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Abstract

Brain metastasis is a significant clinical problem, and 20-40% of cancer patients will
develop metastatic spread to the brain.There remains, however, an urgent need to better
understand the pathogenesis of brain metastasis and, in particular, the contribution of
the tumour microenvironment. Astrocytes are activated in response to metastatic
growth and in vitro studies suggest that this activation promotes tumour growth and
invasion. However, the result of astrocyte activation has yet to be probed in relevant in
vivo models.

The primary aim of this thesis, therefore, was to determine the role of astrocyte activation
in metastatic progression. To address this question, two routes of metastatic induction
were used; intracardiac and intracerebral. Astrocyte activation was demonstrated
quantitatively in both models across a protracted time course, increasing both spatially
and temporally. Subsequently, a CNTF-lentivirus model of chronic astrocyte activation
was used to probe the effect of astrocyte activation on metastasis pathogenesis. No
significant changes in either tumour seeding or growth were observed. However, based
on subsequent assessment of the molecular phenotype of astrocytes incubated with
either CNTF or tumour-conditioned media, I conclude that this lack of effect in vivo is
likely to reflect the phenotypic state of the astrocytes in the CNTF-mediated model. For
the converse experiment, I aimed to inhibit astrocyte activation with a targeted steroid
previously shown to have anti-astrocytic effects. No significant effects on tumour burden
were observed overall, although the data suggest a reduction in prefrontal areas in
steroid-treated animals. In vitro and ex vivo PCR studies, together, suggested that
astrocytic IL-6 may be important in metastasis progression.

Finally, in light of the robust activation of astrocytes in response to metastasis, I
hypothesised that astrocyte activation could be used as a diagnostic biomarker for
tumour growth, potentially facilitating diagnosis at earlier time points than currently
possible. To test this hypothesis, radiolabelled small molecule ligands, targeting the
translocator protein (TSPO) on activated glia, were used to image astrocyte activation
with either SPECT or PET. Micrometastases were detected with both agents used, and
at time points prior to that possible with current clinical methods of passive contrast
enhancement across a compromised blood-brain barrier.

In conclusion, a dynamic interaction exists between astrocytes and tumour cells in brain
metastases. Although the approaches used here have not yet revealed the contribution of
astrocytes to metastatic growth, a framework has been established to further probe the
role of astrocytes at the molecular level; in vivo modulation of astrocyte-derived factors
will potentially yield not just mechanistic insights, but therapeutic gains. Importantly,
regardless of the role of astrocytes, their robust association with tumour growth renders
their activation an ideal surrogate for tumour growth.
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Chapter 1 Introduction

1.1 Cancer

Cancer is a class of diseases characterised by unregulated cellular proliferation,
resulting from DNA mutagenesis. Such uncontrolled cell division leads to the
formation of an abnormal mass of tissue, known as a neoplasm, or more
commonly a tumour. Tumours can arise throughout the body, although cancers
of the lung and colon are most common across the two sexes; breast and prostate
cancer are the most common neoplasms found in women and men, respectively
(Siegel et al., 2012). More than 1 in 3 people in the UK will develop cancer during
their lifetime and whilst mortality rates have fallen by 20% over the last three

decades, the disease still accounts for more than a quarter of deaths in the UK.

This large clinical burden has unsurprisingly resulted in a huge research
investment; in 2012, $5,621 million was spent in the USA on cancer research. A
seminal review in 2000 by Hanahan and Weinberg distilled the vast quantity of
basic research on cancer geno- and phenotypes and proposed that all neoplasms
share 6 hallmarks that drive malignant progression: evading apoptosis, self-
sufficiency in growth signals, insensitivity to anti-growth signals, limitless
replicative potential, angiogenesis and tissue invasion and metastasis (Hanahan

and Weinberg, 2000). It is this final hallmark, the spread of cancerous cells from



a primary tumour to a distal organ that is responsible for 90% of deaths in cancer

patients (Gupta and Massague, 2006) and which will be the focus of my thesis.

1.2Metastasis

Metastasis describes the dissociation of cancer cells from a primary tumour and
their spread to and growth within distal organs. The process involves
dissemination of cancer cells through the blood stream or lymphatic system and
their subsequent colonisation of a secondary organ, as illustrated in Figure 1.1.
Environmental stress, a consequence of excessive cellular proliferation in the
absence of an adequate blood supply, is thought to drive dissemination to a
secondary organ. For instance, low oxygen tension, known as hypoxia, is a key
factor in the progression to malignancy and the hypoxic response pathway has
been implicated in mediating some of the phenotypic changes, outlined below,

that drive metastasis (Lu and Kang, 2010).
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Figure 1.1: Metastasis is a multi-step process, involving interactions
between many different cell types. 1) Deregulated growth leads to cellular
proliferation within the extracellular matrix (ECM). The tumour microenvironment
includes non-neoplastic cells, such as fibroblasts and tumour associated macrophages
that may drive malignancy. 2) Metastatic tumour cells disseminate from the primary
tumour and invade the local tissue, remodeling the basal lamina and ECM. 3) Cancer
cells extravasate through the endothelium and enter the bloodstream. 4) Circulating
cancer cells interact with cellular adhesion molecules on the luminal endothelial
surface and ‘roll’ along the endothelium. 5) Cancer cells extravasate across the
endothelium and begin to colonise the secondary site. The site of metastasis also

contains its own tumour microenvironment that contributes to disease progression.



As evident in Figure 1.1, the metastatic process is comprised of multiple steps.
The acquisition of a metastatic phenotype requires the loss of cell—cell and cell—
matrix interactions. Cells are tethered to one another by cell adhesion molecules
(CAMs) and the expression of such proteins is modulated in neoplastic disease.
Perhaps the best-characterised CAM in this scenario is epithelial-cadherin (E-
cadherin), an ubiquitously expressed epithelial protein. E-cadherin expression is
reduced in many human cancers (Birchmeier and Behrens, 1994) and
experimental models implicate its loss in facilitating invasion and metastasis
(Frixen et al., 1991; Vleminckx et al., 1991). E-cadherin also acts as a signalling
molecule and, therefore, modulation of its expression does not solely initiate

metastasis via the disruption of cell—cell contacts (Onder et al., 2008).

Only a small proportion of cells in a primary tumour appear to be motile and they
move in a linear fashion through the ECM (Farina et al., 1998). Advances in multi-
photon microscopy have facilitated the observation that such cells actually track,
individually, along collagen fibres (Wang et al., 2002). Progression through the
ECM, with the destruction of the basement membrane, is dependent on the
secretion of proteolytic enzymes. One such family of enzymes, the matrix
metalloproteinases (MMPs) have been frequently linked with poor prognosis
(Murray et al., 1998; Murray et al., 1996). Inhibition of members of this family
have been linked to reduced invasion and metastasis in in vitro and in vivo
models (Kilian et al., 2006; Liu et al., 2012; Naglich et al., 2001), however clinical
trials have been disappointing with regards to reducing disease burden (Zucker
and Cao, 2009). This illustrates the complex nature of the metastatic process;

inhibition of just one facet alone will be unlikely to halt malignant progression.



Entry into the vasculature is often aided by the presence of neo-vessels, formed
due to the tumour driven promotion of angiogenesis (Folkman et al., 1971). Such
vessels are often ‘leaky’ and hence facilitate entry of disseminated cells into the
blood stream. Survival in the vasculature appears to be dependent on
coagulation, with tumour cells initiating blood clotting (Falanga et al., 2009).
The formation of such microembolisms facilitates intra-vascular survival by
providing protection from shear forces and immune cell destruction. Platelet
aggregation has also been shown to initiate macrophage recruitment and

promote neoplastic cell survival in the bloodstream (Gil-Bernabe et al., 2012).

With regards to extravasation and colonisation of the secondary organ, metastatic
spread is not a random process, purely driven by the mechanical forces
experienced in the vasculature (Fidler, 1978); sub-populations of cancer cells
display differential organotropism. For instance, in an in vivo xenograft model,
the human breast cancer cell line MDA-MB-231 was shown to display distinct
gene signatures, encoding, in many cases, secretary or surface proteins, dictating
metastasis to either lungs or bone (Minn et al., 2005). Only 6 genes were found
in both signatures (Gupta et al., 2005). The same study demonstrated such gene
signatures in human biopsy samples, from a cohort of 82 primary breast cancer
patients. One theory suggests that the establishment of a ‘pre-metastatic niche’
may direct organotropism. First described in 2005, Kaplan and colleagues
demonstrated that bone marrow derived cells (BMDCs) were localised at the sites
of metastases prior to the arrival of metastasising cells. The location of BMDC

recruitment is dictated by the primary tumour in xenograft models, and such



BMDC clusters were also observed in a spontaneous tumour model (Kaplan et al.,
2005). Once at the secondary organ, BMDCs act to make the microenvironment
permissive to metastatic colonisation, for example modulating the ECM and
inducing immunosuppression and vascular hyperpermeability. Numerous
tumour derived secreted factors (TDSFs) have been suggested to drive the
formation of the pre-metastatic niche. VEGF was originally proposed to mediate
BMDC recruitment (Kaplan et al., 2005), but multiple factors have been proposed
(Sceneay et al., 2013), such as TGF-p and TNF (Hiratsuka et al., 2006). Whilst to
date only the recruitment of BMDCs has been studied, it is plausible that TDSFs
also serve to ‘prime’ resident cells at the secondary site of cancer growth. Clearly,
there are a number of factors that are important in driving metastatic
progression, most likely specific to the organ of origin. I will now consider the

case of brain metastasis specifically as this is the focus of my thesis.

1.3Brain metastasis

1.3.1 Clinical incidence, diagnosis and treatment

Metastatic spread of a primary tumour to the brain occurs in approximately 20
to 40% of cancer patients. Brain metastases are most typically derived from lung,
skin or breast primary tumours (Patchell, 2003). Approximately two-thirds of
patients present with neurological symptoms, typically headaches, seizures and
nausea, although the nature of further symptoms are dictated by tumour size and
location (Zhang et al., 2012). Metastatic colonization can occur throughout the
brain, although there is a tendency for growth in the most vascularised areas

(Delattre et al., 1988).



There are two key issues impeding the management of brain metastasis: (i)
diagnosis and (il) treatment options upon diagnosis. With regards to clinical
diagnosis, the current gold-standard technique is contrast-enhanced magnetic
resonance imaging (MRI) (Zhang et al., 2012). This technique is dependent on
the breakdown of the blood-brain barrier (BBB), facilitating extravasation of
contrast agents such as gadolinium, into the parenchyma. However, as I will
explain later, BBB breakdown is a late event in the progression of brain
metastasis. Clearly there is a need for imaging modalities that enable early

detection of metastatic disease (Serres et al., 2012).

Upon diagnosis, median survival without treatment is 1 month (Patchell,2003)
and chemotherapeutic options are limited owing to the presence of the BBB. Free
diffusion of drugs across the BBB is dependent on lipid solubility (low number of
hydrogen bonding functional groups) and a low molecular weight, typically
smaller than 600 Daltons (Da) (Pardridge, 1998). In addition to these
constraints, the BBB displays drug transporter membrane proteins that serve as
drug efflux pumps, which actively exclude drugs from the brain in order to

provide CNS protection (Girardin, F et al., 2006).

These limitations exclude the use of common chemotherapeutic agents such as
cisplatin and doxorubicin. In situations where the selection of BBB permeable
chemotherapeutics is possible, pharmacological treatment typically depends on
the origin of the metastases. For instance, epidermal growth factor receptor

(EGFR) mutations are present in up to 25% of patients with non-small cell lung



cancer (NSCLC), leading to constitutive kinase activity. Therefore Gefitinib, a
tyrosine kinase inhibitor, has been trialled in conjunction with WBRT to treat
brain metastases from this origin (Renfrow and Lesser, 2013). Attempts to
permeabilise the BBB at sites of metastasis to facilitate drug access may provide
more effective therapeutic options, as this will allow access to more targeted
antibody therapies (Connell et al., 2013). For instance, Trastuzamab is a
monoclonal antibody against the human epithelial growth factor receptor 2
(Her2), which is overexpressed in 20-30% breast cancer patients (Mitri et al.,
2012). The antibody is used widely and successfully in the treatment of many
breast cancers, thus, facilitating access of this treatment to the brain may be of

considerable clinical benefit.

