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Abstract

Tumor-infiltrating immune cells are part of a complex microenvironment that
promotes and/or regulates tumor development and growth. Depending on the type of
cells and their functional interactions, immune cells may play a key role in suppressing
the tumor or in providing support for tumor growth, with relevant effects on patient
behavior. In recent years, important advances have been achieved in the
characterization of immune cell infiltrates in central nervous system (CNS) tumors, but
their role in tumorigenesis and patient behavior still remain poorly understood. Overall,
these studies have shown significant but variable levels of infiltration of CNS tumors by
macrophage/microglial cells (TAM) and to a less extent also lymphocytes (particularly
T-cells and NK cells, and less frequently also B-cells). Of note, TAM infiltrate gliomas at
moderate numbers where they frequently show an immune suppressive phenotype
and functional behavior; in contrast, infiltration by TAM may be very pronounced in
meningiomas, particularly in cases that carry isolated monosomy 22, where the
immune infiltrates also contain greater numbers of cytotoxic T and NK-cells associated
with an enhanced anti-tumoral immune response. In line with this, the presence of
regulatory T cells, is usually limited to a small fraction of all meningiomas, while
frequently found in gliomas. Despite these differences between gliomas and
meningiomas, both tumors show heterogeneous levels of infiltration by immune cells
with variable functionality. In this review we summarize current knowledge about
tumor-infiltrating immune cells in the two most common types of CNS tumors—gliomas

and meningiomas—,as well as the role that such immune cells may play in the tumor
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microenvironment in controlling and/or promoting tumor development, growth and
control.
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Brain tumors, glioma, meningioma, microenvironment, immune cells, lymphoid cells,

myeloid cells, immune infiltration, multiparameter flow cytometry.
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Introduction

Tumor development and growth typically requires an appropriate
microenvironment, in addition to genetic/molecular alteration of tumor cells. Such
tumor microenvironment consists of a complex network of distinct cell types and
extracellular matrix components, in which neoplastic cells interact with fibroblasts,
vascular endothelial cells, a variety of infiltrating immune cells (including a network of
cytokines and chemokines released by these cells) and extracellular matrix
proteins,among other components. Although tumor development and growth largely
depend on an adequate microenvironment, the tumor cells per se also induce
significant changes in the tissue where they home and grow(1). Because of this,
patients may show behavioral changes including neuropsychiatric symptoms and/or
cognitive effects depending on the affected region of the brain and/or the local
immune response(2).

Immune cells present in the tumor typically include T lymphocytes, natural
killer (NK) cells, macrophages, dendritic cells (DC), polymorphonuclear leukocytes and
occasional B cells(1, 3). Overall, infiltration by immune cells is a hallmark of virtually
every tumor(4), and it is frequently associated with tumor behavior and patient
outcome(3). In this regard, while multiple reports in the literature have linked the
presence of inflammatory infiltrates in human tumors with an improved prognosis and
a better patient outcome(3, 5, 6), many others have found no significant association,or
they have even linked immune cell infiltration with a poorer prognosis(3). Such

apparent discrepancy may be due to the type and functional state of immune cells
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infiltrating the tumor. In fact, the different types of infiltrating immune cell
populations vary not only according to the type of cancer, but also from patient to
patient within the same type of tumor or at different time points within a patient (e.g.
at diagnosis vs recurrence); these observations suggest that different immune cell
microenvironments may have distinct effects/roles in tumor control and
progression(3). In addition, the same immune cells present in the tumor
microenvironment may modulate their anti-or pro-tumoral functions, being able to
play dual roles with potential to either suppress or promote malignancy(7);usually, the
latter predominates as the tumor cells acquire mechanisms for ‘immune evasion’. Thus,
in such circumstances the tumor, not only manages to escape from the host immune
system, but it also develops a phenotype capable of manipulating immune cells (e.g.
via secretion of chemokines and cytokines), and modifying their function to create a
microenvironment that would favor tumor progression(8). To date, many mechanisms
of immune evasion by tumor cells have been identified (Table 1), including inhibition of
immune cell functions or apoptosis of anti-tumor effector cells, together with
production of both growth factors and angiogenic factors that stimulate tissue repair
and vascularization, and consequently also, tumor growth(1). In case of CNS tumors,
immune responses may also contribute to induce changes in patient symptoms and
behavior, depending on tumor localization and the specific types of immune cells and
mediators involved. In this regard, it is considered that younger patients presenting
with acute signs and symptoms of neurologic disease are investigated earlier, and
consequently, referred more promptly for treatment(9). Conversely, patients with

organic brain lesions in neurologically silent brain areas might present with milder
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symptoms and/or isolated psychiatric symptoms such as depression, anxiety disorders,
schizophrenia, anorexia nervosa, or cognitive dysfunction(10, 11). In such later cases,
differential diagnosis between a brain tumor vs. a psychiatric disorder is required, final

diagnosis being frequently delayed for variable periods of time(2, 12).

Table 1. Mechanisms that have been frequently associated with immune escape by tumor
cells.

Mechanism of Tumor Immune
Cell feature
immune escape cell-associated cell-associated

Lack of susceptibility to
J Expression of TAA + -
effector immune cells

Immune selection of
J HLA Expression on tumor cells + -
resistant variants

Activation of signaling

J Co-stimulatory molecules pathways for tumor cell + +
survival
Mmmune cell

“MDeath-receptor/ligand signaling + +
death/apoptosis

Defective antigen presentation by

Altered T cell function - +
DC
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Suppression of immune
Altered T-cell receptor (TCR)
cells (e.g. T cells) by -

signaling
Tregs or MDSC
Secretion of chemokines and Suppression of immune
+
cytokines response

TAA,tumor associated antigens; Treg, regulatory T-cell; MDSC, myeloid-derived suppressor cell.

Diagnostic subtypes of glioma and meningioma

CNS tumors are rather heterogeneous and they vary widely by site of origin,
morphological and histophatological features, growth potential and extent of invasion.
At present, classification of gliomas is mainly based on the existence morphological
evidence of differentiation of tumor cells along the astrocytic (70% of the cases) and
less frequently the oligodendroglial and mixed astrocytic-oligodendroglialcell lineages
in addition to ependymal tumors(13). The specific cell(s) targeted during
neoplastic/malignant transformation of gliomas currently remains unknown, although
tumor cells from primary brain tumors mimic the morphologic and phenotypic profiles
of glial cells, or their precursors, from which they potentially originate. Because of their
distinct cell appearance, gliomas are therefore classified into four major groups:
astrocytomas,  oligodendrogliomas,  oligoastrocytomas  (tumors  presenting
morphological features of both astrocytes and oligodendrocytes) and ependymomas,
depending on their differentiation-associated features and their morphological

similarities with normal/reactive glial cells. These tumors are further subclassified
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according to their histopathological gradeinto grade | to grade IV tumors,>80% of all
diffuse gliomas being high-grade (grade I11/1V) tumors, from whichglioblastoma (GBM)
is the most common in adults. Thus, according to the WHO criteria, patients are
distributed into: i) astrocytomas (grade | pilocytic astrocytomas, grade Il diffuse
astrocytomas, grade lll anaplastic astrocytomas, grade IV glioblastomas, and grade IV
gliosarcomas; ii) oligodendrogliomas (grade |l oligodendroglioma, and grade |l
anaplastic oligodendrogliomas); iii) mixed oligoastrocytomas (grade Il and grade Il
anaplastic oligoastrocytomas) and; ependymal tumors (subependymoma and
myxopapillary ependymoma grade |; ependymoma grade Il and anaplastic
ependymoma grade lll) (Table 2).

