Chapter 3
The Brain Microenvironment

Mami Noda

Abstract The incidence of brain metastasis is increasing, however, little is known
about the molecular mechanisms responsible for metastasis of peripheral tumor
cells and their colonization of the brain. After tumor cells metastasize to the brain, they
encounter a completely different microenvironment from that in the periphery. The
interactions between tumor cells and glial cells, mainly astrocytes and microglia,
including soluble factors released from these cells, are still under investigation.
However this knowledge will contribute to understanding the mechanisms of cell-cell
interactions in the brain and identify possible therapeutic targets on resident brain
cells that could effect brain metastasis formation and treatment. In addition to the
complex interactions between metastatic tumor cells and the brain’s resident cells,
factors from endothelial cells and endogenous plasma factors also affect the blood-
brain barrier and may change tumor cell characteristics. Therefore the totality of the
brain microenvironment must be considered. The cell types and soluble factors that
contribute to the brain microenvironment surrounding metastatic tumor cells are
discussed herein.

1 Introduction

In the metastatic process, the microenvironment of the metastatic site plays an
important role in tumor cells invasion and proliferation in the target tissues [1]. Such
a microenvironment contains many resident cell types in addition to tumor cells as
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well as migratory hematopoietic cells. In the brain or central nervous system (CNS)
the microenvironment is composed of neurons and glial cells (microglia, astrocytes,
and oligodendrocytes). Endothelial cells and pericytes that compose the blood-brain
barrier (BBB) are also present.

In the CNS, activated glial cells contribute to the innate immune response
and produce a large variety of different inflammatory mediators as a chronic
inflammatory reaction [2]. A similar mechanism could function in mediating tumor
cell survival, proliferation and colonization, and invasion and motility in the
microenvironment of brain metastases [3, 4]. The involvement of brain-resident
and infiltrating cells in the pathology of primary and metastatic brain tumors is
poorly understood. Therefore, a better understanding of the tumor microenviron-
ment in the brain and interactions between each cell type is necessary. Accordingly,
some of the known interactions between metastatic tumor cells in the brain and
different stromal cells were already described [5]. These understandings and addi-
tional information would be expected to contribute to the development of improved
therapies for brain metastasis that are urgently needed due to poor treatment options
for these malignancies.

Experimental models of brain metastasis will aid in our study of the brain as a
microenvironment to support metastatic growth (see Chap. 2 for a discussion of
experimental models of brain metastasis). In brain metastasis mouse models using
human lung cancer cell lines, tumor cells metastasized to whole regions of the brain.
At 3 weeks after the inoculation of tumor cells into the cardiac ventricle, metastatic
foci were found in midbrain-lateral cortex (Noda, unpublished observation). At 4-6
weeks, metastatic foci of various sizes were found throughout the brain. It is important
to understand the interactions between invaded tumor cells and resident brain cells
to understand how tumor cells grow and rapidly colonize the brain. Similar results
were seen with breast cancer brain metastasis models [4, 6]. Further, this under-
standing could help prevent the growth of metastatic tumors in the brain. In this chapter,
cell types in the brain are defined, pathology of invaded tumor cells and surrounding
cells are described and the interactions between tumor cells and individual resident
brain cells are discussed.

2 Cell Types in the Brain

2.1 Neurons

Neurons are the fundamental cells in the brain and all other cells are mainly devoted
to the support of neurons. This traditional concept is, however, only partially correct
under certain physiological condition, especially from a synaptic point of view [7].
Under many pathological conditions, including brain metastases, neurons are dam-
aged and destined to die, leading to neuronal loss. The fate of damaged neurons is
controlled by interactions between the metastatic tumor cells and neuron-supporting
cells, mainly glial cells.
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Fig. 3.1 Inamouse xenograft model of brain metastasis, microglia accumulate around lung cancer cells
in the brain parenchyma. (a) Typical example of microgliosis (green) around the tumor (red), and
microglia accumulate in relation to the size of the metastatic foci. Red; cytokeratin. Green; Ibal. (b)
Typical example showing that more microglia accumulated around metastatic foci in the hippocampus
than in the cerebral cortex. Staining antibodies the same as in (a) (Reproduced from Noda et al. 2009)