In light of BBB constraints, radiotherapy is the primary treatment option for
patients with brain metastasis, with either whole brain radiotherapy (WBRT) or
stereotactic radiosurgery (SRS) employed. Surgical resection is typically used in
combination with radiotherapy, when treating up to three metastases (Renfrow
and Lesser, 2013). Median survival after WBRT is of the order of 3—6 months,
with the caveat of short- and long-term radiation effects, including memory loss.
In the case of SRS, median survival is approximately 14 months, although almost
50% of patients will develop new metastases during this time. Thus, it is evident
that there is an unmet clinical need in terms of diagnosis and treatment of brain
metastasis. Through a greater understanding of the tumour microenvironment,
I aim to elucidate novel methods for detecting metastatic disease at early time
points, as well as inform on the molecular mechanisms of disease, which may in

the future lead to novel targets for therapeutic intervention.



1.3.2 Molecular mechanisms

As discussed above, different primary tumours display different organ tropisms.
In some cases, specific gene signatures have been shown to be predictive of brain
metastasis (Bos et al., 2009; Harrell et al., 2012; Lee et al., 2012), with many of
the genes implicated in mediating traversal of the BBB. For instance, COX2 has
been shown in an in vitro model of the BBB, to play a role in barrier
transmigration (Bos et al., 2009). Similarly, STOGALNACs5 , a siayltransferase
that catalyses the addition of sialic acid to glycoproteins and therefore facilitates
cell—cell interactions, has been shown to drive brain metastasis in vivo;
transduction of lung metastatic cells with a ST6GALNAC5 expression vector
increased BBB transmigration and brain infiltration (Bos et al., 2009). In order
to understand the molecular mechanisms driving brain metastasis, we must first

consider the BBB.

1.3.2.1  The blood brain barrier

As illustrated in Figure 1.2, the brain is surrounded by a unique vascular
compartment that places a hurdle before metastasising cells. Sophisticated
imaging of fluorescent metastatic cells, using multi-photon laser scanning
microscopy (MPLSM), has allowed the stages of brain metastasis to be visualized

in vivo (Kienast et al., 2010). The tortuous nature of the cerebral micro-
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vasculature enforces a reduction in the speed of circulating cells and arrest at
vascular branch points is observed. Such arrested cells can reside on the luminal
side of the brain endothelium for up to 5 days, in contrast to elsewhere in the body
where metastasising cells rapidly extravasate within 24 hours (Lorger and
Felding-Habermann, 2010). As such, the length of time for cancer cells to
metastasise into the brain is considerably longer than that of other organs. In a
murine in vivo ultrastructural study, extravasation of 3LL-HH cells, a liver cancer
cell line, was first observed 48 hours after intracarotid inoculation, with 76% of
metastasising cells found in an extra-capillary position at 72 hours. In contrast,
extravasation at peripheral organs is much more rapid, for instance, 74% of
metastasising cells were observed to have extravasated across the lung
vasculature by 24 hours (Paku et al., 2000). This electron microscopy study is in
agreement with fluorescent microscopic analysis of the extravasation process,
demonstrating extravasation of metastatic breast cancer cells into the brain from
3 days, after introduction into the circulation via the intracarotid artery (Lorger

and Felding-Habermann, 2010).

There are multiple hypotheses for the initial steps of traversal. As recently
reviewed (Hamilton and Sibson, 2013), tumour cells may use similar mechanisms
to those employed by immune cells, adhering to cellular adhesion molecules
(CAMs). As illustrated in Figure 1.1, metastasising cells interact with receptors
expressed on the endothelium and ‘roll’ along the luminal surface. The
continuous process of forming and breaking ligand—receptor interactions leads
to decreased cellular velocity, allowing more firm adhesions to form. The

selectins are one such class of receptors, binding to o-glycosylated ligands
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expressed on cancer cells. Endothelial- (E) and platelet (P)-selectin deficient
mice display significantly reduced metastatic burden in a xenograft model of
spontaneous metastases to the lung (Kohler et al., 2010). With regards to brain
metastasis, recent work within the lab indicates that antibody mediated
abrogation of the interaction between tumour cells and CAMs on the BBB, in this
case vascular cellular adhesion molecule-1 (VCAM-1) and activated leukocyte cell
adhesion molecule (ALCAM), attenuates brain metastatic burden in vivo (Soto et

al., 2013).

Considering migration through the endothelium itself, two routes, analogous to
leukocyte trafficking, have been proposed: paracellular and transcellular.
Electron microscopy suggests that the endothelium retracts in response to cancer
cell adhesion (Paku et al., 2000), perhaps facilitating traversal. An in vitro model
of melanoma cell extravasation suggests that extravasating cells adhere at the
junction between two endothelial cells and decrease trans-endothelial resistance
(TEER), inducing endothelial cell apoptosis and disruption of endothelial tight-
junctions, in a serine protease mediated fashion (Fazakas et al.,, 2011).
Additionally, tumour cells have been shown to form selectin-mediated aggregates
with polymorphonuclear (PMN) leukocytes (Jadhav et al., 2001), ‘hijacking’
immune cells to facilitate paracellular extravasation. In vitro work has suggested
that breast cancer cells may additionally extravasate transcellularly, moving
through endothelial cells, assisted via myosin contraction (Khuon et al., 2010).
However, the transcellular route for metastatic cells has not been demonstrated

in vivo (Wilhelm et al., 2013).
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Upon entry to the perivascular space, it has been demonstrated that metastatic
growth is dependent on contact with the abluminal endothelial membrane
(Carbonell et al., 2009), as is the case in glioma (Winkler et al., 2009). Only upon
growth of macrometastases, will the astrocytic end-feet component of the BBB
(the glia limitans) be breached, allowing spread of metastases into the brain

parenchyma (Saito et al., 2007).
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Figure 1.2: Cellular and molecular components of the blood-brain barrier. The

blood-brain barrier is comprised of endothelial cells joined by specialized tight junctions,

comprised of junctional adhesion molecules (JAMs), occludin and claudin. The endothelium
is surrounded by basal lamina. Additionally, pericytes and astrocytic end-feet make contact

with the endothelium and contribute to its integrity, both structural and metabolic. Astrocytes

serve to link the endothelium with neurons.

13



There are contradictory reports regarding the integrity of the BBB surrounding
metastases. A study by Zhang et al, using nude mice inoculated with a range of
cancer cell lines demonstrated that breakdown of the BBB is well correlated with
the size of the tumour, rather than location; lesions smaller than 0.2 mm?2 have
an intact BBB, and the initial stages of metastasis do not induce BBB breach
(Zhang et al., 1992). However a more recent in vivo study, using an intracardiac
model of brain metastases, demonstrates that BBB permeability is heterogeneous
and there is no correlation between lesion size and BBB permeability (Lockman
et al., 2010). Whether these conflicting findings are due to the models used
remains to be seen. Breakdown of the BBB in the peri-tumoural area of human
biopsy samples can be inferred from vessel structural abnormalities. Analysis of
clinical samples demonstrates the aberrant association of astrocytic processes
with vessels within tumour biopsies (Nduom et al., 2013), demonstrating breach
of the final component of the BBB in later disease. Such biopsies also indicate that
a compromised BBB is not dependent on tumour cell contact with the
vasculature, suggesting a role for tumour-derived soluble factors in modulating

BBB integrity (Stewart et al., 1987).

1.4 The inflammatory microenvironment

The summary presented here, regarding the key processes involved in metastasis,
has, thus far, been cancer cell centric. In a recent revision of Hanahan and
Weinburg’s seminal review, ‘The Hallmarks of Cancer’, inflammation in the
tumour microenvironment was identified as an enabling characteristic;
inflammation can drive the acquisition of the key features of tumourigenesis,

discussed previously (Hanahan and Weinberg, 2011). This raises the important
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point that cancers are not comprised of neoplastic cells alone and that the stroma,
consisting of immune cells, vasculature, the ECM and non-immune stromal cells,
such as fibroblasts and astrocytes,, all contribute to tumour pathogenesis. As
illustrated in Figure 1.3, there are multiple components to the host inflammatory
response and the balance of anti- and pro-tumourigenic factors can be modulated
by the tumour itself. Here I will focus on outlining the inflammatory
microenvironment at the site of metastatic colonisation specifically in the brain.
I will consider systemic immune cells as well as CNS resident cell populations,

namely microglia and astrocytes.
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Figure 1.3: The inflammatory microenvironment. Multiple non-neoplastic
stromal and immune cells may contribute to metastatic progression. Macrophages, mast
cells, neutrophils and fibroblasts have all been implicated in releasing factors that may
drive metastasis. When the balance of pro-tumourigenic factors outweighs the anti-
tumourigenic factors present in the inflammatory milieu, then tumour growth

accelerates and local invasion and metastasis can occur.

1.4.1 Systemic immune cell infiltration
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As first postulated in 1986, there are striking similarities between the stromal
response to tumour growth and to wounds, with a high immune cell infiltrate
(Dvorak, 1986). Although the brain was originally deemed ‘immuno-priviledged’,
immune cell recruitment is also a feature of the brain metastatic
microenvironment.  Inflammation has been demonstrated in the brain in
response to metastasis, with an upregulation of cellular adhesion molecules
present on the endothelium (Soto et al., 2013). Adhesion molecules are critical
for immune cell infiltration, and such recruitment has been demonstrated in the
metastatic microenvironment. Human biopsy samples show a large macrophage
infiltrate in response to brain metastatic growth (Amit et al., 2013; Shinonaga et
al., 1988). Similarly, T-cells are a feature of the brain metastatic niche, as has
been robustly demonstrated in peripheral tumours. Interestingly, in an in vivo
characterisation of melanoma derived brain metastases, CD4* outnumber CD8+
T-cells (Amit et al., 2013). As CD4+ cells co-ordinate the immunological response,
whilst CD8+ T-cells display cytotoxic activity, this finding implies that
tumouricidal immune cells are in the minority. Neutrophil recruitment in the
context of brain metastasis has not been characterized, however, extensive
infiltration has been observed in human glioma, correlating with grade (Liang et

al., 2014).

1.4.2 Resident macrophages

In addition to the infiltration of systemic immune cells, the brain has its own
unique resident immune response. Microglia, are the brain’s resident

macrophages. Traditionally believed to be derived from hematopoietic stem cells
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in the bone marrow before migration to, and further differentiation in, the brain,
it now appears that microglia may originate in the yolk sac (Ginhoux et al., 2013)
which goes on to form the brain. Microglia conduct immune surveillance via
expression of a host of receptors, including Toll-like receptors. Upon activation
of such receptors, microglia co-ordinate the immune response and are involved
in phagocytosis and antigen-presentation to recruited T-cells. Microglia are
highly plastic cells, and their response to CNS challenge can follow different
pathways. As described for peripheral macrophages (Gordon, 2003), microglia
can be ‘classically’ (M1) or ‘alternatively’ (M2) activated. The ‘classical’ pathway,
mediated by cytokines such as interferon-y (IFN-y), initiates a pro-inflammatory
response to immunogens. The ‘alternative’ pathway, mediated by cytokines such
as IL-4, is implicated in tissue repair and regulating the immune response (Boche
et al.,, 2013). However, one should note that there is likely to be a spectrum
between the activation states, with various sub-populations (Lee et al., 2014). In
the context of cancer, the established paradigm for tumour associated
macrophages (TAMs) in peripheral tumours is that they display an M2
phenotype, and as such are involved in promoting tumour growth and
angiogenesis (Mantovani et al., 2002). These differential activation states may

also be present in response to brain metastasis.

The microglial response to metastases has been demonstrated in human biopsy
samples (Berghoff et al., 2012; He et al., 2006; Zhang and Olsson, 1995) as well
as in in vitro and in vivo models (Amit et al., 2013; Balathasan et al., 2013; Lorger
and Felding-Habermann, 2010). Studies indicate microglia induce cellular

toxicity, mediated via the production of nitric oxide (NO) (Brantley et al., 2010;
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He et al., 2006; Murata et al., 1997). However, there is also evidence for
differential activation of microglia, as discussed above, leading to the release of
tumour trophic factors (He et al., 2006). Additionally, others have shown that
microglia facilitate the initial stages of metastatic colonization. Co-culture of
human breast cancer cell lines with primary mouse microglial cells leads to an
increased invasion rate and organotypic slice models implicate microglia in
‘pulling’ tumour cells into the brain parenchyma (Pukrop et al., 2010). Again,
however, this effect is microglia phenotype dependent, and skewing microglial
activation to the ‘classical M1 pathway’ using the inflammatory challenge LPS,

abrogates the ability of microglia to enhance invasion (Pukrop et al., 2010).

1.4.3 Astrocytes

Astrocytes are the most abundant member of the glial family and, although not
immune cells, they do mount an inflammatory response not just to infection but
also to CNS challenge, including primary and secondary brain tumours. It is this
astrocytic response to tumours that my work focuses on and the subsequent
sections will outline the role of astrocytes in health and disease, before focusing

on evidence for a role of astrocytes in tumour pathogenesis.