Conversely, all meningiomas originate from the meningeal coverings of the
brain and the spinal cord. The vast majority of meningiomas are considered to be
benign and slow-growing neoplastic lesions. However, these tumors present with a
great clinical heterogeneity as regards the symptoms of the disease, histopathology,
recurrence rates, clinical aggressiveness, and outcome. Overall, the majority of
meningiomas are intracranial tumors, with up to 60% being located in the convexity,
parasagittal, tuberculum sellae, and sphenoid wing regions, the clinical signs and
symptoms associated with an underlying meningioma being directly related to the size
and localization of the tumor. Despite this, general CNS-associated symptoms such as
personality changes, neuropsychological deficits, headache, aphasia, sensory-motor or
visual symptoms, as well as seizures, also occur rather frequently(14). From the
histopathological point of view, meningiomas are currently classified according to the

WHO grading system into three major (prognostic) categories which include: benign
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(WHO grade |), atypical (WHO grade Il), and anaplastic (WHO grade Ill) meningiomas,
with several histopathological variants. Such variants include: i) grade |
meningothelial, fibroblastic, transitional, psammomatous, angiomatous, microcystic,
secretory, lymphoplasmacyte-rich and metaplastic meningiomas; ii) grade Il atypical,
clear-cell and chordoid tumors and; iii) grade Il anaplastic, rhabdoid and papillary
meningiomas(13). WHO grade I/benign meningiomas represent around 90% of all
meningiomas, the meningothelial, fibroblastic, and transitional variants being the most
common ones(15). By definition, these meningiomas do not invade the brain and they
display a benign clinical behavior(Table 2); despite this, a significant proportion of
cases show recurrence of the disease after complete tumor resection, with different

recurrence rates (range: 7% to 20% of cases) for distinct histopathological subtypes.
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Table 2. Histopathologic WHO classification of glioma and meningiomas and
distribution of the histopathologic subtypes according to tumor grade.

Tumor type WHO GRADE
Grade | Grade Il Grade llI Grade IV
Pilocytic astrocytoma Diffuse astrocytoma Anaplastic Astrocytoma GBM  Gliosarcoma
Pylomyxoid
Pleomorphic
Xanthoastrocytoma
Glioma - Oligodendroglioma Anaplastic -
Oligodendroglioma
- Oligoastrocytoma Anaplastic -
oligoastrocytoma
Subependymoma Ependymoma grade Il Anaplastic ependymoma
Myxopapillary
Meningothelial Atypical Anaplastic
Fibroblastic Clear-cell Rhabdoid
Transitional Chordoid Papillary
Psammomatous
Meningioma

Angiomatous
Microcystic

Secretory

Lymphoplasmacyte-rich

Metaplastic

GBM, glioblastoma multiforme.

The CNS microenvironment in brain tumors

The CNS has unique microenvironmental conditions which as a whole, differ

significantly from most other organs and tissues. To a certain extent, this relates to an

active blood brain barrier (BBB), that confers a selective permeability around most CNS

blood vessels (16, 17); such selective permeability, limits diffusion of molecules from

the blood to the tissue, limiting the exposure of the brain parenchyma to circulating
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antigens and metabolites. The BBB comprises tight junctions between endothelial cells
surrounding the vessel and astrocyte foot processes(18). The pericytes, a population of
cells resident in the perivascular space, share a common basement membrane with
the capillaries and provide mechanical stability to the endothelial-based capillaries(19).

Other unique features of the CNS are related to its cellular composition, which
includes several cells with potent immunoregulatory properties, in the absence of a
(standard) lymphatic drain system(20, 21). Taken together, these factors contribute to
explain the “immune privilege” of the brain, which is often described as a tissue with
diminished or absent immune responses(22). However, this concept is more complex
because this status is not uniform throughout the brain. Some brain regions are not
protected from the (systemic) immune system in the same way as the brain
parenchyma(18). In addition, the resident myeloid cell populations are distinct in
different regions of the brain(e.g. the ventricles containing the choroid plexus and the
cerebrospinal fluid-CSF-, the meninges and the perivascular space have distinct
immunological properties)(22).

Despite all the above, at present it is known that circulating (systemic) immune
cells are capable of migrating from cerebral vessels into both the perivascular space
and the brain parenchyma, in response to various stimuli and signals(23). Migration of
leukocytes is believed to occur in post-capillary venules, where the BBB is less strictly
selective, with lower density of tight junctions and a perivascular space surrounding
the vessels that does not exist in the brain capillaries(23). The mechanisms by which
circulating leukocytes can cross the endothelial cell layer remain largely unknown;

however, lymphocytes and leukemic cells, appear to migrate (transcellularly) across
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the endothelial cell layer e.g. using the VLA-4/VCAM-1 ligand-receptor complex to
adhere to endothelial cells in the brain vasculature(24). Following attachment of
circulating immune system cells onto the vessel wall, these cells are often
subsequently activated locally by multiple factors such as chemokines(24) with
potential effects also on CNS cells including glial cells and neurons.

For decades, it is well-established that the limited delivery of systemic drugs
across the BBB is one of the major obstacles for the treatment of CNS disease/tumors.
Only when specific drugs (e.g. vaccine peptides, some humanized monoclonal
antibodies) and chemotherapeutic agents are administrated locally or at relatively high
doses, they may cross the BBB. Under physiological conditions, direct contact between
immune cells and CNS cells is hindered by the BBB, although the precise mechanisms
controlling the effect of the BBB on CNS tumor cells are poorly understood; at the
same time, the relationship between the growth of tumor vasculature and the
entrance of immune cells, and their impact on the tumor as well as the surrounding
brain tissue have not been fully established. Despite this, it is accepted that immune
escape of CNS tumors relates at least in part to the modulation of immune cell entry
into the brain by the BBB and the expression of specific profiles of chemokines and
chemokine receptors. Thus, changes on the permeability of the BBB have been
demonstrated in response to inflammatory mediators which involve endothelial cells,
astrocytes, microglial cells, pericytes and extracellular components involved in the
brain response to immune stimuli (25). Of note, such inflammatory responses may

contribute to specific neuropsychiatric symptoms and changes in patient behavior,
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such as depression, anxiety, irritability, apathy and hallucinations together with other

neurological and cognitive symptoms depending on the specific cells involved(26, 27).

CNS resident immune cells

In the healthy CNS, there are several different subsets of myeloid cells which
reside in the brain and other CNS tissues. Thus, parenchymal microglial cells are
considered to be CNS resident macrophages(28, 29). Myeloid cells which populate
other brain compartments are generally referred to as macrophages, prefixed with
their localization, e.g. choroid plexus, meningeal or perivascular macrophages(22).
Phenotypically, the distinction between the parenchymal microglia and other brain
macrophages has been based on the levels of expression of the CD45 common
leukocyte antigen: microglial cells are characterized by low CD45 expression whereas,

high (21, 22); similarly to other monocytic/macrophage

other macrophages are CD45
cells, human parenchymal microglial cells have further been reported to express
CD11b(30). However, in many studies the term microglia, macrophages or
microglia/macrophages is used to describe potentially mixed cell populations. In turn,
perivascular macrophages participate in antigen-presentation at the BBB, they have a
high turnover rate and they are constitutively replenished by circulating monocytes(31,
32). In contrast, parenchymal microglia are differentiated tissue macrophages which
are supposed to take up residency in the brain during embryonic development(28, 33).