2.2 Microglia

In the brain, microglial cells are considered as the pathologic response element
[8-10]. They are sometimes referred to as the macrophage of the brain, however,
when the brain is damaged, blood monocyte-derived macrophages are also present
[11, 12]. Microglial cells are dispersed throughout the entire CNS, exhibiting a
ramified morphology under normal conditions, and their physiological role is grad-
ually becoming unveiled [13]. Recently it was shown that microglial processes are
highly dynamic in the intact brain, suggesting that microglial cells scan the brain
parenchyma with their processes and potentially shield it from injury [14, 15].
Under pathologic conditions such as a lesion (traumatic brain injury), stroke, neuro-
degenerative disorder or tumor cell invasion, activated microglia migrate rapidly to
the affected site of the CNS. At the same time, microglial activation is accompanied
by the release of immunocompetent molecules such as cytokines or chemokines,
and other molecules such as growth factors [16].

In brain metastasis mouse models, bigger metastatic foci attracted increased
numbers of microglia (Fig. 3.1a). Though the incidence of brain metastasis was dif-
ferent in each mouse, the highest incidence was generally observed in the cerebral
cortex and the hippocampus [17]. In the cerebral cortex, less activated microglia
were often observed around large metastatic foci (Fig. 3.1b), the reason for this is
being still interrogated.

2.3 Astrocytes

Among the glial cells, astrocytes are the characteristically star-shaped cells in the
brain and are the most abundant glial cell population. Astrocytes play an important
role in maintaining homeostasis of the brain [18], including biochemical support of
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endothelial cells that form the BBB, provision of nutrients to the nervous tissue,
maintenance of extracellular ion balance, and they also play a role in the repair and
scarring process of the brain and spinal cord following traumatic injuries. Recently,
the function of astrocytes has been reconsidered, and they are now thought to play
a number of active roles in the brain as well, including the secretion or absorption
of neural transmitters and maintenance of the BBB [13]. Astrocytes, therefore, may
be considered one of the most influential cell types in the brain, and they interact
with metastatic tumor cells. In brain metastasis mouse models using lung cancer
cells, glial fibrillary acidic protein (GFAP)-positive astrocytes, so-called “activated
astrocytes”, accumulated according to the size of the metastatic tumor [19].
Similarly, accumulation of astrocytes around brain metastases was also observed in
surgical specimens from breast cancer patient craniotomies [4] and autopsy cases
from a number of primary tumor types [20]. These observations suggest that astro-
cytes may be essential to metastatic tumor cells in the microenvironment of brain
metastases.

2.4 Oligodendrocytes

The main function of oligodendrocytes in the brain is the insulation of axons
(the long projection of nerve cells) [21]. The same function is performed by Schwann
cells in the peripheral nervous system. This functional importance is obvious in
myelination. Although the role of oligodendrocytes in pathology is unclear, it is
suggested that they may participate at an early stage in amyotrophic lateral sclerosis
[22]. The role of oligodendrocytes in brain metastasis is unknown.

2.5 Pericytes

Pericytes are specifically located surrounding the endothelial cell layer of the
capillary network in the brain. Pericytes play an integral role in the maintenance of
the BBB as well as several other homeostatic and hemostatic functions of the brain
[23]. These cells regulate capillary blood flow and BBB permeability, and are
responsible for clearance and phagocytosis of cellular debris. Pericytes are also a
key component of the neurovascular unit, which includes astrocytes and neurons
as well as endothelial cells [24]. Recent studies suggest that pericytes in the CNS
are bone marrow derived, although a respective precursor still remains enigmatic
[25]. It has also been revealed recently that a lack of pericytes in the CNS can
cause a breakdown of the BBB and lead to other degenerative changes in the
brain [23, 26, 27]. As well as leakage of neurotoxins due to pericyte dysfunction
and BBB breakdown, a role for pericytes in limiting tumor cell metastasis was
demonstrated [28].
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3 Cancer Stem Cells