Astrocytes, so called due to their stellate morphology, are found in a contiguous
manner throughout the CNS, having evolved from the neuroepithelium. There
are two main subtypes of astrocytes, characterised by their morphology and
localisation; protoplasmic and fibrous. Whilst protoplasmic astrocytes are found

in gray matter, fibrous astrocytes are found in white matter (Sofroniew and
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Vinters, 2010). In the mouse brain, astrocytes outnumber neurons 4:1, with the
ratio increasing with evolution, to that of the human brain, where astrocytes are
typically cited to out-number neurons 10:1 throughout most brain regions.
However, no primary evidence for this ratio is published, and the figure appears
to be closer to 1:1, at least in the cortex (Azevedo et al., 2009). Regardless of
number, astrocytes were originally believed to serve a purely structural role in the
brain, supporting neurons and the BBB. However, the ‘glial revolution’ over the
past couple of decades has seen astrocytes implicated in a whole host of CNS

functions, some of which I will outline below.

1.4.3.1  Astrocytic endfeet and the blood brain barrier

As touched upon above, astrocytes are critical players in the composition of the
BBB. However, astrocytes contribute not just to BBB structure, but also to its
genesis, inducing tight junction formation between endothelial cells (Goldstein,
1988), and up-regulating expression of transporters such as the brain specific
glucose transporter, GLUT1 (Boado and Pardridge, 1990; McAllister et al., 2001).
Astrocytes also couple neural demands for increased blood supply to the vascular
endothelium, releasing vasodilatory mediators such as NO, arachodonic acid
(AA) and prostaglandins (PGE), as extensively reviewed elsewhere (Gordon et al.,
2007). Communication with the endothelium is bi-directional, with calcium
signaling also occurring between the endothelium and astrocytes (Braet et al.,
2001; Leybaert et al., 1998), suggesting that endothelial changes may also have a
dynamic effect on astrocyte function; this, as we will see later, has relevance for

the early stages of metastatic colonisation.
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1.4.3.2  Synaptic transmission

Astrocytes play a role in neuronal development and are implicated in dictating
neurite extension via the formation of proteoglycan boundaries in vitro (Powell
and Geller, 1999). Additionally, astrocytes have been shown in vitro to increase
the number of stable neuronal synapses formed (Christopherson et al., 2005;
Ullian et al., 2001). In vivo, at early post-natal time points, stable synapse
formation occurs around the time of glial proliferation (Ullian et al., 2001),

suggesting that astrocytes are critical mediators of neuronal physiology.

Besides their role in synaptogenesis, astrocytes also mediate and modulate
synaptic transmission. Indeed, one of the best characterised physiological
functions of astrocytes is their role in homeostasis of the neurotransmitter
glutamate. Effective synaptic transmission is dependent on the maintenance of a
low extracellular glutamate concentration, as compared to a high, intra-neuronal,
vesicular concentration. Astrocyte processes ensheaf the synaptic cleft and take
up glutamate via the glutamate transporters, GLT-1 and GLAST, which have

differential regional and developmental expression profiles (Lehre et al., 1995).

Although astrocytes are not electrically excitable, they are not electrically silent;
electrophysiology demonstrates that astrocytes are sensitive to neuronal activity
and astrocyte signalling can modulate synaptic transmission. Astrocytes express
neurotransmitter receptors and upon ligand binding, Ca2* is released from
intracellular stores. Thus Ca2* oscillations act as a read-out for neuronal synaptic

activity.  However, astrocytes integrate neuronal inputs from multiple
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neurotransmitters and, therefore, the read-out is not a simple summation of
multiple stimulations (Perea et al., 2009). Indeed, the ligation of different
neurotransmitter receptors can lead to a reduction in astrocytic Ca2* oscillations
in some cases (Perea and Araque, 2005). In other models, simultaneous
neurotransmitter application potentiates Ca2+ elevations in astrocytes (Cormier
et al., 2001). With regards to the physiological function of such astrocytic calcium
fluctuations, modulation of neuronal transmission has been demonstrated, via
the release of so called ‘glial transmitters’. For instance, in hippocampal slice
preparations, astrocyte Ca2+ elevations have been shown to cause slow inward
currents (SIC) in neurons mediated by astrocytic glutamate release (Perea and

Araque, 2005).

1.4.3.3  Metabolism

Astrocytes are highly metabolically active. Under normal conditions, it has been
proposed that the ATP requirements of astrocytes are primarily served by
glycolysis (Pellerin and Magistretti, 1994; Pellerin and Magistretti, 1997), with
the end-product, lactate, extruded into the extracellular space either for uptake
by neurons (Aubert et al., 2005) or clearance from the brain. However, the TCA
cycle and subsequent oxidative phosphorylation within astrocytes is also a source
of ATP (Serres et al., 2008), and recent transcriptome analyses of acutely isolated
mouse cortical astrocytes have demonstrated elevated levels of TCA cycle
enzymes as compared to neurons, combined with high mitochondrial numbers in

astrocyte foot processes (Lovatt et al., 2007). Astrocytes also serve to provide
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metabolic support for neurons and act as glycogen stores to sustain neuronal

activity in times of hypoglycemia (Brown and Ransom, 2007).
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1.4.3.4  Reactive astrocytes

In the context of this thesis, the most important role for astrocytes is that of their
response to CNS challenge, in which they become ‘activated’ or ‘reactive’. That is,
they undergo a dynamic process of morphological and transcriptional changes.
Glial fibrillary acidic protein (GFAP) is the archetypal astrocyte marker, first
purified in 1971 from multiple sclerotic plaques (Eng et al., 2000). GFAP is an
intermediate filament protein, serving a role in mediating astrocyte morphology
and motility (Lepekhin et al., 2001). There are at least 8 different GFAP isoforms,
the most abundant being GFAPa, with other isoforms found in specific astrocyte
populations (Thomsen et al., 2013). The rapid synthesis of GFAP mediates the
morphological changes observed in astrocyte activation, and anti-sense
inhibition of GFAP indicates that the protein is necessary for the formation of

stable astrocytic processes (Weinstein et al., 1991).

As stressed by Sofroniew & Vinters, astrocyte activation is a graded response that
is dependent on the nature and the severity of the insult (Sofroniew and Vinters,
2010). Astrocytes can be activated via multiple signalling pathways and by a host
of molecular triggers, including cytokines, oxidative stress, glucose deprivation
and ATP released by damaged cells (Sofroniew, 2009). In turn, activated
astrocytes modulate numerous pathways, including extracellular matrix and
cell—cell interactions, inflammatory processes, vascular tone and energy
provision. Recent studies suggest that inflammation induced astrocyte activation

can also modulate electrophysiology, with an increase in voltage-dependent
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currents observed in astrocytes surrounding the inflammatory lesion (Karpuk et
al., 2012). Additionally, hemichannel activity is increased, thus facilitating gap
junction mediated communication between astrocytes. Altered metabolic activity
is a further feature of reactive astrocytes; in a ciliary neurotrophic factor (CNTF)
induced model of astrocyte activation, fatty acid oxidation and ketone body
metabolism are increased, whilst glycolysis is decreased (Escartin et al., 2007),
conferring resistance to metabolic insults. In this same model, it also appears
that astrocyte activation leads to disruption of neuro-vascular coupling (Serres,

S. unpublished).

With regards to morphology, the degree of astrocyte activation can be broadly
defined by cell body and process appearance (Sofroniew and Vinters, 2010). In
mild to moderate astrocyte activation, cell body and process hypertrophy is
observed, but there is no loss of individual glial domains. Little or no proliferation
is observed. In severe diffuse astrogliosis, both cellular hypertrophy and
proliferation are observed and astrocyte processes overlap. The most severe
extent of astrogliosis is the formation of the glial scar. In this state, there is a loss
of distinct glial domains and a deposition of extracellular matrix components,
forming a border between damaged tissue and the healthy parenchyma. Ablation
of reactive astrocytes, via transgenic inhibition of NFkB, led to increased
inflammation and neuronal damage in a mouse model of spinal injury (Faulkner
et al.,, 2004), suggesting a protective role for astrogliosis. Similar profiles of
immune cell infiltration and neurodegeneration were observed upon astrocyte
ablation in both a forebrain stab wound model (Bush et al., 1999) and traumatic

brain injury (Myer et al., 2006). However, there is also evidence for deleterious
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consequences of astrogliosis, such as exacerbation of inflammation in response
to spinal cord injury (Brambilla et al., 2005) and EAE (Brambilla et al., 2009);
inhibition of astrocyte reactivity led to improved functional outcome in both in
vivo models. Astrocyte activation has also been implicated in vitro in the
production of neurotoxic levels of reactive oxygen species via the upregulation of
iNOS (Hamby et al., 2006). Thus, it is clear that astrocyte activation may act as
a ‘double-edged sword’, and it is this balance that I wish to address in the context

of brain metastasis.

1.5Astrocytes in brain metastasis

As discussed above, astrocytes form an integral component of the BBB, in its
development, structure and function. Calcium signalling between the
endothelium and astrocytes (Braet et al., 2001; Leybaert et al., 1998) suggests
that endothelial changes may also have a dynamic effect on astrocyte function.
Hence, one could hypothesise that astrocytes will be activated as early as the

initial steps of adhesion of metastasising cells to the vascular endothelium.

The characteristic response of astrocytes to injury, seen in numerous
neuropathologies, including glioma, has also been identified as a feature of the
brain metastatic microenvironment. A wall of reactive astrocytes has been
reported around brain metastases in human post-mortem tissue (He et al., 2006;
Zhang and Olsson, 1995), and recently there has been growing interest in

establishing mouse models of brain metastasis to determine astrocyte reactivity
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in vivo (Fitzgerald et al., 2008; Lorger and Felding-Habermann, 2010; Mendes

et al., 2007; Mendes et al., 2005; Seike et al., 2011).

Astrocytic responses have been demonstrated in BALB/c mice in response to the
syngeneic 4T1 mammary carcinoma cell line, as well as in SCID mice in response
to the human MDA-MB-435 cell line, as early as 3 days post metastasis induction
via intracarotid injection of tumour cells (Lorger and Felding-Habermann, 2010).
Moreover, astrocyte reactivity was induced whilst the MDA-MB-435 cells were
still intravascular, but in contact with the luminal endothelial membrane and
qualitative assessment indicated this continued throughout extravasation and
growth over a 50-day time-course. Likewise, Mendes et al. utilised a mammary
carcinoma cell line, ENU1564, injected intracardially in rats, to demonstrate
astrogliosis in response to brain metastases (Mendes et al., 2007). GFAP
reactivity has also been demonstrated in an intracerebral model of brain
metastasis, in which ENU1564 cells were injected into the rat thalamus (Serres et
al., 2014). Gliosis is not only found in response to metastases of mammary origin;
Izraely et al demonstrated astrocyte activation in nude mice in response to
metastatic melanoma (Izraely et al., 2012) and Seike et al. demonstrated a wall of
astrocyte reactivity in nude mice in response to the human lung cancer cell,
HARA-B (Seike et al., 2011). However, the number of studies in which astrocytic
responses to brain metastasis has been evaluated in vivo is still small.
Additionally, as will be discussed below, these studies do not provide evidence for
an in vivo role for astrocytes. Rather, molecular mechanisms have thus far been
elucidated in vitro. As such, there is a need for in vivo manipulation of astrocyte

reactivity to probe their role in metastatic progression.
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The ‘double edged sword’ of inflammation that is so often reviewed in the
literature, not just in cancer (Hagemann et al., 2007; Lin, 2010; Rizzo et al., 2011)
but in other diseases such as asthma (Balhara and Gounni, 2012), stroke (Doyle
and Buckwalter, 2012) and neurodegeneration (Wyss-Coray and Mucke, 2002),
appears to also be a feature of the astrocytic response to brain metastasis. In vitro
studies have shown that astrocytes produce NO, via inducible nitric oxide
synthase (Simmons and Murphy, 1992), and that this has tumouricidal effects in
both primary and secondary cancer cell lines (Samdani et al., 2004). Evidence
that NO induces GFAP upregulation (Brahmachari et al., 2006) suggests that this
may result in increased histological visualization of reactive astrocytes with

disease progression.

