNAs (shRNAs) which downregulate the TGF-β
type II receptor (Tβ IIR) expression, effectively inhibited TGF-β-dependent signal-
ing pathways and transcriptional responses in glioblastoma cells. Microglia

strongly enhanced glioma invasiveness in the coculture system, but this activity

was lost in glioma cells depleted of TGF-β type II receptor indicating an important

role of microglia-derived TGF-β in tumor invasion. Moreover, tumorigenicity of

glioblastoma cells depleted of TGF-β IIR in nude mice was reduced by 50 %.

Fas (CD95/APO-1) is a cell surface “death receptor” that mediates apoptosis

upon engagement by its ligand—FasL but can also promote tumor invasion when

apoptosis is compromised. Kleber and coworkers (Kleber et al. 2008) demonstrated

that interaction of glioma cells with the surrounding brain tissue induces expression

of FasL in both tumor and host cells. FasL modulated glioma invasion via PI-3K/

MMP-dependent mechanism and neutralization of Fas activity blocked migration

of glioma cells in a mouse syngenic model of intracranial glioblastoma. We

demonstrated that a recombinant FasL Interfering Protein (FIP), which interferes

with Fas signaling in C6 glioma cells, impaired cell motility and invasiveness of

glioma cells in vitro. A blockade of Fas signaling reduced MMP-2 activity in

glioma cells. Interestingly, reduction of MMP-2 activity was not due to

downregulation of mmp-2 and mt1-mmp expression but was dependent on modula-

tion of timp-2 mRNA and TIMP-2 protein levels by Fas signaling (Wisniewski

et al. 2010). FasL expression is higher in many glioblastoma cell lines in compari-

son to non-transformed astrocytes and is upregulated in microglia exposed to

glioma-conditioned medium (Wisniewski et al. 2010). Microglia accumulating

within tumors account for half of the FasL expression in the murine intracranial

tumors (Badie et al. 2001).

9.5 Molecules and Mechanisms Responsible for Microglia/
Macrophage Accumulation in Gliomas

Signals, signaling pathways, and molecular mechanisms underlying “switch” or

“reeducation” of glioma-infiltrating microglia and macrophages into pro-invasive

cells are poorly known. Glioma cells produce several factors with a chemotactic

activity which attract microglia, including monocyte chemotactic protein (MCP)-3

(Okada et al. 2009) and hepatocyte growth factor/scatter factor (HGF/SF), as shown
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by in vitro and in vivo studies (Wang et al. 2012). Macrophage proliferation,

differentiation, and chemotaxis can be regulated by several factors, including

macrophage colony stimulating factor (M-CSF), granulocyte-macrophage colony

stimulating factor (GM-CSF), interleukin-34, and the chemokine CCL2 (Hibbs

et al. 2007; Hamilton 2008; Pollard 2009). Increased M-CSF expression has been

associated with a poor prognosis and increased angiogenesis in various non-brain

tumors (Sapi and Kacinski 1999; Lin et al. 2002; Mroczko et al. 2007; Zhu

et al. 2008; Mantovani and Sica 2010; Davies et al. 2011). Overexpression of

M-CSF accelerates tumor progression and increases pulmonary metastasis in

murine experimental breast cancers (Lin et al. 2001). RNAi-mediated silencing of

M-CSF or its receptor c-FMS suppresses the growth of mammary tumor xenografts

in mice and reduces macrophage infiltration, metalloproteinase expression, and

angiogenesis (Aharinejad et al. 2004; Lin et al. 2006). Osteopetrotic (Csf1op/

Csf1op) mice harbor a mutation in the Csf1 gene that causes an M-CSF deficiency

(Wiktor-Jedrzejczak et al. 1990; Yoshida et al. 1990), affects myeloid lineage

development, and reduces the number of monocytes/macrophages in many tissues

(Wiktor-Jedrzejczak et al. 1992; Cecchini et al. 1994). Experimental breast cancer

progression was delayed and lung metastases were reduced in op/op mice (Nowicki

et al. 1996; Qian et al. 2009).