Neoplastic clones are maintained exclusively by a rare fraction of cells with
stem-like properties, known as cancer stem cells. It is believed that tumors grow
from a type of “cancer stem cell” that gives rise to other cancerous cells and the
identification of brain tumor initiating cells provided insight into human brain tumor
pathogenesis, giving strong support for the cancer stem cell hypothesis as the basis
for many solid tumors [29]. The role of cancer stem cells in the organ tropism of
breast cancer metastasis as well as brain tumors was recently reported [30].
Additionally, Calabrese et al., reported the existence of a perivascular niche for
brain tumor stem cells [31] and it is tempting to speculate that this niche in the
microenvironment may also exist for metastatic tumor cells in the brain. Therefore,
a better understanding of the interactions between cancer stem cells in invading
tumor cell populations in the brain and other organs is essential for the development
of novel therapeutic targets for metastatic disease. However, an in depth discussion
of this is beyond the scope of this chapter.

4 Interactions Between Cell Types

4.1 Metastatic Tumor Cell-Neuron Interactions

The neuronal network in the brain has a highly compact framework devoid of
large amounts of extracellular space thus the presence of a growing metastatic
lesion is thought to cause neuronal damage and death as it displaces this network.
Direct interactions between metastatic cells and neurons have not been fully elu-
cidated, and whether the damage to neurons is the result of direct cell-to-cell
contact or the result of toxic soluble factors secreted by tumor cells is not known.
In a model on lung cancer brain metastases, a correlation was observed between
the size of the metastatic lesion that was present and a vacant area of brain sur-
rounding the lesion, suggesting neuronal loss in the brain (Noda, unpublished
data). Using an intracranial implantation model with breast cancer cells, neuronal
death was quantified by the identification of Fluorojade-B positive neurons [32].
The injection of the breast cancer cells induced a 15-fold increase in neuronal
damage compare to a saline control injection [32]. Similarly, in vitro co-culture of
primary neurons with lung tumor cells or addition of conditioned medium of lung
tumor cells showed that tumor cells released factors that were toxic for neurons.
The addition of the lung tumor cells inhibited the survival of primary cultured
neurons depending on the number of tumor cells (Fig. 3.2). When the number of
lung tumor cells was five times of that of neurons (T5 in Fig. 3.2a), the number of
neuronal cells decreased to almost 50%. Importantly, tumor cell-induced neuronal
damage may be responsible for cognitive symptoms experienced by some brain
metastasis patients.
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Fig. 3.2 The influence of microglia on the interactions between tumor cells and neurons. (a) Lung
tumor cells inhibited neuronal survival in a dose-dependent manner in vitro. C; no tumor cells. T1;
equal amounts of tumor cells and neurons. T5; Fivefold the number of tumor cells compared to
neurons. T10; Tenfold the number of tumor cells compared to neurons. (b) Primary cultured neu-
rons from mouse cerebral cortex (top left) were co-culture with tumor cells without microglia
(bottom left) or with microglia (top right) and microglia and tumor cells (bottom right). Neurons
are seen as MAP?2 -positive red staining cells. (¢) Number of neurons present in each culture from
(b). Neurons were counted in 4—7 images per condition. *p<0.05, **p<0.01. N neurons, 7 tumor
cells, M microglia (Modified from Noda et al. 2009)

4.2 Metastatic Tumor Cell-Microglia Interactions

The importance of microglia in the brain necessitates that these cells would
interact with invading metastatic tumor cells. In 3 experimental models of brain
metastasis, activated microglia were seen surrounding single or small clusters of
tumor cells just 7 days after the tumor cells were injected into the circulation [33].
Exactly what the microglia is doing at the metastatic site is still under investigation.
In in vitro co-culture experiments with lung cancer cells and microglia or just
by the addition of microglial conditioned medium to the lung cancer cells, tumor
cell proliferation was significantly inhibited by unknown microglial factors [17].
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Fig. 3.3 Cultured mouse microglia with or without tumor-conditioned medium. Microglial cell
were seeded on 35 mm dish at 8x10° cells/dish and were cultured for 2 days after addition of
medium (control) or tumor cell-conditioned medium

Importantly, no significant TUNEL staining was observed in the tumor cells
exposed to microglial conditioned medium, while BrdU-positive cells decreased
over time, this suggested that inhibition of tumor cell proliferation by microglial
factors may due to cell-cycle arrest but not apoptosis [17]. In contrast, when breast
cancer cells were grown in soft agar in the presence of microglia, colony formation
was increased almost fivefold compared to breast cancer cells in soft agar alone
[4]. These differing effects could be primary tumor cell type specific or result from
experimental differences, such as purity of the microglial cultures, and should be
further investigated.