However, a greater burden of evidence suggests a tumour-promoting role for
astrocytes. Co-culture experiments between astrocytes and various tumour cell
lines indicate that astrocytes release soluble factors that can enhance tumour cell
growth. For instance, endothelin-1, besides its role in vasoconstriction, has also
been proposed to be mitogenic (Bagnato et al., 2002; Bagnato et al., 1997; Kasuya
et al., 1994), and analysis of biopsy samples suggests that endothelin-1 is
expressed by astrocytes in 85% of patient cases (Zhang and Olsson, 1995).
Additionally, the receptor for endothelin-1, ETs, is upregulated in a brain-
metastatic melanoma cell line over 3 fold, as compared to a non-metastatic cell
line (Boukerche et al., 2004). This finding suggests that astrocytes may drive the
molecular determinants of metastatic potential. Furthermore, incubation of the

lung adenocarcinoma cell line PC14-PE6 with an immortalised astrocytic cell line
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induced cancer cell ERK1/2 phosphorylation (Langley et al., 2009), part of the
MAP kinase signalling pathway heavily implicated in tumour progression.
ERK1/2 phosphorylation has also been demonstrated in a metastatic mammary
carcinoma cell line, ENU1564, in response to astrocyte conditioned media
(Mendes et al., 2007). In this case, ERK1/2 activation was shown to increase
tumour cell invasiveness in vitro via induction of MMP2 expression, as was also

seen in astrocyte-glioma co-culture models (Le et al., 2003).

Metastatic invasion may also be facilitated by astrocyte-derived heparanase,
which degrades heparin sulphate proteoglycans, a major component of the
extracellular matrix. Astrocyte heparanase expression has been demonstrated in
the peri-infarct regions of in vivo stroke models (Li et al., 2012a; Takahashi et al.,
2007) and in rat astrocyte—tumour cell culture models. In the latter case, it was
shown that co-culture of astrocytes with brain-metastatic melanoma cell lines led
to a super-additive increase in enzyme activity, potentially through neurotrophin
signalling (Marchetti et al., 2000). Treatment of melanoma cell lines with
astrocyte conditioned media led to increased cell invasion, an effect which was
abrogated with antibody-mediated neutralisation of heparanase. MMP
production by astrocytes has also been demonstrated to drive tumour cell
invasion in vitro, whilst inhibition of MMP activity in vivo was shown to reduce
metastatic burden (Wang et al., 2013). Further co-culture experiments between
astrocytes and several lung cancer derived cell lines indicate that astrocytes
secrete IL-6, TNF and IL-1(, which stimulate tumour cell growth (Seike et al.,
2011). It has also been suggested that astrocytes increase the anchorage-

independent growth of cancer cell lines and that this correlates with metastatic
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ability in vivo (Fitzgerald et al., 2008), although the mechanism has yet to be

identified.

Astrocytes have also been shown to induce transcriptional changes in co-cultured
tumour cells that reflect the transcriptional changes seen in vivo (Park et al.,
2011). Here, a Competitive Hybridisation of Microarray Experiment (CHME) was
used to tease apart genes upregulated in metastases as compared to the tumour
microenvironment. In this case, human cancer cells were introduced into
immuno-compromised mice, and differing gene signatures and methylation
statuses between the cell populations were demonstrated. Subsequently,
astrocytes were cultured with a breast carcinoma cell line, MDA-MB-231, and
were shown to induce a similar genomic signature in the tumour cells to that seen
in vivo, suggesting that astrocytes are mediators of tumour cell transcriptional
reprogramming. For instance, brain metastatic cells were shown to upregulate
genes involved in neuronal processes such as glutamate receptor signalling,
axonal guidance and neurotransmission. This novel approach to probing
astrocytic function in brain metastasis demonstrates the key role astrocytes play
in tumour progression, but also highlights the need to determine both the

mechanism and the growth advantage conferred.

Further evidence to support the hypothesis that astrocytes drive metastatic
progression comes from recent work on the role of neuronal progenitor cells
(NPCs). NPCs have previously been shown to migrate towards primary CNS
tumours (Elvira et al., 2012; Glass et al., 2005; Tang et al., 2003) and have

recently been identified in the metastatic peri-tumoural region (Neman et al.,
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2013). Such cells have been shown to express SOX9, a marker for glial fate (Stolt
et al., 2003), and co-culture of NPCs and the brain seeking variant of the
metastatic breast cancer cell line MDA-Br-231, leads to the induction of astrocyte
differentiation (Neman et al., 2013). This differentiation has been shown, in co-
culture models, to shorten metastatic cell doubling time. As MDA-231 cells,
which do not metastasise to the brain, do not induce NPC astrocyte
differentiation, this suggests that there are genetic determinants dictating

metastatic growth in the CNS.

In vitro studies suggest that astrocytes activate multiple signalling pathways in
metastatic cells. Tumour conditioned media from a variety of breast cancer cell
lines induces JAG1 expression in cultured rat astrocytes (Xing et al., 2013). JAG1
is a cell surface protein, which ligates Notch on neighbouring cells, eliciting
downstream Notch signalling (Bash et al., 1999). The expression of JAG1 is
regulated by NFkB and, in the study above it was observed that NFkB signalling
was induced by IL-1B. Interestingly, brain seeking metastatic cell line variants
secreted higher levels of IL-1B8, and hence, induced greater astrocyte JAG1
expression, than the parental cell line (Xing et al., 2013). The subsequent
interaction between astrocytic JAG1 and tumour cell Notch was shown to induce
proliferation in cancer stem cells isolated from breast cancer cell lines, with

inhibition of tumour derived IL-1B suppressing metastatic growth in vivo.

Astrocytes do not purely exert effects in the tumour microenvironment by
promoting metastatic progression. Evidence is accumulating to suggest that

astrocytes attenuate the effects of chemotherapeutics that cross the blood-brain
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barrier. Co-culture of astrocytes and a non-small cell lung cancer cell line imparts
a protective effect to rapamycin treatment (Kim et al., 2013). Further work
suggests that astrocytes inhibit cancer cell apoptosis; co-culture of astrocytes with
breast and lung cancer cell lines (MDA-MB-231 and PC14Br4, respectively)
induces up-regulation of survival genes such as BCL2Li, an anti-apoptotic
member of the BCL-2 protein family (Kim et al., 2011). Bcl2 upregulation, along
with a downregulation of Bax, the pro-apoptotic protein, has also been shown in
brain-metastatic prostate cancer cells co-cultured with astrocytes (de Oliveira
Barros et al., 2014). Such genes confer resistance to a range of chemotherapeutics
and are absent in cell lines at secondary sites other than the brain, thus
highlighting a novel role for astrocytes. Further work has shown that the
mechanism of cell protection is cell contact dependent and mediated via gap

junction facilitated sequestration of calcium from tumour cells (Lin et al., 2010).

Whilst the role of astrocytes in metastatic progression is yet to be fully elucidated,
it is evident that astrocyte activation is a common feature of the tumour
microenvironment, across metastases of different primary origins. As discussed
above, diagnosis of brain metastasis is dependent on breakdown of the BBB,
which occurs later in disease progression. Detecting metastases at earlier time
points will aid disease management and treatment, and hopefully increase
prognosis. Based on the published in vivo data, one would hypothesise that the
astrocytic response takes place early in disease progression. Thus probing the
microenvironment with molecularly targeted imaging agents may allow
metastatic detection below the current diagnostic threshold. Promising in vivo

MRI studies suggest that brain metastases can be detected based on the induced
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inflammatory microenvironment (Serres et al., 2012). Thus, based on glial
imaging in other neuroinflammatory conditions (Carter et al., 2012; Engler et al.,
2012; Johansson et al., 2007), one would hypothesise that molecular imaging of

astrocytes could be a promising diagnostic tool.

It is evident that there has been a flurry of activity in recent years with regards to
the role of astrocytes in brain metastasis. Nethertheless, the vast majority of
these studies are based on in vitro models, which can only partially reflect the in
vivo situation or, indeed, the clinical one. Thus, the role of astrocytes has yet to
be fully elucidated in an in vivo context. Additionally, the potential of astrocyte
activation as a clinically relevant biomarker for tumour burden has yet to be

explored. As such, the four primary aims of this thesis are as follows:

1. To characterise the spatial, temporal and molecular profile of astrocyte
activation, in brain metastasis in vivo.

2. To determine the effect of astrocyte activation on tumour growth in vivo
using a lentiviral model of chronic astrocyte activation.

3. To determine the effect of astrocyte inhibition on tumour growth in vivo
using an astrocyte targeted steroid.

4. To determine whether astrocyte activation can be used as a biomarker for

tumour growth in a diagnostic setting.
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Chapter 2 Materials and Methods

The following chapter describes the materials and experimental methods used
throughout this thesis. The methods are broken down into their corresponding
chapters and in addition, a brief overview of the relevant techniques will be given

at the beginning of each experimental chapter.

2.1The temporal and spatial profile of astrocyte activation

Two different mouse models of brain metastasis were used throughout the thesis,
induced via different routes — either intracardially for hematogenous
dissemination or intracerebrally for direct cerebral induction of a tumour. In both
cases, 6-7 week-old female BALB/c mice, or 6-7 week-old female SCID mice
(Charles River, Kent, UK) were housed under a standard 12 hour light/dark cycle
and provided with food and water ad libitum. All procedures were carried out in
accordance with the UK Animal (Scientific Procedures) Act 1986, and animals

were scored for behavioural and health changes throughout.
2.1.1 Cell lines and primary cultures

2.1.1.1 Cell line culture

A mouse breast cancer cell line, 4T1, expressing green fluorescent protein (GFP,

kind gift from the Muschel lab, University of Oxford), the mouse lung carcinoma
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cell line, Lewis lung carcinoma (LLC, also from the Muschel lab) and the human
breast cancer cell line, MDA-MB-231-Brain, expressing enhanced GFP (EGFP,
kind gift of the Palmieiri lab), were each cultured in Dulbecco’s Modified Eagle’s
Medium (DMEM, Invitrogen, UK) supplemented with 1% (v/v) 200mM
glutamine (PAA, UK) and 10% (v/v) fetal bovine serum (FBS, Labtech
International, UK). Cultures were typically grown in un-coated polystyrene T75
flasks (Corning, USA), unless stated otherwise, and incubated at 37°C in a water-
saturated 5% CO- atmosphere in a HeraCell™ 150 incubator (Thermoscientific,
UK). In cases where tumour conditioned media was required, media was
replaced when cells were approximately 70% confluent and then harvested after

24 hours.

2.1.1.2  Cell preparation for injection

Medium was aspirated and cells were washed with sterile PBS, then incubated
with 5 ml 0.05% trypsin with EDTA (LifeTechnologies, UK) for 10 minutes at
37°C. Trypsin activity was neutralised by adding 10 ml of culture medium. Cells
were collected by sedimentation (250xg, 5 minutes, 4°C) in a Jouan CR4i
centrifuge (Thermoscientific, UK). The resulting pellet was re-suspended in 1 ml
of sterile PBS and cell number determined using a NucleoCounter®

(Chemometec, DA), as per the manufacturer’s instructions.

2.1.1.3  Primary astrocyte culture

Astrocytes were purified from pups at 3 days after birth using a procedure
modified from Kim et al 2011 (Kim and Magrane, 2011). Using animals at such a

young age ensures a low neuronal cell number, and reduced myelin as compared
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to older animals, facilitating glial cell harvesting. Pups were killed by cranial
dislocation and the cortices isolated in dissection buffer (DMEM supplemented
with 10% (v/v) FBS). Tissue was mechanically dissociated with a 1mL pipette. To
remove the neuronal cell population, tissue was passed through a 100pum mesh
strainer (BD Biosciences, UK), with the flow-through subsequently passed
through a 70 um mesh strainer (BD Biosciences, UK). The cell suspension was
plated in T75 flasks (2 brains/flask) in DMEM with 10% (v/v) FBS and 1% (v/v)
Penicillin/Streptomycin (Sigma,10,000 units/mL penicillin and 10mg/mL
streptomycin). The media was changed every 3 days and after 9 days, flasks were
shaken at 250 RPM on a KS250 IKA Labortechnik shaker at 37°C for 12 hours, in
order to remove the oligodendrocyte and microglial fractions, which are less
adherent than astrocytes. The astrocyte monolayer was washed with the glial
culture medium, and shaken by hand, prior to washing twice with glial culture

medium to remove debris and non-adherent cells.

2.1.2 Experimental models of brain metastasis

2.1.2.1 Intracardiac model of brain metastasis

BALB/c mice were anaesthetised with 2% (v/v) isoflurane (Abbot, UK) in oxygen.
Shaving and hair removal cream was used to ensure a clean ultrasound image
removed hair over the thorax. Mice were maintained at 1.8% (v/v) isoflurane and
placed on a heated stage. Ultrasound (Vevo770 system, VisualSonics, Canada)
was used to visualise the heart and guide intracardiac injection in the left ventricle
with 100uL. PBS containing 104 4T1-GFP cells, using a 27 gauge needle
(Balathasan et al., 2013). At days 10, 14, 21 and 28 post injection, animals (n=5-

6 per time point) were transcardially perfusion-fixed under terminal anaesthesia
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with 0.9% heparinised saline, followed by 200ml of periodate lysine
paraformaldehyde (PLP) containing 0.025% (w/v) glutaraldehyde (Sigma
Aldrich, UK) (PLPigr). Brains were removed and post-fixed for 4 h in PLPiignt
prior to cryo-protection in 30% (w/v) sucrose in water for ~24 hours. Tissue was
embedded and frozen in Tissue-Tek (Bayer PLC, UK) for sectioning. 1topm-thick
serial coronal sections were taken throughout the brain at a 1 in 5 sampling rate,
using a cryostat (Leica, UK). Sections were mounted on Superfrost® Plus slides

(Thermoscientific, UK) and allowed to dry overnight at room temperature.