We found upregulation of GM-CSF levels in glioma-bearing brains and

increased expression of Csf2, but not Csf1, in murine GL261 glioma cells compared

with non-transformed astrocytes (Gabrusiewicz et al. 2011). Knockdown of

GM-CSF expression in GL261 glioma cells strongly reduced microglia-dependent

invasion in organotypical brain slices. The number of infiltrating microglia/

macrophages (Iba1+ cells) and intratumoral angiogenesis were reduced in murine

gliomas depleted of GM-CSF. It resulted in reduction of tumor growth and

extended animal survival. M1/M2 gene profiling in sorted microglia/macrophages

suggests impairment of their pro-invasive activation in GM-CSF-depleted gliomas

(Sielska et al. 2013). Deficiency of M-CSF did not affect glioma growth in op/op

mice in vivo and the accumulation of Iba1+ cells. This suggests that glioma-derived

GM-CSF is responsible for the recruitment/activation of microglia/macrophages

and contributes to tumor progression. The increased expression of CSF2 and

inverse correlation with patient survival was found in human glioblastoma (Sielska

et al. 2013). The elevated expression of CSF2 in human glioblastoma and the

autocrine or paracrine action of GM-CSF contributing to glioma proliferation

in vitro have been recently demonstrated (Revoltella et al. 2012).

The chemokine receptor CX3CR1 and its ligand CX3CL1 (fractalkine) are

known to be involved in immune responses, and influence migration of

macrophages, microglia, and lymphocytes in vivo (Combadiere et al. 2007).

CX3CR1 was localized on Iba1 and CD11b/c positive glioma-infiltrating

microglia/macrophages (GIMs). Cultured human GIMs responded to CX3CL1-

triggered activation of CX3CR1 with adhesion and migration in vitro (Held-Feindt

et al. 2010). However, formation of GL261 glioma and animal survival rates were

not affected in CX3CR1-deficient C57BL/6 mice. Tumor-bearing CX3CR1�/�
mice had similar numbers of infiltrating microglia and CD4+, CD8+, FoxP3+, or
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Ly49G2+ lymphocytes as control mice. These data indicate that CX3CR1 has little

or no effects on glioma formation or the migration of microglia and lymphocytes

into GL261 tumors (Liu et al. 2008).

The experimental ALTS1C1 gliomas expressed a relatively high level of

CXCL12 (stromal cell-derived factor-1, SDF-1) in vitro and in vivo. Inhibition of

CXCL12 production reduced tumor invasiveness and the resulting tumors had well-

defined borders and were lacking infiltration tracts. Inhibition of CXCL12 produc-

tion reduced tropism of microglia/macrophages (determined by confocal imaging

using CD68 and F4/80 markers) toward hypoxia (Wang et al. 2012). The authors

postulate that a CXCL12-concentration gradient could be the driving force for

tropism microglia/macrophages toward hypoxia.

Glial cell line-derived neurotrophic factor (GDNF) is expressed in gliomas,

Gl261, and human glioma cell lines, and this factor has been shown as a strong

chemoattractant for cultured microglia. Knockdown of GDNF expression in mouse

GL261 glioma cells by shRNA diminished accumulation of microglia in tumors,

while overexpression of GDNF in fibroblasts seeded into hollow fibers implanted to

the brain promoted microglia attraction. GDNF release from human or mouse

glioma had a strong effect on microglia accumulation; glioma-induced astrogliosis

was not affected. Injection of GDNF depleted GL261 glioma cells into mouse

brains resulted in reduced tumor expansion and improved survival (Ku et al. 2013).

9.6 Targeting Glioma-Infiltrating Microglia/Macrophages
as a Innovative Therapeutic Strategy

Recent studies from our laboratory demonstrated that pharmacological inhibition of

infiltration and activation of brain resident microglia and peripheral macrophages

effectively impairs tumor growth in mice (Sliwa et al. 2007; Gabrusiewicz

et al. 2011). Cyclosporine A (CsA), a widely used immunosuppressive drug and

atypical MAPK signaling inhibitor (Zawadzka et al. 2012), reduced amoeboid

transformation of microglial cells, and inhibited microglia-dependent invasion of

glioma cells in vitro and in organotypic brain slices. A systemically applied CsA

inhibited microglia/macrophages infiltration (as determined by flow cytometry and

immunofluorescence) and blocked expression/activity of proteolytic enzymes

(MMP-2, MT1-MMP) and production of cytokines (IL-10 and GM-CSF)

(Gabrusiewicz et al. 2011). Our data demonstrate that blockade of microglia/

macrophage infiltration and inhibition of their pro-invasive behavior reduce glioma

growth in mice.