The spectrum of functional properties and activities of these cells in the brain is

as wide as for conventional macrophages, including scavenger functions, phagocytosis,
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antigen presentation and migration(29). Some of the chemokines that have been
related to migration of microglia/macrophages into the brain include: CCL21 via
interaction with its CXCR3 receptor, CX3CL1 and CX3CR1, SDF-1a (CXCL12) via CXCR4,
and the monocyte chemotactic protein 1 (MCP-1, CCL2) via CCR2(22, 23). Among
other phagocytic and signaling cell receptors, these cells might express the Toll-like
receptors (TLRs) 1-9, immunoglobulin Fc receptors, scavenger receptors and
complement receptors, phagocytosis being a major function of activated
microglia/macrophages(22, 33). In contrast, the ability of these cells for antigen
presentation to T cells is more controversial.

A prerequisite of antigen presenting cells (APCs) is related to the expression of
major histocompatibility complex(HLA) class Il (for CD4 T cells) and HLA class | (for CD8
T cells) molecules together with costimulatory molecules (e.g. CD86). Microglial cells
are usually considered the primary immune effector cells in the CNS, which are capable
of generating significant immune responses(29). It has been suggested that upon
stimulation, resident microglial cells can be rapidly activated via at least two
functionally distinct morphological states, leading to activated microglia (which only
express HLA-1) and reactive/amoeboid microglia (which express both HLA-I and HLA-II
in association with an increased antigen presenting capacity)(33, 34). However, several
reports have identified those cells residing in the perivascular space or the meninges as
those displaying the greatest ability to present antigens to infiltrating T cells, for their
subsequent stimulation and activation(22, 35). As macrophages infiltrate the
perivascular space, infiltrated T lymphocytes recognize the antigens presented by

these APCs and they will subsequently act as effector adaptative immune cells(35).
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Indirect evidences also indicate that DC constitute another subgroup of candidate APC
to migrate from the brain to lymph nodes(35, 36); CCR7-mediated chemotaxis of DC
facilitates lymph node entry through the high endothelial venules, promoted by a

CCL21 chemokine gradient(22).

The cellular composition of the cerebrospinal fluid

In recent years, several reports have provided detailed information about the
composition of human cerebrospinal fluid (CSF) as regards its immune cell
components(37-39). Overall, CSF is a paucicellular sample which mainly contains
leukocytes typically at counts below 5 cells/uL. Around two-thirds of the whole CSF
white blood cell populations correspond to T cells (mainly CD4" and to a less extent
also CD8" T-lymphocytes) and around 25% are monocytes. In contrast, B-lymphocytes,
NK-cells, DC, as well as neutrophils, are only detected in a small fraction ofall CSF

samples from normal individuals, typically at lower numbers(40).

Immune cell infiltrates in brain tumors

Several distinct subtypes of immune cells have been reported to infiltrate brain
tumors, where they have been associated with a wide spectrum of functions(19). From
the different subtypes of brain tumors, GBM is among the most investigated ones, due
to its relatively high incidence and aggressive clinical behavior. Overall, these studies

have shown that despite the presence of immune cells in GBM, the overall tumor
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environment is highly immunosuppressive. In this section we will briefly review the
methods that have been used to characterize the cellular composition of brain tumor
tissues and the main populations of immune cells that have been reported to infiltrate
brain tumor tissues (e.g. myeloid cells and lymphoid cells) and their contribution to the
behavior of the tumor, with special emphasis on gliomas and meningiomas; in turn, we
will not discuss the role of the immune infiltrates in the patient symptoms and

behavior which have been poorly investigated so far (41).

Evaluation of the cellular composition of tumor tissues. Brain tumors typically display
a heterogeneous and variable cellular composition. Until now, several different
techniques have been used for the identification and characterization of the different
cell populations coexisting in tumor tissues. Among such techniques,
immunohistochemistry (IHC) is the most widely used method in diagnostic surgical
pathology of solid tumors. This technique combines staining with antibodies for
localization and identification of specific antibody-targeted antigens in a cell or tissue
specimen by light microscopy(42). Therefore, it allows the observer to distinguish
between cancer cells and other different types of non-neoplastic cells, through
combined assessment of cell morphology and detection/recognition of specific
molecules in one or more subsets of cells. This method permits semi-quantitative
evaluation of the cellular components of a tumor sample, and determination of the
specific localization of a cell population in the tumor tissue(43). However, it also has
some limitations, which are related to: i) the subjective nature of data interpretation

with a relatively high degree of inter-observer variability; ii) usually it does not allow
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simultaneous immunophenotypic identification of all different cell populations in the
sample, and; iii) the identified cells cannot be isolated in sufficient numbers for their
further complete (e.g. molecular) characterization, even when laser-microdissection
techniques are used(44) (Table 3).

More recently, flow cytometry (FCM) has also been used for the identification
and characterization of heterogeneous cell populations coexisting in tumor samples.
However, whereas FCM is currently applied in routine clinical diagnosis and
classification of hematological malignancies (e.g. leukemia and lymphoma)(39), its
application to the study of solid tumor tissue samples remains rather limited(45). This
is mainly due to the fact that FCM cannot be directly applied to the study of solid
tumors tissues, since it requires prior preparation of single cell suspensions from the
tumor tissue specimen(46). The key advantage of flow cytometry is that a very large
number of cells can be evaluated in a very short time, information being generated for
multiple parameters in a single cell basis; this confers FCM unique analytical
capabilities vs. other technologies. In contrast, the major disadvantage of FCM for the
study of solid tissues relies on the loss of all information about the architecture of the
tissue and the spatial relationship between the different cells coexisting in a tumor
sample(47). Such type of analysis is also associated with the presence of increased
amounts of dying cells and both cellular and tissue debris, due to the need to apply
mechanical and/or enzymatically tissue disaggregation procedures for the preparation
of single cell suspensions, even when DNA and apoptotic cell dyes (e.g. DAPI or
DRAQS5) are used to positively select for viable cells showing a high DNA content (46).

Despite all the above, FCM immunophenotyping has been used for the analysis of
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tumor infiltrating macrophages/microglia (30, 48-54), myeloid-derived suppressor cells
(MDSC) (55) and lymphocyte subsets such as T-cells (56-58), both in experimental
models and primary human glioma samples (49). In contrast with gliomas, few studies
have been reported in which FCM immunophenotyping has been used to characterize

neoplastic and/or infiltrating immune cell populations in meningiomas (59, 60).

Myeloid cells. Myeloid cell populations that have been shown to infiltrate brain
tumors include microglial cells and tumor-associated macrophages (TAM); in addition,
MDSC and DC have also been identified among immune cell infiltrates in CNS tumors.
Of note, all such myeloid cell populations partially overlap with native CNS tissue
myeloid cells, which may make it difficult to determine in many tumor samples,

whether these cells correspond to tissue resident or newly-recruited cells.

Microglial cells & tumor-associated macrophages (TAM).Several studies have
recurrently reported infiltration by microglial cells and TAM in both primary —e.g.
gliomas (30, 49, 61) and meningiomas (59-62)— and metastatic brain tumors (18, 61).
Although a clear discrimination between both subtypes of myeloid cells may still
require full definition, several studies have proposed the existence of highly
discriminating phenotypes based on marker combinations such as those provided by
the CD45/CD11b expression profile (30).