2.1.2.2  Intracerebral model of brain metastasis

BALB/c mice were anaesthetised with 2% (v/v) isoflurane in a gas mix of oxygen
and N>O (30:70), and placed on ear bars in a small animal stereotactic frame
(Stoetling Co., USA) under maintenance anaesthesia (1.5% (v/v) isoflurane). The
skull was exposed and a small hole drilled at the injection site. Animals were
injected in the left striatum (+0.5 mm from Bregma, +1.5 mm from the midline
and -2.5 mm depth). Either 0.5 ul saline containing 107 cells/ml 4T1-GFP cells or
0.5 ul saline alone were injected using a glass micro-capillary (Clark
Electromedical Instruments, UK) pulled with a single stage glass microelectrode
puller (Narishige, model PP-830, Japan), heated to 72°C and cut such that the
bore diameter was 75um, as determined using a graticule. Following surgery, the
skin incision was sutured using Mersilk sutures (Ethicon, Germany). At days 10,
14, 21 and 28 animals (n=5 per time point) were perfusion-fixed, and tissue
processed as in section 2.1.2.1. SCID mice (n=4) were also injected with 5 x 103
MDA-Br-231-EGFP cells in 0.5 pl, and perfusion-fixed at day 14 post injection,

with tissue processed as in section 2.1.2.1. In the case of the LLC model, C57 mice
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(female, n=3) were injected intrastriatally with 5 x 103 LLC cells in 0.5 ul, and

perfusion-fixed at day 14.

2.1.3 Immunohistochemistry

Throughout, antigens were revealed using an avidin-biotin-peroxidase system
(Warnke & Levy, 1980). All incubations were performed at room temperature
unless otherwise specified. Sections were washed in phosphate buffered saline
(PBS) and quenched in methanol supplemented with 1% (v/v) H202(30% w/w)
for 20 minutes. Slides were further washed and placed in Shandon Sequenza®
clips (Thermo Electron Cooperation, UK) under PBS. Sections were blocked with
10% serum derived from the same species that the secondary antibody is raised
in (see Table 1) in PBS, washed (3 x 5 minutes) with PBS or PBS supplemented
with 0.05% Tween20 v/v (PBS-T) if the antigen is intracellular and incubated
with primary antibody overnight at 4°C as detailed in Table 1. Primary antibody
binding was detected using the relevant biotinylated secondary antibody for 1
hour (See Table 1) and an ABC kit (Vector Laboratories, UK), 1:100, 45 min.
Immunoreactivity was revealed using diaminobenzidine HCI (DAB) (0.016% w/v,
Sigma, UK) and (0.05% v/v) H20- (30% w/V) in sodium phosphate buffer (0.1M,
pH7.4) to yield an insoluble brown precipitate. Sections were counter-stained
with 0.5% (w/v) cresyl violet in water, dehydrated through a series of ethanol
baths at 70%, 95%, 100% and 100% (v/v) in water) and cleared in xylene (Fisher
Scientific, UK). Slides were mounted using DPX mounting medium (Fisher

Scientific, UK)
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Antigen Primary Antibody Dilution Secondary Antibody Dilution
Rabbit  anti-CXCR4 Biotinylated anti-Rabbit
CXCR4 1:100 1:100
(AbCam) IgG
Rabbit anti-GFAP Biotinylated Goat anti-
GFAP 1:500 . 1:100
(DAKO) Rabbit IgG
Rat anti-GFAP o .
GFAP ) 1:500 Biotinylated anti-Rat IgG  1:100
(Invitrogen)
Chicken anti-GFP Biotinylated anti-
GFP 1:1000 . 1:1000
(AbCam) Chicken IgG
Goat anti-IBA-1 Biotinylated  anti-Goat
IBA-1 1:500 1:100
(AbCam) IgG
Rabbit anti-ICAM-1 Biotinylated anti-Rabbit
ICAM-1 1:1000 1:500
(R&D systems) IgG
Rabbit anti-IL-6 Biotinylated anti-Rabbit
IL-6 1:100 1:100
(AbCam) IgG
Rabbit anti-IL-1f Biotinylated anti-Rabbit
IL-1 1:100 1:100
(AbCam) IeG
) Rabbit anti-iNOS Biotinylated anti-Rabbit
INOS 1:50 1:100
(AbCam) IgG
Rat ant-OX42 o .
0X42 1:200 Biotinylated anti-Rat IgG  1:100
(Serotec)
Rabbit anti-PBR Biotinylated anti-Rabbit
TSPO 1:50 1:100
(AbCam) IgG
Rat anti-VCAM-1 o .
VCAM-1 ) 1:250 Biotinylated anti-Rat IgG  1:100
(Southern Biotech)

Table 1: Immunohistochemistry antibody concentrations

39



2.1.4 Tumour and astrocyte activation quantification

Immunohistochemical slides were scanned at 200x magnification using the
ScanScope CS system (Aperio, USA). In the intracardiac model, tumour area and
the associated area of astrocyte activation were demarcated manually and areas
calculated using ImageScope software (Aperio, USA). The area of astrocyte
activation was defined as the outer limit of reactive astrocytes, visible owing to the

intense staining of processes and cell bodies (as illustrated in Figure 2.1).

Figure 2.1: The area of astrocyte activation and tumour area was delineated
using ImageScope software. Immunohistochemistry was performed as described in
section 2.1.3. The area of tumour growth was demarcated using a cresyl violet counterstain
(blue, yellow outline). Astrocyte reactivity was determined based on GFAP expression and

stellate morphology (red outline). Scale bar= 100um.

For the intracerebral model, sections were taken throughout the striatum. Tumour
area and the associated area of astrocyte activation were demarcated as described
above, on every fifth section. Tumour and astrocyte activation volume was
calculated by multiplying area by the tissue section thickness (accounting for

missing sections) and summing across the striatum.
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2.1.5 Immunocytochemistry

Primary astrocyte cultures were passaged by washing with PBS and incubating with
trypsin, as described in section 2.1.1.2. Trypsin activity was blocked with glial
culture medium, and then the cells were collected by sedimentation (800xg, 5
minutes, 4°C). In order to confirm the presence of astrocytes in the culture, the
pellet was re-suspended in glial medium and plated in a 6 well plate, containing
cover slips, previously sterilised with UV light (15min each side in a CL-1000
Ultraviolet Crosslinker, UVP). After 48 hours growth, cells were removed from the
incubator for fixation. All subsequent steps were performed at room temperature.
Wells were washed with PBS and fixed with 4% w/v paraformaldehyde (PFA) in
phosphate buffer for 10 minutes. Cells were permeabilised with PBS supplemented
with 0.025% v/v Triton X-100 (10 minutes) and then washed with PBS
supplemented with PBS-T (3 x 5 minutes), blocked with streptavidin solution (20
minutes) followed by biotin solution (20 minutes, Vector Laboratories, UK). Non-
specific antibody binding was blocked with TNB (Tris-NaCl blocking buffer; 0.1M
Tris-HCI pH7.5, 0.15M NaCl, 0.5% w/v Blocking Reagent, Perkin Elmer, UK) for
30 minutes, prior to incubation with rabbit anti-mouse GFAP (1:500, Dako) for 2
hours. Primary antibody binding was detected using a goat anti-rabbit biotinylated
antibody (1:100, 30 minutes, Vector Laboratories) and streptavidin-Cy3 (1:300, 30
minutes, Invitrogen). Cover slips were mounted on Superfrost® Plus slides
(Thermoscientific, UK) using DAPI mounting medium for nuclei detection (Vector
Laboratories, UK). Fluorescence was visualised using a Leica DM IRBA

epifluorescent microscope.
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2.1.6 Astrocyte proliferation assays

2.1.6.1  Invitro MTT assay for astrocyte proliferation

Astrocytes were isolated as previously described and plated in a 6 well plate. When
cells had reached approximately 50% confluence, the medium was aspirated and
replaced with either tumour conditioned medium (harvested as previously
described) or astrocyte culture medium. After 24 hours incubation at 37°C, 5% CO-
the effect on cell proliferation was determined, using a colorimetric MTT dye
reduction assay. Assay medium was prepared by mixing 2 volumes of culture
medium with 1 volume of MTT solution (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide, 5mg/mL). Each well had 2 mL assay medium added
and was incubated for 4 hours at 37°C. The medium was then removed and
replaced with 1 ml DMSO in order to dissolve the purple formazan crystals that had
formed. Absorbance was measured by a photometric microplate reader (Tecan,

Switzerland) at 570 nm within 30 minutes of dissolving crystals.

2.1.6.2  In vivo astrocyte proliferation

Female BALB/c mice were injected intracardially, as previously described, with
100puL PBS containing 1 x 105 4T1-GFP cells. At either day 9 (n=4) or day 20 (n=3)
post tumour inoculation, mice were injected intra-peritoneally (i.p.) with 100 pL
bromodeoxyuridine (BrdU, Sigma) at 100 mg/kg in saline. After 24 hours, mice
were again injected i.p. with BrdU at the same dose. After a further 4 hours,

animals were perfused with 4% PFA in phosphate buffer (pH 7.4) and post-fixed
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over-night in 4% PFA. Tissue was processed for slicing as previously described and
10 um sections were collected throughout the brain, at a 1 in 20 sampling rate.

Immunofluoresence co-localisation was used to reveal proliferative astrocytes. A
modified procedure of the basic immunohistochemistry protocol described above
was required due to the nuclear localization of the antigen. Sections were washed
in PBS-T (3 x 5 minutes) and then fixed for 45 minutes in 70% ethanol, diluted with
50mM glycine. After washing (3 x 5 minutes, PBS-T), slides were then incubated
for 15 minutes with 0.05% trypsin-EDTA at 37°C. Subsequently, DNA was
denatured with 4N HCl 20 minutes at room temperature. After washing 3 times
with PBS-T to neutralise the tissue pH, endogenous streptavidin/biotin was
blocked as previously described. Background staining was blocked using an
incubation buffer (Roche) for 10 minutes, at room temperature. Sections were
incubated with primary antibodies, 1:100 sheep anti-Brdu (AbCam) and 1:500
anti-GFAP (Invitrogen), overnight at 4°C. After incubation, sections were washed
with PBS-T and incubated for 45 minutes with biotinylated anti-sheep secondary
antibody (1:100, Vector Laboratories). After washing, sections were incubated with
streptavidin-AMCA (1:100, Vector Laboratories) and Texas Red anti-rat (1:100,
Vector Laboratories). Slides were mounted with fluorescence mounting medium
(Vector Laboratories) and staining observed using an epi-fluorescence microscope.
The extent of astrocyte proliferation around brain metastases (n > 10 per animal)
was determined by quantifying the number of BrdU+/GFAP+ nuclei in the field of

view surrounding a tumour.
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2.1.7 RT-gqPCR quantification of inflammatory markers in the tumour

microenvironment

2.1.7.1 Animal models

For the intracerebral model, female SCID mice (n=5 per time point) were injected
intrastriatally with 5 x 103 MDA-BR-231 cells in 0.5 pl saline, or with 0.5 ul saline
alone (n=5) as described in section 2.1.2.2. At day 14, animals were perfused with
heparinised saline. The ipsilateral striata of each of the treatment groups were
dissected and snap-frozen in liquid nitrogen. Tissue was stored at -80°C prior to

RNA extraction.

For the intra-cardiac model, SCID mice (n=4 per time point) were injected
intracardially with 105 MDA-BR-231 cells as described in section 2.1.2.1. At day 14
and 21, animals were perfused with heparinised saline. The brain was dissected
into 3 regions, as illustrated in Figure 2.2, and snap-frozen in liquid nitrogen.

Tissue was stored at -80°C prior to RNA extraction.

44



Region 1
Region 2

Region 3

Figure 2.2: Schematic showing the dissection of the brain for RNA extraction.
The cerebellum was discounted in this analysis. Tissue was processed separately to
maximize RNA yield. RT-qPCR was run on brain regions in isolation, with data pooled for

whole brain analysis. Figure adapted from (Airey et al., 2001).