Minocycline, a semisynthetic antibiotic of the tetracycline family, has emerged

as a potent anti-inflammatory and microglia targeting drug, beneficial in animal

models of several CNS disorders. For the reason of the good tolerance and penetra-

tion into the brain, minocycline has been clinically tested for stroke, multiple

sclerosis, spinal cord injury, and some neurodegenerative diseases (Kim and Suh

2009). The treatment with minocycline reduced the expression of MT1-MMP in

glioma-infiltrating microglia in vitro and in organotypic brain slices. This reduction
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is dependent on the presence of microglia. Glioma growth in an experimental

mouse model was strongly reduced by the addition of minocycline to drinking

water, compared to untreated controls. Coherently, MT1-MMP was abundantly

expressed in glioma-associated microglia in controls, but was strongly attenuated in

tumors of minocycline treated animals (Markovic et al. 2011). This suggests that

the clinically approved antibiotic minocycline is a promising new candidate for

adjuvant therapy against malignant gliomas. However, minocycline and CsA

treatments have some drawbacks because while blocking tumor-associated activa-

tion of microglia, they exert immunosuppressive action and inactivate many

components of the immune system. Minocycline represses MHC II expression in

microglia (an event requisite for T cell reactivation) in an experimental model of

autoimmune diseases via the inhibition of transcription factor CIITA expression

(Nikodemova et al. 2007).

Recent studies defined more specific, intracellular signaling pathways which

could be targeted. Signal transducer and activator of transcription 3 (STAT 3) plays

a suppressive role in antitumor immunity. STAT 3 was activated in immortalized

N9 microglial cells exposed to GL261 glioma-conditioned medium that resulted in

upregulation of IL-10 and IL-6, and downregulation of IL1-β. Inhibition of STAT

3 by CPA-7 (the platinum (IV)-based anticancer drug) or specific siRNA reversed

glioma-induced cytokine expression profile in N9 cells. Furthermore, inactivation

of STAT 3 in intracranial GL261 gliomas by siRNA resulted in inhibition of tumor

growth (Zhang et al. 2009).

A novel small molecule inhibitor of STAT3—WP1066, which can penetrate the

CNS in mice, reversed tolerance in immune cells isolated from GBM patients.

Specifically, WP1066 induced the expression of co-stimulatory molecules on

peripheral macrophages and glioma-infiltrating microglia, stimulated the produc-

tion of the immune-stimulatory cytokines interleukin (IL)-2, IL-4, IL-12, and

IL-15, and induced proliferation of effector T cells from GBM patients that are

refractory to CD3 stimulation (Hussain et al. 2007).

Glioblastoma is heterogeneous and (as many other tumors) contains glioma stem

cells or glioma-initiating cells, a subpopulation of cells that possess the capacity for

self-renewal and forming neurospheres in vitro, are capable of pluripotent differen-

tiation, and could initiate tumors in vivo. Glioma-initiating cells have been shown

to suppress adaptive immunity by affecting capacity to inhibit T-cell proliferation,

triggering T-cell apoptosis, and induction of FoxP3(+) regulatory T cells (Wei

et al. 2010). A recent study demonstrates that glioma cancer stem cells produce

sCSF-1, TGF-β1, and MIC-1, cytokines known to recruit and polarize the

macrophages/microglia to immunosuppressive phenotype. Glioma-initiating cells

polarized human macrophages/microglia to an M2-like phenotype, inhibited

phagocytosis, induced the secretion of the immunosuppressive cytokines IL-10

and TGF-β1, and enhanced their capacity to inhibit T-cell proliferation. The

inhibition of phagocytosis and the secretion of IL-10 were reversed when the

STAT 3 pathway in glioma stem cells was blocked with a pharmacological inhibitor

WP1066 or specific STAT shRNA (Wei et al. 2010). However, such approaches are

in infancy, these findings illustrate that interactions between glioma and brain

macrophages are potential, promising targets in glioma therapy.
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There are also approaches based on local TLR stimulation to induce antitumor

immunity. TLR9 is overexpressed in human and murine glioma cell lines. Injection

of CpG-oligonucleotides—CpG-ODN (TLR9 inducers) into C57BL/6 mice

implanted with GL261 glioma prolonged the survival of mice with tumors.

CpG-ODN induced TLR9 downregulation and apoptosis of GL261 cells in vitro

as well as in vivo. Furthermore, the CpG stimulation enhanced the antigen

presenting capacity of microglia, shifted the immune response toward CD8+ T

cells, and decreased the number of regulatory T cells (El Andaloussi et al. 2006).