Since microglia inhibited the proliferation of lung tumor cells, it could be hypoth-
esized that microglia may rescue damaged neurons and promote their survival. The
addition of microglia to neurons in the absence of tumor cells did not show any
significant effect on the neurons (Fig. 3.2b, Neuron/microglia; N/M in Fig. 3.2¢),
assessed by counting MAP2 (microtubule-associated protein 2, a neuronal cell
marker)-positive cells. However, when microglia were added to the co-culture of
neurons with lung tumor cells (Fig. 3.2b, Neuron/tumor/microglia; N/T/M in
Fig. 3.2¢), the number of MAP2 positive cells present in the culture was significantly
increased compared to the neurons cultured with the tumor cells in the absence of
microglia (Fig. 3.2c, N/T/M vs N/T).

On the contrary, microglia exposed to tumor cell-conditioned medium appeared
to have a stimulated morphology and increased proliferation (Fig. 3.3). This is not
unexpected as the metastatic lesion is an insult in the brain and should trigger a host
cell response. In line with this, as noted above, when neurons were cultured with
tumor cells and microglia, the microglia appeared to support neuronal cell viability
(Fig. 3.2). This suggests that microglia, at least in vitro, serve in their immune cell
function rescuing neurons from harm. These results indicate that there are not only
cell-cell interactions but also complex multi-cell interactions at play in the presence
of a metastatic lesion in the brain.
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4.3 Metastatic Tumor Cell-Astrocyte Interactions

Since astrocytes, in conjunction with microglia, play a critical role in neuronal cell
survival, it has been postulated that they can also support tumor cell survival in the
brain. Activated astrocytes produce a number of inflammatory cytokines. IL-1, one
such inflammatory cytokine, has been shown to stimulate the growth of tumor cells
in hepatic and/or lung metastases of melanoma cells in vivo [34-36]. In vitro, astro-
cytes through secretion of IL-6, TGF-f3 and/or IGF stimulated the growth of a breast
cancer cell line, which was derived from a brain metastasis [37]. In brain metastasis
of melanoma, it was reported that astrocytes produce neurotrophin-regulated hepa-
ranase which was shown to increase tumor cell invasion [38, 39].

Using lung tumor cells, astrocytes were activated by tumor cell-oriented factors;
MIF, IL-8 and PAI-1. These activated astrocytes then produced IL-6, TNF-o and
IL-1B, which in turn promoted tumor cell proliferation. The addition of mouse
recombinant IL-6, TNF-o and IL-13 to human lung cancer cells mimicked the
effects of activated astrocytes [ 19]. Semi-quantitative immunocytochemistry showed
that expression of receptors for IL-6 and its subunits gp130 on human lung cancer
cells were up-regulated with time, while receptors for TNF-a and IL-13 were
down-regulated after co-culture with astrocytes. These results suggest that astro-
cyte-derived inflammatory cytokines and their receptors, especially IL-6 receptors,
may have an important role on the development of metastatic lesions in the brain
and therefore might be therapeutic targets in brain metastases of lung cancer and
other cancers.

Aside from those mentioned above astrocytes have been also been shown to pro-
duce IL-3, TNF-a, TGF-$, IGF-1 and PDGF [40—43]. Among them, it was suggested
that IL-6, TGF-f3 and IGF-1 may contribute to the development of brain metastasis by
breast cancer cells [37].

In the human brain, an immunohistochemical study was conducted on the peri-
tumoral gliosis which is produced around hematogenous metastases. Eighty-five
percent of the cases with metastases showed expression of endothelin-like immuno-
reactivity in the peritumoral astrocytes. Activation of microglial cells was another
frequent and widespread glial cell alteration around the metastases [20]. Recently, it
was also reported that co-culture of human breast cancer cells or lung cancer cells
with murine astrocytes (but not murine fibroblasts) led to the up-regulation of sur-
vival genes, including GSTAS, BCL2L1, and TWIST1, in the tumor cells [44].