2.1.7.2 RNA extraction

For each brain region analysed, tissue was dissected into three pieces and
processed separately so as to maximize RNA extraction. RNA was then pooled at
the end of the extraction protocol. RNA was extracted from mouse tissue using a
Qiagen® RNeasy® Mini Kit (Qiagen, UK). B-mercaptoethanol (BME) was added
to the RLT buffer (1% v/v), to inhibit endogenous ribonucleases that may be
present in the sample, in order to maintain RNA integrity. Tissue samples were
homogenised in RLT + BME. Buffer RLT is a lysis buffer that also enhances
binding of RNA to the silica membrane in the RNeasy Mini spin column, due its
guanidine isothiocycanate component. Homogenised samples were transferred to
a QIAshredder column (Qiagen, UK) and centrifuged at 10000xgfor 3 minutes in a

Biofuge™ Pico Heraeus™ centrifuge (Thermoscientific, UK), in order to remove
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cell and extra-cellular matrix debris. The flow through was added to 70% v/v
ethanol in water and inverted several times. Subsequently, the sample was
transferred to an RNeasy Mini spin column in a 2ml collection tube. In the
presence of ethanol, RNA precipitates, whilst protein and salts remain soluble, and
hence flow through the column. The column was eluted by centrifugation
(10,000xg, 15 s) and the flow-through discarded. 7ooul of Buffer RW1 was
subsequently added to the RNeasy spin column, and centrifuged at 10,000 RPM
for 15 seconds. RW1 is a wash buffer which removes lipids, carbohydrates and
protein that may have non-specifically bound to the silica membrane.
Subsequently, 500 pl RPE (containing ethanol) was added. RPE is a wash buffer
that removes salts from the column. The column was spun at 10000 RPM for 15
seconds, and flow through discarded. This was repeated, before changing collection
tube and spinning the column spun for 2 minutes at 10000 RPM, removing ethanol
contamination. The column was transferred to an Eppendorf, and 25 pul of RNase-
free water was added to the membrane. After leaving to stand for 1 minute, the
column was spun at 10000 RPM for 1 minute, eluting the RNA.

Contaminating genomic DNA was removed using a DNase treatment as per the
manufacturer’s instructions (PrimerDesign Ltd, UK). s5ul of Precision™ DNase
reaction buffer was added per 50 pl of RNA solution, along with 1 ul of Precision™
DNase enzyme. The solution was incubated for 10 minutes at 30°C and
subsequently the enzyme was inactivated by heating the mixture to 55°C for 5
minutes. RNA yield was calculated using a NanoDrop® Spectrophotometer ND-

1000 (ThermoScientific), and samples stored at -80°C until further use.

2.1.7.3 cDNA synthesis
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cDNA was reverse transcribed from RNA template using a Precision™ nanoScript
Reverse Transcription kit (PrimerDesign Ltd, UK) as per the manufacturer’s
instructions. All reactions were carried out in 0.2ml PCR tubes (Starlabs). For the
annealing step, per sample, typically 750 ng RNA template was combined with 1pl
reverse transcription primer and the final volume made up to 10 ul using
RNAse/DNAse free water. The sample was then heated to 65°C for 5 minutes to
allow primer annealing, prior to immediate cooling on ice. Subsequently, for each

reaction, the following master mix was made (Table 2)
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Component Per Reaction (ul)

nanoScript 10x buffer 2
dNTP mix (1omM) 1
Dithiothreitol (DTT, 1t00mM) 2
RNAse/DNAse free water 4
nanoScript enzyme 1
Final Volume 10

Table 2: Mastermix for cDNA sytnthesis

10ul was added to each of the samples on ice prior to vortexing and incubating for
20 minutes at 55°C. The reaction was subsequently heat activated by incubation
at 75°C for 15 minutes. Heat incubations took place in a TC-512 termocycler

(Techne, UK). cDNA was stored at -20°C until use.

2.1.7.4 RT-qPCR

RT-qPCR experiments were conducted so as to comply with MIQUE guidelines.

Housekeeper gene selection

cDNA from the striatum of SCID mice injected intracerebrally with MDA-Br-231
cells (n=3) was used to select two stable housekeeping genes. The contralateral
hemispheres were used as control tissue. The cDNA was diluted to a concentration

of 5ng/ul, and 5 pl added per well of a non-skirted 96 well plate (4titude, UK). Each
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sample was added in duplicate, with enough wells filled to test 6 different
housekeeping genes. A panel of 6 housekeeping genes (HKGs), determined to be
mouse specific by PrimerDesign were trialled: zinc finger protein 91 (ZFP91), cell
division cycle 40 (CDC40), B actin (ActB), glyceraldehydes 3-phosphate
dehydrogenase (GAPDH), succinate dehydrogenase complex, subunit A (SDHA)
and calnexin (CANX). The lyophlised primer was resuspended in 220 ul
RNAse/DNAse free water and vortexed. The solution was left to stand for 5 minutes
before use, prior to vortexing again. Per sample, the reaction mixture was made as
detailed in Table 3. Primers were diluted to a working concentration of 300 mM

in a 20 pl reaction.

Component Per Reaction (ul)

GOI primer 1

PrimerDesign Precision 2X RT- 10

qPCR Mastermix
RNAse/DNAse free water 4
Final Volume 15

Table 3: Mastermix for RT-qPCR

15 pl of the reaction mixture described in Table 3 was added to each well, as per a
pre-defined plate layout. The plate was sealed with a PCR plate seal (4titude, UK)
and spun at 250xg for 1 minute, in order to mix the sample and mastermix.

RT-PCR was performed in a Stratagene RT-qPCR machine (Agilent, UK) with

MxQPCR software (Agilent, UK), using the amplification protocol detailed in Table
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4. During the data collection phase, fluorogenic data was collected through the 6-
carboxyfluorescein (FAM) channel, which detects Syber green. A melt curve was

also required at the end of the cycling.
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Step Time Temperature (°C)

Enzyme activation 10 minutes 95
Denaturation 15s 95
Data collection 60s 60

Table 4: Amplification conditions for RT-qPCR. 50 cycles were performed

before a melt curve was conducted (1 minute at 95°C, 30 sec at 55°C and 30 sec at

95°C).

The RT-qPCR data was analysed using gbasepr!us software (Biogazelle, UK) as per
the manufacturer’s instructions, in order to determine which housekeeping gene

expression levels remained most stable between treatment and control groups.

Gene of Interest RT-qPCR

9 genes of interest (GOI) were probed using qPCR. The primer sequences, along
with amplicon size are defined in Table 5. Firstly, standard curves were performed
in order to confirm primer efficiency. A standard curve was generated by creating
a top standard, comprised of a combination of each of the samples. This top
standard was then serially diluted to generate 6 standards. Each GOI was tested
with a standard curve. 15 pl of mastermix, as described in Table 3, was added per
well, and the plate run as described in Table 4. 100% efficient primer reactions

double the amount of cDNA per qPCR cycle. This translates to a slope of -3.3 when
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cycle number values (ct) are plotted against the logio sample concentration, as

shown in Figure 2.3.

30+
© 251
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Figure 2.3: Standard curve for the HKG, CANX. The gradient is equal to -

3.3, reflecting 100% primer efficiency.

Once primer efficiency was established, experimental samples analysis was
performed. As comparisons in expression levels are being made across time-
points, all experimental and control samples were run on the same plate, along
with two housekeeping genes and one or more GOIs. As detailed for the GeNorm
experiment, cDNA was diluted to 5 ng/ul and 5 pl added per well. All samples were
run in duplicate for each of the GOIs/HKGs. 15 pl of mastermix, as described in

Table 3, was added per well, and the plate run as described in Table 4.
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Official Product
Melting

GOl gene length Sense primer Anti-sense primer
temperature (°C)
symbol (bases)

Endothelin-1 Edn1 102 77 GGTGTTCCCTAGCCTGTCT ATCGTGTCTCTGCTCTCTGA
Heparanase Hpse 130 75.2 TGCCTCTTCTCTTCGTCCTT CCTTTACCGTCATTTCCAAACC
iNOS Nos2 105 75 GTGTTCTTTGCTTCCATGCTAAT GTCCCTGGCTAGTGCTTCA
Interleukin-1f I1b 129 74.1 GCTATGGCAACTGTTCCTCAA ACAGCCCAGGTCAAAGGTT
Interleukin-6 116 129 75.6 ATTCCAGAAACCGCTATGAAGT ATCCTCTGTGAAGTCTCCTCTC
Matrix
) Mmp2 84 70.9 TTAACCAGCCTTCTCCTTCAC GTACAGTCACCTTTCTTTG
metalloproteinase2
Nestin NES 147 78.5 CCAAAGAGGTGTCCGATCATC CTCCTTCTTCTTCATCAGCATCT
Phosphacan Ptprz1 122 68.8 TGAATCCAGTTCTGTTATTTGTTTAC ACATAATAAGTGAATTACAAGAAGTCA
TNF Tnf 96 73.4 CCCACTCTGACCCCTTTACT CCTGAGCCATAATCCCCTTTC

Table 5: Primer details for GOIs
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gPCR data were analysed in terms of fold expression relative to averaged naive

tissue, using the following equation:

Fold expressionz (Efficiency GOI primer) Control GOI Ct value- Experimental GOI Ct value

(Efficiency HKG primer) Control HKG Ct value- Experimental GOI Ct value

2.1.7.5  Histological confirmation of gene of interest expression

Immunofluoresence was performed on tissue from intracerebral animals perfused
at day 14 after tumour cell injection. Sections were washed with PBS-T and
endogenous peroxidase activity blocked with PBS + 1% (v/v) H202 for 20 minutes.
Streptavidin/Biotin activity was blocked with streptavidin solution (20 minutes)
followed by biotin solution (20 minutes, Vector Laboratories, UK). After washing
(3xPBS-T), a signal enhancer was used (Image iT FX signal enhancer, Invitrogen),
incubating sections for 30 minutes. After washing (3xPBS-T), non-specific
antibody binding was blocked with TNB (Tris-NaCl blocking buffer; 0.1M Tris-HCl
pH7.5, 0.15M NaCl, 0.5% w/v Blocking Reagent, Perkin Elmer, UK) for 40 minutes,
prior to incubation with primary antibodies (anti-GFAP and anti-IL-6, anti-IL1J
and anti-iNOS), for 2 hours or overnight at 4°C, as detailed in Table 1. In the cases
of IL-6, IL1f and iNOS, primary antibody binding was detected using a goat anti-
rabbit biotinylated antibody (1:100, 30 minutes, Vector Laboratories), prior to
streptavidin-HRP (Perkin Elmer) incubation (1:200, 30 minutes) and TSA
amplification (Biotinyl tyramide reagent, Perkin Elmer, 1:100, 7 minutes).
Amplification was visulaised with streptavidin-AMCA (1:100, 30 minutes). GFAP

reactivity was revealed with Texas-red fluorophore (1:100, 30 minutes). Sections
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were mounted with fluouresence mounting medium (Vector Laborotories) and

staining visualised with a Leica epifluoresence microscope.

2.2 Modulation of brain metastatic progression by chronic astrocyte

activation

2.2.1 CNTF modulation of 4T1 growth in vitro

In order to determine the effect of CNTF of 4T1 cell proliferation, an MTT assay
was used to assess cellular enzyme activity. 4T1-GFP cells were plated in 6 well
plates at 10% confluence and incubated for 48 hours at 37°C, 5% CO-. 6 wells were
subsequently stimulated with either human CNTF (R&D Systems) at 50 ng/ml
(from a stock solution of 100 pg/ml, 0.1% w/v BSA in PBS) or the relevant
concentration of BSA in PBS (n=6). The effect on cell proliferation was determined
after 24 hours, using a colorimetric MTT dye reduction assay, as previously

described.

2.2.2 Invivo modulation of astrocyte reactivity

The CNTF- and LacZ-lentivirus were obtained from Carole Escartin’s group in
Paris, synthesised as previously published (de Almeida et al., 2001). Briefly, a
modified self-inactivating lentivirus was used to clone c¢cDNA coding B-
galactosidase (LacZ, control virus) or human CNTF. The viral particles were
produced by transfection of 293T cells, with the supernatant collected after 48

hours. Further details regarding the viral vector can be found in Chapter 4.
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2.2.2.1 Animal models

Female BALB/c mice were anaesthetised with 2% (v/v) isoflurane in a gas mix of
oxygen and nitrous oxide (30:70), and placed on ear bars in a small animal
stereotactic frame (Stoetling Co., USA) as described in section 2.1.2.2. Mice were
injected intrastriatally (+0.5 mm Bregma, + 2 mm from the midline, - 2.5 mm
depth) with 1 pl of CNTF-lentivirus, LacZ-lentivirus (both at 100 ng/ul in saline) or
saline using a finely pulled capillary (Calibrated microcapillary tube, 1-5 pl, Sigma-
Aldrich). Capillaries were pulled with a single stage glass microelectrode puller

(Narishige, model PP-830, Japan), heated to 76°C.