In this regard, Parney et al. (30) reported a mean percent of 1.65%
CD45%™CcD11b* (microglial) cells, and 6.25% CD45°"8™CD11b* (macrophage) cells in 9

newly-diagnosed malignant gliomas by FCM immunophenotyping. In addition, several
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studies which focused on the understanding of the mechanisms of tumor evasion from
immune surveillance, and the immunosuppressive environment of gliomas, reported
glioma-associated microglial cells/macrophages to lack on the expression of
costimulatory molecules critical for T-cell activation (e.g. CD86, CD80, and CD40)(49),
as well as on the ability to secrete cytokines (interleukin1p (IL-1pB), interleukiné (IL-6),
TNFa) that are critical for developing effective innate immune responses (49), to have
an impaired capacity to upregulate the expression of HLA class Il molecules (52), and to
display increased expression of immunosuppressive surface ligands such as B7-H1 and

the Fas ligand (49, 53, 54).
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Table 3. Overall composition of tumor immune cell infiltrates in gliomas and
meningiomas as assessed by flow cytometry (FCM) and immunohistochemistry (IHC).

o Gliomas Meningiomas
Tumor infiltrating
immune cells FCM IHC FCM IHC
% of cells N.of cases % of cells  N.of cases % of cells N.of cases % of cells N.of cases
Myeloid cells
TAM/microglia 4% 8 (62) 6.8% 18 (61) 24% 27 (62) 1.7% 18 (61)
(CD68+) 0.8% 6 (50) 2%-11%"° 36 (63) 22%° 51 (59)
34% 91 (64)
Macrophages 6%° 9 (30)
Microglia 2% 9 (30)
M1 130-472/mm?®
M2 23-287/mm?>"

Dendritic cells
Myeloid
Plasmacytoid

49-368/mm*® 79 (65)

Lymphoid cells
Total T cells (CD3")

CD8" T cells

CD4" T cells

Tregs

B cells

NK cells

2% 30 (57) 50% ! 14 (56) 5%; 0.5%" 11 (57) 9.5%-1.8% 62 (68)
25% 10 (66) 1.7 9 (56)
1% 14 (56) 25% 9 (56)
2% 9 (30) 1% 51(59)
2% 4 (67)
0.04 9%-18%™  130(70) 1% 51(59) 80% 28 (72)
26% 8 (69) 62% 91(64)
8/mm? 93(67)
78% 67(71)
6% 10 (66) 0.10% 20% 28 (72)
0.005%-0.2% 60(49)
0.1% 6 (50) 1%-12%" 130 (70)
29% 8 (69) 12/mm? 93 (67)
22%67 (71)
6% 10 (66) 3% 10 (66) 0.6%  14(56) 10% 28 (72)
34% 67 (71) 5% 10 (73)
11%- 25%° 19 (58)
3%-12%° 19 (58)
4% 14 (56)
15%" 29 (73)
4.4%" 4 (67)
t
0.03 5 (30) 0.03%  51(59) 60% 28 (72)
0.7% 8 (69)
21" 8 (69) 49% 0.2% 51(59) Small 91 (64)
58% 91 (64) populations

Results expressed as median or mean * one SP (range) percentage of cells from the whole tumor cellular or

as number of cells/mm” *Percentage for grade Il (2%), grade Ill (4%) and grade IV gliomas (11%),

respectively. °CD68'CD14"HLADR" cells. “CD45"®"and plus CD11b". CD45"™plus CD11b*. © Number of
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cells/mm” for grade Il (130/mm), grade Il (221/mm) and grade IV gliomas (472/mm), respectively. ‘M2
marker was CD163 for grade Il (23/mm), grade Ill (69/mm) and grade IV gliomas (287/mm), respectively.
M2 marker was CD204 for grade Il (49/mm), grade Il (138/mm) and grade IV gliomas (368/mm),
respectively. "CD1c'CD11c’ BDCA-2  cells. 'CD1cCD11C BCDA-2" cells. ' T cells determined by using
CD3+CD56+ T/NK phenotype. ¥ Mean of 5% in grade | meningiomas and 0.5% in grade /Il
meningiomas.'Percentage for grade | (9.5%), grade Il (2.4%) and grade Il meningiomas (1.8%). "Percentage
for grade Il (9%), grade Ill (10%) and grade IV gliomas (18%), respectively. "Percentage for grade Il (1%),
grade Il (3%) and grade IV gliomas (12%), respectively. ° mean +SD for grade Il (11%%2%), grade Ill (16%+2%)
and grade IV tumors (25%+3%), respectively. "mean +SD for grade Il (3%+0.1%), grade Ill (7%+0.2%) and
grade IV tumors (12%+2%), respectively. “Tregs frequency from CD3" T cells using a CD4'CD25" phenotype.
CD4'CD25'FoxP3" phenotype used to identify Tregs. *FoxP3 used to identify Tregs. "MHCIl+ CD19+ markers

to identify B cells. "CD56"™CD16™ markers used to identify NK cells.

In turn, Asai et al.(62) identified 24%+3.7% of CD68-positive macrophages
and/or microglial cells in meningiomas, which appeared to be heterogeneous,
potentially reflecting various functional states with a different role on the regulation of
tumor growth. Similarly, our group applied FCM immunophenotyping to evaluate the
cellular composition of meningiomas (Figure 1), our results showing systematic
coexistence of CD45 neoplastic cells and CD45" immune infiltrating cells; the later
included a major population of macrophages with a HLA-DR'CD14CD45'CD68°CD16
/+CD33’/+phenotype and high phagocytic/endocytic activity, together with lymphocytes

(mostly T CD8- and NK-cells) present at lower levels(59).
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Figure 1. lllustrating example of the different subpopulations of tumor-infiltrating
macrophages and lymphocytes (CD45hi) in @ meningioma carrying monosomy 22. In
the upper panels, the whole tumor cellularity as identified by both
immunohistochemistry (panel A, staining for CD68 positive macrophages depicted in
brown color within the tumor parenchyma) and flow cytometry (panel B) is shown. In
panel C, flow cytometry staining for CD45 is illustrated. In panels D to F, the
represented bivariate dot plots show the presence of a high percentage of tumor-
associated CD14'macrophages (blue dots in panel D) and different subsets of
CD3"CD56 (depicted as red dots in panel E) and CD3'CD56" (identified as black dots in
panel E) T-cells. CD56" CD3 NK-cells (depicted as blue dots in panel E) and both the
major CD3"CD8" T cytotoxic (green dots) and the CD3'CD8CD4" T helper (violet dots)

subsets are shown in panel F.

At present, it is well known that tumor cells can secrete several factors that

might be responsible for the recruitment of microglial cells/macrophages; among
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others, these include MCP-1 (CCL2) and MCP-3 (CCL7), the monocytic and/or granulo-
monocytic colony stimulating factors (M-CSF and/or GM-CSF), the stromal cell-derived
factor (SDF-1a) and the hepatocyte growth factor (HGF)(63, 74-76). Whether myeloid
cells infiltrating brain tumor tissues are a cause or a consequence of tumor
progression, still remains controversial. Nevertheless, it is tempting to model brain
myeloid cells on current concepts about of macrophage plasticity, in which classically
activated pro-inflammatory macrophages (M1) may promote anti-tumoral responses,
whereas alternatively-activated immunoregulatory (M2) macrophages are predicted to
be pro-tumoral. Polarization of TAM towards an M1 or M2 phenotype depends on the
cytokine milieu and the local microenvironment (Figure 2).