Astrocytes not only interact with and affect tumor cells at the site of metastatic
growth, they also interact with microglia and neurons at the site. Activated astrocytes
express glial cell line-derived neurotrophic factor (GDNF) followed by releasing of
TNF-a and IL-1p by astrocytes then promotes the survival and growth of dopamin-
ergic neurons [45]. Cultured astrocytes activated by lung tumor cells also express
GDNF (Noda et al., unpublished data). Though which factors released from activated
astrocytes are responsible is unknown, these factors attenuated microglial-tumor
cell interactions and tumor cell proliferation showed less inhibition with microglia-
astrocyte co-culture medium than that with microglia-conditioned medium alone
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(Noda et al., unpublished data). There results suggest that there are complicated
cell-cell interaction between tumor cells and glial cells that remain to be fully
understood.

5 Soluble Factors in the Brain Microenvironment

In addition to cell-cell interactions and the soluble factors mentioned above, numer-
ous other soluble factors have been shown to play a role in influencing metastatic
tumor growth in the brain microenvironment. Bradykinin, a plasma protein, has
been shown to be involved in tumor metastasis by increasing BBB permeability
mediated by adenosine 5’-triphosphate-sensitive potassium channel [46] and TNF-a
[47], or blood-tumor barrier permeability [48]. It was suggested that bradykinin,
acting via bradykinin-2 receptors (B2R), acts as an important signal for directing
the invasion of glioma cells toward blood vessels [49]. These results suggest that not
only brain tumor cells but also invaded peripheral tumor cells may show increased
chemotaxis in the brain. Therefore, clinically approved B2R antagonists could be
used as anti-invasive drugs in the future.

Recently, the cytokine pigment epithelium-derived factor (PEDF) was shown to
affect both metastatic tumor cells in the brain and neurons [32]. PEDF is a secreted
factor that was down regulated in a cohort of human breast cancer brain metastasis
specimens compared to unlinked primary tumors [50]. When breast cancer cells were
forced to overexpress PEDF and implanted into the brains of nude mice, PEDF express-
ing tumor cells showed increased apoptosis compared to control cells. Additionally,
when the amount of neuronal damage surrounding the implanted cells was quantified
by fluorojade B staining, there was a 3.5-fold decrease in damaged neurons surround-
ing the PEDF expressing cells compared to the control cells [32]. These data suggest
that restoring the expression of PEDF in metastatic tumor cells might limit their spread.
Additionally, PEDF peptides, if delivered to the brain, might help alleviate neuronal
damage and thus cognitive symptoms in brain metastasis patients.

6 Summary

Figure 3.4 illustrates the cell-cell interactions and their effects discussed herein.
Much of what was discussed has only been elucidated in the last decade and we still
have much to learn about the brain microenvironment during metastatic tumor cell
colonization and growth. Interestingly, competitive cross-species hybridization of
microarray experiments showed that the brain microenvironment induces complete
reprogramming of metastasized cancer cells residing there, resulting in a gain of
neuronal cell characteristics and mimicking neurogenesis during development [51].
This suggests that identifying target molecules on tumor cells that could restrict
these characteristic changes would be a useful strategy to prevent brain metastasis
in the future.
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Fig. 3.4 Proposed schema for neuron-glia-tumor cell interactions. Microglial cells release soluble
factors that suppress the proliferation of tumor cells by inducing cell-cycle arrest. Tumor cells, in
turn, release soluble factors that activate astrocytes and suppress neuronal survival. Astrocytes are
also involved in the regulation of tumor cell proliferation by the release of various soluble factors.
Astrocytes may interact with microglia and neurons surround the metastatic lesion. In addition,
plasma kinin and kallikrein increase blood-brain and blood-tumor permeability and may influence
resident brain cells, too. Arrows indicate activation or stimulation and dotted lines are speculated
signaling interactions
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