Intratumoral injection of TLR1/2 (Pam3Cys-SK4) or TLR7 (R848) agonist pro-

duced a significant survival benefit, whereas agonists of TLR3 (poly(I:C)) or TLR4

(purified LPS) alone were not effective. Studies using wild-type and TLR9(�/�)

knockout mice revealed that the efficacy of CpG-ODN treatment required TLR9

expression on nontumor cells (Grauer et al. 2008).

Concluding Remarks

A simple response to a question whether microglia in gliomas are friends or foes

proved to be difficult. Histopathological studies of human and rodent glioma

tissues have consistently shown high levels of infiltrating microglia/

macrophages. The abundance of amoeboid, activated microglia/macrophages

is higher in diffusive and invasive gliomas than in benign tumors. The presence

of activated microglia/macrophages does not reflect activation of immune

defense response in malignant gliomas; on the contrary unharmed growth and

highly malignant behavior indicates that microglial immune defense

mechanisms do not function properly in these tumors. Moreover, these cells

are responsible for local and generalized immunosuppression. Glioma-

infiltrating microglia/macrophages acquire the alternative, pro-invasive pheno-

type in which phagocytic, trophic, and tissue remodeling functions of these cells

are enhanced. Cell culture and organotypic brain slice culture studies

demonstrated the pro-invasive activity of microglia and their polarization into

tumor supportive cells. Several mechanisms underlying the pro-invasive activity

of microglia have been demonstrated such as TGFβ1 and FasL production,

MT1-MMP-dependent activation of MMP-2. This is well supported by the

results of animal glioma studies because most of them represent malignant

gliomas. Genetic or pharmacological ablation of microglia/macrophages impairs

glioma growth, extends survival, and in some cases restores to some extent

antitumor immune responses.

On the other hand, low-grade gliomas are characterized by the presence of

activated, hypertrophic, or ramified microglia/macrophages, non-diffusive

growth and effective antitumor responses. Unfortunately, due to a lack of proper

cellular and animal models, there is no conclusive data if microglia/macrophages

infiltrating low-grade gliomas are “friends” which have the classical, inflam-

matory phenotype and perform protective functions, typical for microglia under

physiological conditions.

Since no single microglia-specific marker exists that does not also label

peripheral macrophages or extraparenchymal brain macrophages, it is difficult
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to estimate proportion and contribution of different populations of myeloid cells

to glioma pathobiology. Flow cytometry studies of human and rodent glioma

tissues clearly demonstrated the presence of both microglia and peripheral

macrophages among immune cells recruited to gliomas. It is possible that the

myeloid-derived infiltrating cells are functionally distinct from the resident

microglia and peripheral macrophages undergo specific “education” in glioma

microenvironment. Some faint and fragmentary evidence support this idea,

f.e. IL-10 is produced mainly by CD11b+CD45low cells isolated from GL261

gliomas (Gabrusiewicz et al. 2011). Studies on the role of myeloid cell

populations under neurodegenerative conditions suggest that peripheral

macrophages infiltrating CNS are regulatory and can perform immune-resolving

functions (London et al. 2013). As proposed by Michal Schwartz (Schwartz

2010), the blood-derived macrophages are similar to “alternatively activated”

macrophages (also known as tissue repairing or M2). They are not spontaneously

recruited but their infiltration to CNS could be enhanced by glioma-activated

microglia. These blood-derived, immunosuppressive, wound healing

macrophages should reinforce repair mechanisms but instead they help tumor

to grow.

Understanding the mechanisms responsible for high invasiveness of glioblas-

toma cells—which is even accelerated by interactions of the brain tumor with

surrounding cells—may lead to identification of specific targets for a future

treatment. A better understanding of microglia–glioma interaction may provide

better methods to manipulate the glioma microenvironment to allow the genera-

tion of a specific and lasting anti-glioma immunity. Therapies that will effec-

tively target invasive glioblastoma cells may significantly improve therapeutic

outcome. Thus, counteracting accumulation and activation of brain

macrophages should be taken into account when considering the development

of more effective therapy against malignant gliomas.

Acknowledgments I would like to thank Dr. Aleksandra Ellert-Miklaszewska and Malgorzata

Sielska for reading and help with editing of the manuscript. This work was supported by a grant

2012/04/A/NZ3/00630 from The National Science Centre Poland.

References

Aharinejad S, Paulus P, Sioud M, Hofmann M, Zins K, Schäfer R, Stanley ER, Abraham D (2004)
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