Classically activated M1 macrophages are induced by IFNy and/or Toll-like
receptor (TLR) ligation through e.g. microbial stimuli/lipopolysaccharide (LPS), as well
as by cytokines —TNF-a and GM-CSF— (77). Polarization towards M1 cells is typically
observed in the presence of high interleukin 12 (IL-12) and interleukin 23 (IL-23)
production, but low IL-10 levels (78); M1 macrophages participate as inducer and
effector cells in polarized Thl responses, through production of pro-inflammatory
cytokines, including interleukin 1 (IL-1), TNFa and interleukin 6 (IL-6) (78, 79). In turn,
these cells up-regulate nitric oxide synthase 2 (NOS2) expression and thereby, they
also produce reactive oxygen and nitrogen species (78). M1 macrophages have antigen
presentation capacity, and they mediate innate immune responses against intracellular

parasites and tumor cells (7, 8, 80).
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Figure 2. Schematic illustration of the two major populations of polarized tumor-
associated macrophages identified in tumor tissues, and their interactions with
tumor infiltrating lymphoid cells. Tumor-associated macrophages can have either
(beneficial) anti-tumoral or (adverse) pro-tumoral effects, the macrophage functional
polarization partially depending on the cellular and tissue microenvironment. The most
relevant environment-derived signals and selected functional properties of the two
main populations of polarized tissue macrophages, as well as the different cytokines,
chemokines, and receptors they produce, are shown. Abbreviations: CCL, chemokine
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(C-C motif) ligand; EGF, epidermal growth factor; GCSs, glucocorticoid/corticosteroid
hormones; IFNy, interferon-y; IL, interleukin; iNOS, inducible nitric oxide synthase; LPS,
lipopolysaccharide; MMPs, matrix metalloproteases; NK, natural killer; TGFp,
transforming growth factor-B; TLR, Toll-like receptor; TNFa, tumor necrosis factor-

o;VEGF, vascular endothelial growth factor.

The designation M2 covers several forms of functionally activated macrophages
which differ from the classically activated M1 cells; thus, M2 polarization may be
induced through exposure to IL-4, IL-13 and glucocorticoid/corticosteroid
hormones(81). M2 macrophages share an IL-12°% 1L-23"%, |L-10"&"functional
phenotype, in association with variable production of anti-inflammatory cytokines,
depending on the signals leading to the activation of these cells (82). In addition, M2
cells have high amounts of scavenger, mannose, and galactose-type receptors (e.g.
CD163, CD204 and CD206)(82-84),they show up-regulation of arginase 1 (Argl)
expression and a shift of the arginine metabolism towards production of ornithine and
polyamines(77). Furthermore, differential regulation of the production of distinct
components of the IL-1 system takes place in polarized macrophages(78), M2 cells
being associated with low IL-1a/ IL-1B, high IL-1 receptor antagonist, and high decoy
type |l receptor levels(78). In general, M2 cells participate in polarized Th2 immune
responsesand they are present in established tumors where they promote tumor
progression, tissue repair and remodeling(85).Moreover, they are typically associated
with lack of cytotoxic activity, through blockade of CD8'T-cell infiltration and
proliferation, at the same time they display immunoregulatory functions(7, 8, 80).
Another major pro-tumoral role of M2 macrophages relates to their effect on

promoting angiogenesis through the release of pro-angiogenic growth factors such as
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vascular-endothelial growth factor A (VEGF-A), a process which is essential for tumor
progression(79).0f note, several products of the polarized TAMs might also affect
normal surrounding CNS cells. As an example, IL-1 has been shown to induce
production of additional cytokines and growth factors, thereby promoting
inflammatory effects in the brain (86).

Despite all the above and the potential utility of the M1/M2 classification, it
should be noted that such M1/M2 balance somewhat represents an oversimplification
of the functional profiles of TAM, as it does not fully reflect the complexity of
macrophage activation, which is often tuned differently in response to distinct tissue
microenvironmental conditions(4). In fact, at present it is not entirely clear how mac-
rophages switch phenotypes. Previous studies suggested that hypoxia might be the
major factor in mediating the transition from tumor-suppressing to tumor-promoting
macrophages(4). Reversion of an M2 back to an M1 phenotype, has also been reported.
For example, disruption of nuclear factor kB (NFkB) signaling in an ovarian cancer
model resulted in an M2-to-M1 switch, the recruitment of NK cells and subsequent
tumor regression(87); similarly, macrophage depolarization from an M2 phenotype by
inhibition of colony stimulating factor-1 receptor (CSF-1R) was associated with robust
regression of already established high-grade gliomas(88). Altogether, these studies
highlight a potential therapeutic opportunity in which re-education of TAM might have
a beneficial anti-tumoral effect on the outcome of the disease.

Currently, it is well-known that microglial cells and brain macrophages have the
potential to exert anti-tumoral effects in vitro(89). In this regard, Galarneau et al.(89)

reported that macrophage depletion results in an increased volume of glioma, the
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tumoral immune infiltrates reflecting type 1 responses and CD11b" cells being the
main source of TNFa in the presence of high levels of MCP-1 and IL-1B, but low levels
of IL-4 and IL-10. Overall, these results suggest that the brain is either equipped with or
it can recruit, cells with potential to act against brain tumors. However, these functions
may be overwhelmed by pro-tumoral elements. Indeed, most studies about the
microglial cells and brain macrophages in glioma have shown a pro-tumoral phenotype
associated with an immunosuppressive microenvironment and promotion of tumor
growth and invasion(90). Therefore, microglia/macrophage glioma infiltrates have
been mainly associated with an M2 polarization and expression of M2-associated
markers such as CD163, CD204 and CD206, as well as IL-10 and arginase 1
production(48, 55, 65) which in turn, might also affect patient symptoms and
behavior(91). In line with this, Hussain et al.(49, 50)investigated the functional profile
of myeloid cells isolated from malignant gliomas; their results showed that, despite
these cells expressed significant levels of TLRs, they did not secrete pro-inflammatory
cytokines (e.g. IL-1B, IL-6, TNFa) and they lacked expression of co-stimulatory
molecules (e.g. CD86, CD80, and CD40) which are critical for subsequent T-cell
activation; furthermore, they showed that STAT3 signaling might also be involved, as
STAT3 inhibition was accompanied by an enhancement of immune responses and up-
regulation of several key intracellular signaling molecules that regulate T-cell
activation(92). Consequently, these results indicate that blockade of
microglia/macrophage infiltration and/or their pro-invasive effects could represent a
potentially beneficial therapeutic strategy in malignant gliomas. In contrast, recent

results from our group suggest that a different profile could exist in meningiomas(59);
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thus, significantly increased levels of infiltration of the tumor by TAM was specifically
observed among cases with monosomy 22(59), a good-prognosis cytogenetic subgroup
of meningiomas; these TAM typically displayed a CD206-negative M1 antitumoral

phenotype.

MDSC.One of the most prevalent mechanisms of immune evasion in cancer patients is
through the immunosuppressive activity of MDSC. MDSC are an heterogeneous group
of immature myeloid cells which may be identified in humans by their unique
CD11b'CD14'CD15"HLA-DRCD33 immunophenotype(93). MDSC are mobilized during
tumorigenesis and infiltrate developing tumors, where they promote tumor
vascularization and disrupt major mechanisms of immunosurveillance, including
antigen presentation by DC, T cell activation, M1 macrophage polarization and NK cell
cytotoxicity(94). Presence of MDSC in the immune infiltrates of human brain tumors
has not yet been described. However, characterization of MDSC infiltrating the GL261
glioma mouse model has been described in some detail(55); in this mouse glioma
model, MDSC show a substantial overlap with TAM, they share phenotypic features of
both M1 and M2 polarized macrophages, and they display a significant functional and
phenotypic plasticity, depending on the surrounding microenvironment(55).
Furthermore, circulating CD33"HLA-DR” MDSC have been detected in the peripheral
blood of GBM patients at greater levels than in healthy donors(95), and healthy donor-
derived human CD14'monocytes exposed to glioma cells may acquire MDSC-like

properties, such us an increased production of immunosuppressive factors (e.g. IL-10,
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TGF-B and B7-H1) and an increased ability to induce apoptosis of activated

lymphocytes(96).