2.2.2.2 MRI

In order to assess BBB integrity in response to CNTF-lentivirus, animals
underwent MRI at 5 weeks post-virus injection. MRI data were acquired on a 7T
magnet with a Varian Inova spectrometer (Varian), using a Rapid 26 coil. T1
weighted images (slice thickness=1mm) were acquired using a Spin Echo Multi
Slice (SEMS) sequence (TR= 300ms; TE= 16.38 ms; FOV =25 x 25 mm; matrix size
256 x 256) both pre- and 5 min post-1.V. Gadolinium-DTPA (Omniscan; GE
Healthcare) injection (50 pL, 0.5mmol/ml). Images were processed with VMRJ

software (Varian).

2.2.2.3 Histology
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5 weeks after intra-striatal injection of CNTF-, LacZ-lentivirus or saline, animals
were perfusion fixed (n=4 per treatment), and tissue processed for histology, to
assess astrocyte and microglial activation, as well as ICAM-1 and VCAM-1

expression, as described in section 2.1.3 and in Table 1.

Subsequently, mice from each treatment group were injected intracardially, under
ultra-sound guidance, with 1 x 105 4T1-GFP cells in 100 ul PBS. At day 10 (n=9), 14
(n=5) and 21 (n=2) after 4T1-GFP cell injection, animals were perfusion-fixed and
tissue processed for histology. 10 pm sections were taken across the striatum, with
every 5t section stained for GFP to reveal tumour burden following the standard

immunohistochemistry protocol described above and in Table 1.

Tissue sections were scanned at 200x magnification using the ScanScope CS
system (Aperio, USA) and micrometastases were delineated using ImageScope
software (Aperio, USA). In order to define tumour number and volume,
micrometastases or ‘events’ were tracked throughout the processed tissue, with
continuing tumours, which may be comprised of several micrometastases, as
illustrated in Figure 2.4, assigned an ID. The area and perimeter of each
individual event was measured for each section on which it appeared. The data
were imported into Matlab and processed using a code developed by Alastair
Hamilton (Hamilton, A., DPhil thesis, 2013). In order to determine overall
tumour volume, the areas of all individual events in the same tumour in a given
section were summed and multiplied by 10 to give a volume (um3). As
consecutive sections were omitted during cutting, the volumes of ‘missing’

sections were estimated by linear interpolation. The total tumour volume was
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calculated as the sum of all the tumour volumes on each section. For each
individual tumour, its hemisphere location was noted such that

ipsilateral/contralateral comparisons could be made.
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Figure 2.4: Tumour number was quantified by assigning metastatic colonies
an individual ID, and tracking metastatic growth over the brain region. A)
Multiple components of the same tumour are assigned the same ID (#14). B) A tumour at
the same locus in the proximal section is assigned the same ID. Individual areas quantified
in ImageScope (Aperio, USA), were exported to Matlab to calculate individual tumour

volume and number, as described above. Scale bars = 10o0um.

2.2.3 RT-qPCR quantification of factors induced by CNTF and tumour-

conditioned media
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In order to determine the transcriptional profile of astrocytes in response to CNTF
stimulation, an astrocyte primary culture was established as described in section
2.1.1.2. Upon passaging, the pellet was re-suspended in glial culture medium and
plated in T25 tissue culture flasks. At 5 days after seeding, astrocyte monolayers
were treated with human CNTF (R&D Systems) at a concentration of 50 ng/ul, in
glial culture media (n=3 flasks). Alternatively, astrocyte monolayers were treated
with tumour-conditioned medium (n=3 flasks), derived from 4T1 cell cultures 24
hours after seeding, and sedimented by centrifugation to remove debris (250xg, 5
min, RT). Three control flasks were treated with glial culture medium alone. In all

cases, astrocyte cultures were incubated for 24 hours prior to RNA extraction.

2.2.3.1 RNA isolation

In order to extract RNA from cell culture, a Qiagen® RNeasy® Mini Kit was used
(Qiagen, UK) as per the manufacturer’s instructions. All procedures took place on
ice where possible to maintain RNA stability. Cells, treated as bove, were harvested
by trypsin dissociation and collected by sedimentation (250xg, 5 min, RT). The
pellet was re-suspended in 350 pl Buffer RLT and combined with 350 pul 70%

ethanol, with the remainder of the protocol as described in section 2.1.7.2.
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2.3 2B3-201 inhibition of astrocyte activation

2B3-201 is a liposomal-packaged steroid. Previous work within the group
(Matthew Evans, DPhil thesis, 2012) suggests that this compound selectively
inhibits astrocyte activation, whilst the microglial response to CNS challenge is not
modulated. Therefore, the aim of this work is to ascertain whether astrocyte

inhibition, using 2B3-201, alters tumour seeding and/or tumour growth.

2.3.1 Validation of 2B3-201

2.3.1.1  Animal models

In order to determine whether 2B3-201 can prophylactically inhibit astrogliosis in
response to an inflammatory challenge, female BALB/c mice were injected
intravenously with either 0.2 mg/kg of 2B3-201 (approximately 100 pl, n=6) or
saline (n=6). After 24 hours, animals were anaesthetised and injected
intrastriatally, as previously described, with 105 plaque forming units (PFU) of a
replication-deficient adenovirus expressing membrane-bound TNF c¢DNA
(Ad5TNFom) in 0.5 pl saline. After 5 days, animals were perfusion fixed, as

previously described.

In order to determine whether 2B3-201 can selectively inhibit astrogliosis after
induction by an inflammatory challenge, animals were injected intrastriatally, as
previously described, with 105 PFU TNF-Adenovirus in 0.5 pl saline. After 3 days,
animals were injected intravenously with 0.2 mg/kg of 2B3-201 (n=6) or saline
(n=6). At day 5 post-adenovirus injection, animals were perfusion fixed, as
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previously described. In both instances, astrocyte reactivity was determined by

histology, using an anti-GFAP antibody, as described in section 2.1.3.

2.3.2 Does 2B3-201 modulate tumour seeding?

In order to determine whether astrocyte inhibition alters metastatic cell
colonisation, female BALB/c mice were injected with either 0.2 mg/kg 2B3-201 in
approximately 100 pl saline (n=6), empty liposome solution (n=6) or saline (n=3).
After 24 hours, mice were injected intracardially with 105 4T1-GFP cells, as
previously described. After 10 days, animals were perfusion-fixed and tissue
processed for histology. 10 um sections were taken in 3 different brain regions,
using a 1 in 5 sampling rate: Region 1) 3 mm to 1.3 mm, Region 2) -0.5 mm to -1.5
mm, Region 3) -4 mm to -5 mm relative to Bregma (Figure 2.5). Tumour burden
was detected with GFP immunohistochemistry, as previously described. Tissue
sections were scanned at 200x magnification using the ScanScope CS system
(Aperio, USA) and micrometastases were delineated using ImageScope software
(Aperio, USA). Tumour number was calculated as described above (section

2.2.2.3), and normalised to the volume of tissue quantified.
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Figure 2.5: Brain regions sampled from to calculate tumour burden in
the 2B3-201 studies. Region 1) 3 mm to 1.3 mm, Region 2) -0.5 mm to -1.5 mm,
Region 3) -4 mm to -5 mm relative to Bregma. Image adapted from the Mouse

Brain Atlas (http://www.mbl.org/mbl_main/atlas.html).

2.3.3 Does 2B3-201 modulate tumour growth?

In order to determine whether astrocyte inhibition alters metastatic growth, female
BALB/c mice were injected intra-cardially with 105 4T1-GFP cells, as described in
section 2.1.2.1. At day 7 post-tumour inoculation, animals were injected
intravenously with either 0.2 mg/kg 2B3-201 in approximately 100 pl saline (n=6),
empty liposome solution (n=6) or saline (n=3). This dosing was repeated at day 12
post tumour inoculation. At day 14, animals were perfusion-fixed, and brains

harvested for detection of tumour burden with GFP immunohistochemistry, as
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previously described. 10 pm sections were taken in 3 different brain regions, using
a 1in 5 sampling rate: Region 1) 3 mm to 1.3 mm, Region 2) -0.5 mm to -1.5 mm,
Region 3) -4 mm to -5 mm relative to Bregma. Tissue sections were scanned at
200x magnification using the ScanScope CS system (Aperio, USA) and
micrometastases were delineated using ImageScope software (Aperio, USA). In
order to determine tumour burden, the individual micrometastatic areas were
summed and normalised for the tissue area quantified.

Astrocyte activation was also assessed, using GFAP immunohistochemistry, as
described in section 2.1.3. In order to quantify the extent of astrocyte activation
associated with tumour burden, the area of astrocyte activation was delineated in
image scope and compared to tumour area, in approximately 50 tumours per

treatment group, across 3 animals.

2.4 Glial activation as a biomarker for metastatic disease

2.4.1 Immunofluorescent detection of TSPO

To determine astrocyte, microglial and 4T1 cell expression of TSPO in vivo,
fluorescent co-localisation was used. Briefly, endogenous streptavidin and biotin
were blocked as described above (SP-2002, Vector Laboratories) and then
incubated with Tris-NaCl blocking buffer (TNB, PerkinElmer, UK). Sections were
incubated overnight at 4°C with the appropriate primary antibody (Table 1), rinsed
with PBS and incubated with biotinylated anti-rat IgG (1:100, Vector Laboratories)

in TNB (30min, room temperature). Slides were washed and incubated with a
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streptavidin-Cy3 fluorophore (1:300, Invitrogen) and AMCA anti-Rabbit (1:50,
Vector Laboratories) for one hour. Slides were mounted using Vectashield

mounting medium (Vector Laboratories).

Images were acquired using an inverted confocal microscope (LSM-710, Carl Zeiss
Microimaging, Jena, Germany) or Leica DM IRBE (Leica, Germany) attached to a
camera (Hamamatsu, Japan), and analysed using Zen (Carl Zeiss) or Simple PCI
(Hamamatsu, Japan) software. Detection ranges were set to eliminate crosstalk
between fluorophores: 409-485 nm for AMCA (TSPO visualisation), 494-553 nm
for GFP (4T1 cell visualisation) and 564-712 nm for Cy3 (GFAP/OX-42

visualisation).

2.4.2 SPECT imaging of brain metastasis with 1231-DPA713

2.4.2.1  DPA713 synthesis

N,N-Diethyl-2-[2-(4-hydroxy-phenyl)-5,7-dimethyl-pyrazolo[ 1,5-a]pyrimidin-3-
yl]-acetamide (DPA713) was synthesised as previously described (Reynolds et al.,

2010) by Dr B. Checha.

2.4.2.2  123] labelling of DPA713

Radiolabeling was performed by Dr. M Tredwell, following a modified version of
the procedure described by Wang et al. (2009). Briefly, non-carrier added 231 as a
0.05M solution of NaOH (GE Healthcare, UK). One Pierce iodination bead

(Thermo Scientific, UK) was added to a solution of N,N-diethyl-2-[2-(4-hydroxy-
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phenyl)-5,7-dimethyl-pyrazolo[1,5-a]pyrimidin-3-yl]-acetamide (2 mg) in
acetonitrile (0.1 mL), methanol (0.1 mL) and phosphate-buffered saline (0.1 mL).
Subsequently, 260 MBq of non-carrier added [23]]Nal (GE Healthcare, UK) was
added. The reaction was stirred at room temperature for 90 minutes, prior to
dilution with water (5 mL) and loading onto a pre-conditioned C18 Sep-Pak Light
cartridge (Waters, USA). The radioactive component was eluted with diethyl ether
(0.5 mL). The diethyl ether was removed under a stream of solvent and the crude
reaction mixture was re-dissolved in dimethylformamide (DMF) (0.2 mL). K-COj3
(10 mg) and methyl iodide (30 pL of a 2M solution of Me-I in DMF) were added
and the solution heated at 60°C for 60 minutes. The crude reaction mixture was
purified directly by reverse phase HPLC on a Phenomenex Luna 5 pm C18 column
(Phenomenex, UK). The radioactive fraction, corresponding to the desired product
was collected, was diluted with water and passed through a pre-conditioned C18
Sep-Pak Light cartridge and, subsequently, eluted with ethanol (0.4 mL) to yield

96 MBq (36 % radiochemical yield) of 123I-DPA713.

2.4.2.3 Animal models:

BALB/c mice were imaged 13 days after intracerebral injection of either 4T1-GFP
cells (n=6) or saline (n=3), as described in section 2.1.2.2. Additionally, mice were
imaged 21 days after intracardiac injection of either 104 4T1 GFP cells (n=5) or

saline (n=3) as described in section 2.1.2.1.