DC. Another subtype of myeloid cells that may be specifically recruited to brain tumors
are the DC. Although the brain does not have a standard lymphatic system like other
tissues in the body, the perivascular space has been claimed to potentially act as a
route for lymph to drain into the cervical lymph nodes, and thus, to act as a flow
channel for the adaptive immune system(36). In glioma, DC have been most
thoroughly investigated in the GL261 mouse glioma model. In this animal model,
infiltrating (CD11c’) DC have been shown to display little or no expression of
costimulatory molecules (CD40, B7.1, B7.2) and they are unable to stimulate T cells,
whereas they promote the development of Tregs(97). In humans, analysis of
circulating myeloid and plasmacytoid DC in the peripheral blood of patients with
glioma has shown decreased numbers vs. healthy controls(98). Tyrinova et al.(99)
investigated monocyte-derived DC from brain glioma patients generated in vitro in the
presence of IFNa and GM-CSF, and they found functional impairment of the generated
DC suggesting they could be potentially involved in the pathogenesis of the tumor. To
the best of our knowledge, no study has investigated so far the presence, distribution

and/or functionality of DC in meningiomas.

Lymphoid cells. Tumor-infiltrating lymphocytes (TIL) are also a systematic component

of the microenvironment of brain tumors(22), suggesting that these cells may be
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critically involved in tumor growth, progression and/or control. Of note, myeloid cells
engage in complex bidirectional interactions with the lymphoid cells, in order to exert

heMT|Lhave been found to

their function in the tumor microenvironment(80). CD45
represent a few percent of all cells in both glioma (e.g. 2.5%)(30) and meningioma (e.g.

1.4+1.5%)(57, 59) and they usually consist of T-cells and to a less extent also, NK cells

and B lymphocytes(59).

T-cells.T lymphocytes (CD3%)fall into two major broad functional categories: CD4" T
helper (Th) cells and CD8" cytotoxic T lymphocytes (CTLs) in addition to Tregs. Both
CD4" and CD8" T cells have been described to infiltrate brain malignancies, such as
meningioma(59) and glioma(57). Several studies have further analyzed the relationship
between T cell infiltration and patient outcome, with controversial results (100). One
potential explanation for the controversial results may be the distinct role played by
the different T-cell subsets infiltrating the tumor. Usually, high levels of CD8" CTLs are
related to a greater anti-tumoral activity, whereas high levels of CD4" Th
cells(particularly some subsets of Th cells) are viewed as being associated with a role in
favoring tumor development(18). In line with this, Yu et al.(57) reported a high
CD8*/CD4" T-cell ratio in primary brain tumors to be associated with less aggressive
disease, and others have associated greater levels of infiltration by CD8" T-cells with a
longer survival (67, 69, 71). Similarly, we have found increased numbers of activated
cytotoxic CD8" T-cells in meningiomas to be particularly increased in meningiomas with

complex karyotypes and a poorer outcome(59).
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CD4"Th cells (e.g. Th1, Th2, Th17 and Tregs) deserve a specific comment since
these cells seem to play a very important role in regulating the phenotype of TAM. In
this regard, Thl cells can drive classical M1 polarization of macrophages through
production of IFNy, while Th2 cell-derived IL-4 and IL-13 direct M2 polarization of
macrophages. In turn, IL-4-activated macrophages express chemokines such as CCL17,
CCL22 and CCL24, whose specific receptors (CCR4 and CCR3) are expressed by Th2 cells
(80). Of note, analysis of the activation profile of TIL in malignant glioma has shown
predominance of type 2 immune responses in the intratumoral microenvironment, in
association with expression of Th2-type cytokines (e.g. IL-4 and IL-10); these findings
might contribute to explain the ‘immunosuppressive microenvironmental status’ of
these tumors (101). In order to investigate the Th1/Th2 balance in different types of
brain tumors, Kumar et al. (102) analyzed IL-12 (a cytokine related to Thl responses)
and IL-10 (another cytokine related to Th2 responses) serum levels in patients with
meningioma, anaplastic astrocytoma and GBM; overall, these authors found a
significant reduction in serum IL-12 together with an increase in serum IL-10 in
patients vs. controls. Of note such balance was much closer to normal values among
meningioma (IL-10 levels among meningioma patients were similar to those of the
controls), vs glioma patients, suggesting a less predominant type 2 immune response
in the former patient group. In line with these observations, Shimato et al. (103) have
recently reported on the in vitro production of IFNy (Th1) and IL-5 (Th2) by freshly-
isolated, in vitro stimulated, peripheral blood mononuclear cells (PBMC) from patients
with GBM and meningioma; overall, both patient groups showed a modest decrease in

the amount of secreted IFNy (vs healthy subjects), while a significant elevation of IL-5
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levels was found only for recurrent GBM patients. Consequently, when the IFNy/IL-5
cytokine ratio was considered, no predominant Thl or Th2 bias was found among
meningioma patients, while patients with both primary and recurrent GBM exhibited a
significantly decreased IFNy/IL-5 ratio in favor of the predominance of Th2 immune
responses.

In recent years, several reports have specifically investigated the presence of
CD4*CD25"8"FOXP3*CD127"" regulatory T cells (Tregs) in brain tumors, since these
cells have been shown to play an important role in the regulation of immune
responses via suppression of proliferation of other T cells present in the tumor
microenvironment, through either direct cell-to-cell contact-dependent mechanisms
or indirectly by IL-10 and TGFp secretion(18). Thus, Tregs have been shown to infiltrate
both primary and metastatic brain tumors(73). Overall, results from our group and
other research groups showed almost no accumulation of Tregs in meningiomas, while
GBM and metastatic brain tumors displayed massive infiltration by regulatory T-
cells(56, 59, 73). However, Waziri et al.(56)found infiltration by total CD3"Tcells and
Tregs in meningiomas to be of 1.7% + 0.7% and 0.6% * 0.2%, respectively, with a
unique cytokine production profile associated with high IFNy and low IL-4/IL-13 and IL-
10 cytokine expression levels. Despite these findings, Tregs infiltrating brain tumors
have been shown to be fully activated and to strongly suppress proliferation and
cytokine production by TIL, thereby contributing to a more aggressive clinical behavior
of high-grade brain tumors (73). In this regard, a strong correlation has been reported
in GBM between immunosuppression and presence of Tregs in the tumor

microenvironment, and tumor infiltration by Tregs has also been shown to correlate
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with tumor grade(58); in addition, depletion of Tregs has been associated in animal
models with prolonged survival and infiltration by non-immunosuppressive myeloid
cells(104).In the tumor microenvironment, production of specific chemokines (e.g.
CCL22) and cytokines (e.g. TGFB) appears to be associated with preferential
recruitment of Tregs and promotion of tumorigenesis(7, 80). In this regard, tumor
infiltrating Tregs can also affect the function of TAM in the tumor microenvironment

by favoring polarization towards an M2 suppressive phenotype (80).

Natural killer (NK) cells. NK cells consist of cytotoxic effector lymphocytes that play an
important role in anti-tumoral innate immune responses through e.g. apoptotic killing
of tumor cells(18). NK cells exert their effects via two major cytotoxic pathways. On
one side, NK-cells are rich in perforin- and granzyme-containing granules, that once
released, lead to the damage of the cytoplasmic membrane of targeted cells, entry of
NK-cell released proteins in such cells and their subsequent death by apoptosis; on the
other hand, they constitutively express the CD95-ligand and TNFa on the cell surface
which bind to apoptotic receptors on the target cells, also leading to their death by
apoptosis. In addition, NK cells secrete a variety of cytokines and chemokines (e.g.
IFNy), which exert immunomodulatory effects such as priming of Thl-biased T-cell
responses and classical M1 polarization of macrophages(80). Thus, NK cell infiltration
into tumors has been associated with a more pronounced anti-tumor effect, more
favorable cytogenetics and a better patient outcome(3, 105). However, it should be
noted that in many studies NK cells have been identified using CD57 or CD56 and both

phenotypic markers despite being characteristic of NK cells, are not specific NK-cell
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markers; in fact, NK cells should be better characterized as CD3'CD56" and/or CD3"
CD57" cells, after excluding CD56"/CD3" and CD57°/CD3" T-cells(59, 106). In brain
tumors, the tumor-suppressing role of NK cells has been demonstrated both in
vitro(107) and in vivo(108). Moreover, these cells have been identified in both primary
(e.g. meningiomas and gliomas) and metastatic brain neoplasms(59, 64, 69). However,
the level of tumor infiltration by NK cells tends to remain low and the functionality of
such cells is often affected by factors released by the tumor and/or other
immunosuppressive cells(106). As an example, TGF-B secreted locally by tumor cells
and other infiltrating cells down-regulates the expression of the NKG2D activating
receptor on NK cells isolated from glioblastoma patients, at significantly more

pronounced levels than in NK cells from meningioma patients(109).

B cells. The specific role of B-lymphocytes in the development of brain tumors remains
unclear. Some reports identified B cell infiltration in meningiomas(59, 72, 110)and
gliomas(64). However, such B cells only represented a minor fraction of the immune
cell infiltrates and they were restricted to a subset of these tumors(59). In other types
of cancer, tumor-infiltrating B cells have been associated with the recognition of a
wide variety of tumor antigens, and they have been claimed to closely interact with T
cells and other immune cells, in association with a more favorable outcome(111). In
this regard, B cells can indeed act as APC and therefore, they may be relevant for
inducing CD4'T cell-dependent CD8"'memory T cells that help to control tumor invasion,
spread and metastasis(111). In a GBM model, Candolfi et al.(112) showed that B cells

can act as APC for T-cells and potentially play a critical role in T-cell-mediated
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antitumor immunity and T cell-dependent tumor regression within the CNS. Similarly, a
recent report on meningioma-infiltrating B cells provided clear evidence for the
presence of antigen-experienced B-lymphocytes in the tumor microenvironment(72).
However, presence of tumor infiltrating B cells may have a paradoxical effect, as some
reports also found B cells to suppress the development of immune responses in some
tumors, and to directly regulate macrophage effector functions through IL-10
production, which may activate an M2 macrophage phenotype and promote
tumorigenesis(80).

The major overall profiles of cellular immune infiltrates that have been

reported in glioma vs meningioma tumor samples are summarized in Table 4.

Table 4. Different cellular immune infiltrate profiles reported in glioma and

meningioma tumors.

Myeloid cell infiltrate cell numbers Lymphoid cell infiltrate cell numbers
Tumor type TAM/microglia Dendritic cells T cells B cells NK cells
CD8 Tcells  CD4'Tcells

Glioma low to high low low to high  low to high low intermediate

o _ low t
Meningioma high i ow to - low low

Intermediate

low: 0-1% of cells in the tumor; intermediate: 1-20% of cells in the tumor; high: 20-30% of cells in the tumor

Immunotherapeutic approaches for CNS tumors
The invasive nature of the tumor, together with its capacity to infiltrate into

adjacent normal brain tissue in most gliomas and also a small fraction of meningiomas
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makes it virtually impossible to completely resect the tumor in every patient.
Therefore, usage of complementary/alternative therapies including immunotherapy
protocols is being evaluated in addition to surgery, for the treatment of human CNS
tumors. Immunotherapy typically takes advantage of the immune system's ability to
specifically recognize tumor cell markers and to respond against the tumor cells, while
leaving the normal brain tissue intact. At present, several clinical trials are ongoing in
which the safety and efficacy of immunotherapy is evaluated in the clinical setting of

CNS glioma, and to a less extent also, meningioma (Table 5).

Monoclonal antibody-based therapy. Despite being protected by both the blood-brain
and blood—tumor barriers, a significant fraction of CNS tumors are actively infiltrated
by immune cells. In recent years, an increasing number of mAb directed against
surface receptors expressed by immune cells, which mediate T cell inhibition upon
binding to its ligand have been developed and evaluated particularly in high-grade
gliomas such as anti-PD1 and anti-CTLA4 antibodies. PD-1 (CD279), a member of the
CD28 signaling receptors, is expressed on activated T cells, B cells, DC, and
macrophages. Signaling through PD-1 induces functional or inhibition of immune cells
through two distinct ligands: B7-H1 (CD274 or PDL1) and B7-DC (CD273 or PDL2). The
B7-H1/PD1 interactions induces a negative regulation of T cell activity and tunes down
inflammatory immune responses (113). This represents the basis for the anti-PD1
signalling pathway immunotherapy. In line with this, indoleamine 2, 3 dioxygenase 1
(IDO, a tryptophan catabolic enzyme) is not usually expressed at relevant levels in the

CNS parenchyma. However, higher IDO expression is observed in GBM, suggesting that
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this metabolite may play a role in suppressing the antitumor immune response via e.g.
programmed death 1 (PD-1) and cytotoxic T-lymphocyte antigen 4 (CTLA-4 mediated
signaling to cytotoxic T-cells and other immune effector cells. The accumulation of
CD4*CD25"FoxP3" Tregs, as well as the interaction between T-cells expressing CTLA-4
and CD80" DC and between PDL1 expressing cells and/or macrophages and PD1 T-cells

may lead to the escape of tumor cells from the immune response(114).

Other monoclonal antibody-based therapies which are currently under
evaluation include usage of antibodies directed against: 1)the anti-epidermal growth
factor receptor (EGFR) and/or its variant Il (EGFRvIII) such as cetuximab (C225, IMC-
C225, ErbituxTM), and the 806, 528, nimotuzumab and panitumumab (Vectibix, Amgen,
Thousand Oaks, CA, USA) antibodies, and; 2)anti-VEGF (bevacizumab)antibodies which
have also been tested in gliomas (115-118). Cetuximab binds to EGFR on the tumor
cell; in vitro binding of the antibody is followed by internalization of the receptor,
reduction of EGFRvIII phosphorylation and inhibition of cell proliferation(117). Of note,
the ligand-independent EGFRvIII mutant is present in a substantial fraction of all GBM;
in recent years several monoclonal antibodies (MAb) have been produced which target
the EGFRvIII mutated protein in the absence of cross-reactivity with the wild type EGFR
protein (e.g. the Y10 and L8A4 antibodies); such MAb have been shown to induce an
increased survival of mice with intracranial glioma tumors (119, 120). Another
antibody clone with promising results that binds to EGFRvIII expressing cells, as well as
to a small proportion of wild type-EGFR expressing tumor cells that show dysregulated

signaling due to overexpression of this receptor(120)or to the presence of an autocrine

Brain Behavior Immunity 2015, 38



loop due to increased production of EGF and EGFR, is the 806 MADb clone (121). Finally,
Herceptin, an anti-HER2 antibody used for the treatment of other tumors such as
breast cancer, has also been shown to mediate cell death of HER2—expressing
glioblastoma cell lines in vitro; however, the in vivo effects of Herceptin against intra-
CNS tumors is almost null, probably due to an impaired uptake of the drug in the CNS

(122).

Anti-tumoral vaccination. In parallel to the development of MAb-based therapies, a
peptide vaccine (rindopepimut) based on a the peptide sequence that encompasses
the mutated segment of the EGFRvIIl mutant protein, has also been developed and
demonstrated to induce cytotoxic responses against malignant gliomas in preclinical
models and phase I/1l clinical trials (123, 124); based on these results, a phase IlI/Ill trial
is currently ongoing in GBM patients, in which vaccination against EGFRvIII is used in
combination with radiotherapyand temozolomide therapy. In addition, for patients
with newly-diagnosed tumors that contain this specific EGFR mutation, a peptide
vaccine that encompasses the mutated segment of EGFRvllIl plus heat shock
protein(HSP)-tumor peptides that display immunogenic properties and act as potent
activators of antigen-presenting cells (e.g. Gp96 and HSP70 tumor-associated
peptides), has also been recently produced(125). The development of DC-based
antitumor vaccines as a way to promote the immune system to recognize and
eliminate malignant cells has also emerged as a promising therapeutic strategy.
Preclinical studies demonstrate that vaccination with DC pulsed with glioma antigens

(glioblastoma lysates) can prime a tumor specific cytotoxic lymphocyte response;
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encouraging results have emerged from phase | and Il clinical trials using DC

immunotherapeutic strategies and multiple other clinical trials are under way (126).

Cytokine-based therapy. Cytokines are potential therapeutic tools for malignant
gliomas because of their immunomodulatory effects. Overall, two main study subtypes
have been developed in which cytokine-based therapies are used. Thus, while some
studies focused on supplementing immuno-activating cytokines such as interleukin-2
(IL2) and interleukin-4(IL-4), others have attempted to target the production, or to
interfere with the effects, of immunosuppressive cytokines such as TGFp.

Intratumoral injection of IL-2 in combination with a herpes simplex virus
tyrosine kinase inserted in a retroviral vector, or IL-2 infusion in combination with
cytotoxic T cells, have both emerged as potentially beneficial strategies for the
treatment of recurrent glioma patients. Despite this, it should be noted that
therapeutic levels of intravenously administrated IL-2 have shown a variable grade of
toxicity including fever, headache and transient neurologic irritation; furthermore,
patients receiving cytokines, mainly IL-2 and interferon-alpha (IFN-a), for the
treatment of cancer frequently develop depressive symptoms(127). In this regard,
several studies have demonstrated a strong relationship between decreases in the
peripheral levels of tryptophan, the amino acid precursor of serotonin, and the
development and intensity of the depressive symptoms observed in cancer patients
receiving such therapies, including neurovegetative somatic symptoms, depressed
mood, anxiety and cognitive impairment(128). Of note, such symptoms are mainly

related to immunotherapy rather than to the disease being treated, and they are
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usually alleviated by antidepressant treatment(129).In contrast, the incidence and
severity of these adverse events after local administration of IL2 directly in the tumor
region, is significantly lower; practical guidelines for safe and effective IL-2
administration and management of toxicity have been agreed upon and they are
currently available(130).

Despite all the above, usage of an IL-4-based cytokine therapy to specifically
target tumor cells, currently appears to represent the most (clinically) viable cytokine-
based therapy. Thus, such IL-4 cytotoxin-based therapy [a recombinant fusion protein
consisting of human IL-4 and a truncated Pseudomonas exotoxin termed 1.4(38-37)-
PE38KDEL, or IL-4 cytotoxin] has been demonstrated to cause tumor necrosis without
damage to the normal brain parenchyma (131). Similarly, a chimeric fusion protein
composed of human interleukin-13(IL-13) fused to a truncated, mutated form of
Pseudomonasaeruginosa exotoxin A (PE38QQR) [IL13-PE38QQR, cintredekin
besudotox) has also been developed and shown to have a specific cytotoxic effect on
glioma cell lines (132). However, recent studies have failed to demonstrate a survival
benefit after administration of this cytokine conjugate; further clinical studies are
required to understand the in vivo mechanisms involved in the failure of this
therapy(133-135). Other cytokine/cytokine receptor targets for the treatment of
gliomas include IL-13Ra2. IL-13Ra2 is a cytokine receptor which is highly expressed in
glioma cells and that has been investigated as a potential target for immune cell
activation since it contains an immunogenic peptide that induces IFNy secretion and

activation of CD8" T cells directed against IL-13Ra2” tumor cells(136). Despite this, the
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role of IL-13Ra2 in glioma cells remains to be defined and the potential benefit of an in
vivo IL-13Ra2-based therapy still deserves further investigations.

Other, cytokines such as IFNa have also been evaluated for the treatment of
high-grade glioma patients; however, either no clear benefit or inconclusive results
have been obtained with them (e.g. INFa in combination with BCNU), as regards both
tumor response and patient survival (137, 138). In turn, TGF-B2, a cytokine that
promotes glioma invasion, angiogenesis, and immunosuppression, has also been
evaluated as a potential target for GBM therapy. SB-431542, a novel small-molecule
that inhibits the TGFB receptor, has been shown to prevent glioma growth in
preclinical trials (139). Similarly, the AP12009, TGF-B2 antisense oligonucleotide, has

also been associated with some antitumoral activity, its administration providing to be

safe in early clinical trials(140).

Table 5. Immunotherapeutic strategies in human glioma and meningioma.

Tumor Therapy Agent Target Clinical trial phase
Glioma MAbs Anti-PD-1 PD-1 11
Ipilimumab CTLA-4 1
Nimotuzumab EGFR 11, 1l
Panitumumab EGFR Il
Cetuximab EGFR, EGFRuvIII L
mAb 806 EGFR, EGFRuvIII I
Trastuzumab Her2 I, 1l
Bevacizumab VEGF [, 1,1
Ramucirumab VEGFR Il
Vaccination DC Tumor cells I, 1l
Rindopepimut Tumor cells [, 1,1
Cytokines IL-2 T cells I,
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IL-4(38-37)-PE3SKDEL ~ Tumor cells I

IL13-PE38QQR Tumor cells [, 1,1
IL-13Ra2 TCD8*/ Tumor cells I
AP12009 TGF-B 11, i
SB-431542 TGF-BR Preclinical*
INF-a Tumor cells 1
Meningioma  MAbs Bevacizumab VEGF Il
Cytokines IFN-a-2B Tumor cells Il

MADb: monoclonal antibody. *: Hjelmeland et al 2004.

Concluding remarks

At present it is well-established that tumor-infiltrating immune cells play a very
important role in tumor development and control. Current efforts focused on the
identification and characterization of those immune cells present within the tumor
have brought significant insight into the understanding of their effects on tumor
behavior, at the same time they have opened new therapeutic pathways(141, 142).
However, individual tumors may show unique immune profiles which can only be fully
understood based on the functional assessment of the infiltrating cells and their
numbers. Thus, several reports have shown the presence of tumor infiltrates by
immune cells in both gliomas and meningiomas. Although such infiltrates may vary
substantially in their numbers, macrophages/microglial cells typically predominate
over TIL; in turn, among the TIL, T-cells and particularly CD8" T-cells most frequently
predominate, in association or not with NK-cells, and to a less extent also, B-
lymphocytes. Of note, while the presence of immune infiltrates was initially viewed as

being a sign of immune control, today it is well known that infiltration by M2-polarized
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macrophages and Tregs is associated with recurrence and a poorer prognosis, as well
as failure of anti-tumor vaccination after surgery(143). Thus, there is still a long way to
go until we have a clear view of all the different functional subsets of cells present in
the tumor microenvironment, their precise functions, and how they interact with each
other, as well as with the tumor cells and the tumor stroma itself and the surrounding
CNS-tissue cells, potentially contributing also to modulate the neuropsychiatric

symptoms of the disease and the changes in patient behavior.
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