2.4.2.4 MRI
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24 hours prior to SPECT/CT, intracardially injected animals were imaged by MRI
so as to determine areas of high metastatic burden, using BBB breakdown as a
surrogate for tumour growth. MRI data were acquired on a 7T magnet with a
Varian Inova spectrometer (Varian), using a Rapid 26 coil. T1 weighted images
(slice thickness = 1mm) were acquired using a Spin Echo Multi Slice (SEMS)
sequence (TR= 300ms; TE= 16.38 ms; FOV =25 x 25 mm; matrix size 256 x 256)
both pre- and 5 min post-1.V. Gadolinium-DTPA (Omniscan; GE Healthcare)

injection (50 uL).

2.4.2.5 SPECT Imaging

Animals were intravenously injected with ca. 20MBq 231-DPA713, 1h prior to
SPECT. Mice were anaesthetised with 1.5-2.0% isoflurane in air and SPECT/CT
was performed using a nanoSPECT/CT scanner (Bioscan, USA), equipped with 9-
pinhole apertures (pinhole diameter of 1mm). SPECT imaging was performed
using 100,000 counts/projection, 24 projections and a pitch of 1.5. CT was
conducted for anatomical referencing (180 projections, 500 ms/projection, 45 kV,
177 uA). Acquisition parameters were as follows: FOV, 35.2 x 35.2 mm; data matrix,
186 x 186; acquisition time, ca. 1th. Data were reconstructed using InVivoScope
(version 1.43, Bioscan, USA) and analysed using Inveon Research Workplace

(Siemens, Germany).

2.4.2.6  SPECT analysis
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For the intracerebral model, a volume of interest was drawn on coronal CT sections
over the injection site, using the bore hole in the skull for reference. The
corresponding internal control was delineated in the contralateral hemisphere.
Mean intensity of counts per hemisphere was used to calculate the relative increase
in compound binding (ipsilateral-contralateral/control x 100). For the
intracardiac model, a volume of interest was drawn throughout the brain. Average
intracerebral activity (KBq) over said volume, was normalised to average

extracranial activity, using CT as anatomical reference.

2.4.2.7  Autoradiography

Following all SPECT imaging, animals were transcardially perfused with
heparinised saline. Brains were removed and fresh-frozen in isopentane and kept
on dry ice before transfer to a cryostat at the end of the imaging session. 20um thick
coronal sections were cut throughout the striatum with serial sections taken for
immunohistochemistry and autoradiography. For autoradiography, slides were
placed on Super Resolution Phosphor screens (Perkin Elmer, UK). Screens were
held in autoradiography cassettes (Fisher Biotech, Pitsburg USA) for 36 hours at
4°C. Subsequently, the phosphor plate was developed with Perkin Elmer Cyclone

Plus using OptiQuant software (Perkin Elmer, USA).

2.4.2.8 Histology

For immunohistochemistry, slides were post-fixed in 4% PFA for 30 minutes at 4°C
and then underwent immunohistochemical staining as described in section 2.1.3

(for antibody concentrations see Table 1). OX-42 was used to detect activated
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microglia owing to the fact that the anti-IBA-1 antibody was unsuitable for use with

fresh-frozen tissue.

2.4.3 PETimaging of brain metastasis using 18F-GE180

2.4.3.1  GE180 synthesis
GE180 was synthesized by our industrial collaborators, GE Healthcare, as

previously described in the literature (Wadsworth et al., 2012).

2.4.3.2 18F labeling of GE180
GE180 was labeled with 18F by Immi Khan and Gareth Smith at GE Healthcare.
Briefly, [8F]GE180 was prepared by direct nucleophilic [*8F]fluorination of its
corresponding mesylate precursor. The preparation was performed on a GE
FASTlab™ synthesizer (Wickstrom et al., 2014) with semi-preparative HPLC

purification. At the point of delivery, approximately 500 MBq activity was present.

2.4.3.3 Animal models

BALB/c mice were imaged 14 days after intracerebral injection of either 4T1-GFP
cells (n=9) or saline (n=4) as described in section 2.1.2.2. Additionally, mice were
imaged 21 days after intracardiac injection of either 5 x104 4T1 GFP cells (n=4) or
saline (n=3), as described in section 2.1.2.1. 24 hours prior to PET imaging,

intracardially injected animals were MR imaged, as described in section 2.4.2.4.

2.4.3.4 PET imaging
PET imaging was performed using the Inveon PET/CT system (Siemens Preclinical
Solutions) equipped with a custom built mouse imaging cradle. Computed
Tomography (CT) based attenuation correction was performed before each PET

emission scan and was also used for anatomical referencing. Animals were
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anaesthetised at 2% isofluorane in air, and a cannula, filled with saline, was
inserted into the lateral tail vein. Mice were placed supine, head first, in the
imaging cradle, and maintained at ~3% isofluorane in air. Following the
attenuation

CT-scan, 10—50 MBq of 18F-GE-180, in no more than 200 pl, was injected through
the cannula. The intracerebral studies were conducted using a 30 dynamic PET
minute scan, in which data were histogrammed into multiple time frames; 10 x 30
seconds, 20 x 60 seconds and 1 x 300 seconds. Due to concerns regarding the
pharmacokinetics of GE-180, for the intracardiac model, a 50 minute PET
acquisition times was used, with the following time frames: 12 x 10 seconds, 3 x 60
seconds and frames of 300 seconds until the end of the scan. The dynamic
histograms were reconstructed using a 2-dimensional filtered back-projection
(FBP) algorithm. ROI image analysis was performed using the Inveon Research

Workplace software (IRW, version 2.2, Siemens Preclinical Solutions).

2.5 Statistical analysis

Throughout, statistical tests were conducted in GraphPad Prism v5.0 (GraphPad

software, USA). The exact statistical tests used are defined throughout the thesis

in Figure legends and in the text.
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Chapter3 Temporal and spatial profile of
astrocyte activation in response to brain

metastasis

3.1Introduction

As discussed in the introductory chapter, astrocyte activation has been observed in
response to brain metastasis, in human biopsy samples and more recently in in
vivo studies. However, whilst these studies suggest an involvement for astrocytes
from early time points of disease, the literature does not indicate the temporal and
spatial relationship between astrocytes and brain metastases. Similarly, there is
little in vivo insight into the functional role of astrocytes in the metastatic process,
with the majority of studies focusing on in vitro co-culture systems or conditioned
media experimental schemes. As such, a host of hypotheses remain to be addressed

in a relevant in vivo model.

3.1.1.1  Characterising the nature of astrocyte reactivity

As described in the introductory chapter, astrocyte reactivity is a graded response,
with the most severe reactivity resulting in the formation of a glial scar. The glial
scar is characterised by astrocyte proliferation, hypertrophy, de-differentiation and
the deposition of chondroitan sulphate proteoglycans (CPSGs), resulting in re-
modeling of the ECM (Sofroniew, 2009). Such a phenotype is observed in response
to CNS injuries, forming a physical barrier to limit the spread of damage through
the parenchyma. Based on the triggers of astrocyte proliferation, astrocytes in the

tumour microenvironment might potentially be in a scar phenotype. Cytokines
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typically produced by tumours (TGF-B, TNF, IL-1 and IL-6) are able to induce
proliferation in astrocytes and facilitate transition to the glial scar (Karimi-
Abdolrezaee and Billakanti, 2012). For instance, IL-6-like cytokines have been
shown to induce astrocyte proliferation in vitro (Levison et al., 2000). ATP and
other nucleotides have also been shown to be mitogenic in astrocyte culture models
(Abbracchio et al., 1994); it is known that ATP is released by dying cells, which one
would expect in a metastatic lesion. Additionally, a study has shown that fully
functional cancer cells can release ATP as part of an autocrine signaling mechanism
(Takai et al., 2012). As such, it is reasonable to hypothesise that the tumour

microenvironment is an environment permissive to astrocyte proliferation.

The consequences of glial scar formation are varied. With regards to spinal cord
injury (SCI), there are beneficial effects, namely with regards to attenuating
neuronal damage, repairing a compromised BBB and limiting damaging leukocyte
recruitment (Karimi-Abdolrezaee and Billakanti, 2012). However, there are also
detrimental effects, which in the context of SCI, involves an inhibition of axonal
regeneration. Predicting the outcome of glial scar formation in response to brain
metastasis, if indeed this is the case, is difficult. Whilst the release of cytokines
could lead to cellular proliferation, the deposition of CSPGs and remodeling of the

ECM could limit the spread of metastatic tumours through the brain.

Whilst it is clear that there is a close association between astrocyte reactivity and
tumour burden in brain metastasis (Zhang and Olsen, 1995; Mendes et al., 2007;
Lorger and Felding-Habermann, 2010; Seike et al., 2011), little has been done to

determine how this association changes with disease progression, both in relation
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to increased tumour size and over time. The only previous studies to show that a
positive correlation exists between tumour size and the extent of astrocyte
activation in an in vivo model of brain metastasis, was published in 2011, using an
intracardiac injection of a metastatic lung cell line, HARA-B (Seike et al., 2011).
However, in that study, the extent of astrocyte activation was defined by the
intensity of GFAP fluorescence staining, and as such, does not tease apart the
spatial extent of astrocyte activation from the density of astrocytes in the vicinity.
Additionally, this study did not evaluate changes in the correlation between
astrocyte activation and tumour burden over time. In an earlier in vivo study, in
which a breast cancer cell line, MDA-MB-435, was injected into the intracarotid
artery, astrocyte reactivity was demonstrated from as early as day 3, and over a
protracted time course of 50 days (Lorger and Felding-Habermann, 2010).
However, in this study astrocyte numbers surrounding brain metastases were only
quantified at a single time point (day 3). Thus, it is important to fully characterise
the astrocytic response in the in vivo models used in this thesis, with respect to
both tumour burden and time. Understanding how astrocyte reactivity may be
modulated by tumour size and disease time point, may yield insights into the
functional consequences of astrocyte activation. In this chapter, therefore, my
primary aim is to determine the temporal and spatial profile of astrocyte activation
in response to brain metastasis. Additionally, I will aim to elucidate whether
astrocyte reactivity progresses to the glial scar phenotype in response to brain
metastasis, by looking at astrocyte proliferation and molecular markers of the glial

scar.

3.1.1 Mouse models of brain metastasis
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In order to characterise the role of astrocytes in brain metastasis, it is important to
select clinically relevant murine models. There is a high incidence of brain
metastasis from primary breast tumours. Therefore, a mouse model of breast
cancer metastasis to the brain was generated. The mouse breast cancer-cell line,
4T1-GFP, was selected for use in the majority of studies. While 4T1-GFP cells are
not brain seeking per se, a large number of brain metastatic lesions do form with
this model. As a consequence of the latter, this model shows accelerated pathology,
allowing shorter time courses for animal experiments. As the 4T1-GFP cell was
derived from BALB/c mice, this strain was used for the most part, in order to create
a syngeneic model of brain metastasis, with an intact immune system; as there is
paracrine signalling between astrocytes and immune effector cells it is important
to have the full host response in order to create a clinically relevant model. In
addition to 4T1-GFP cells, the brain seeking variant of the human estrogen-
independent breast cancer cell line, MDA-MB-231 (Yoneda et al., 2001), was used
in order to determine the clinical significance of the syngeneic model, with regards
to tumour growth and astrocyte activation. Additionally, this cell-line was used in
gPCR studies, in order to facilitate differentiation of the host response to
metastasis from that of the tumour. As the MDA-MB-231Br cell line is of human
origin, immunocompromised mice (SCIDs) were used so as not to elicit an acute
phase response that would result in tumour cell destruction. The lung cancer cell
line, Lewis lung carcinoma (LLC), was also used in a preliminary study

demonstrating differential growth patterns of tumour cells within the brain.

There are multiple routes through which brain metastases can be induced.

Injection of tumour cells via the carotid artery is frequently used as a model of brain
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metastasis (Kienast et al.,, 2010; Kim et al.,, 2004a; Lorger and Felding-
Habermann, 2010; Wu et al., 2012), yielding high numbers of brain metastases,
with limited systemic disease (Daphu et al., 2013). However, this route is highly
invasive, with extensive surgical procedures that may additionally yield systemic
inflammation. Inflammation in the periphery has been correlated with CNS
inflammation (Combrinck et al., 2002; Cunningham et al., 2009; Perry, 2004), a
confound to be avoided due to discussion in the literature about the ‘pre-metastatic
niche’; it has been proposed that TDSFs, similar to those produced in response to
an inflammatory challenge, may act to generate an appropriate ‘soil’ for secondary
cancers. For example, cytokines such as IL-1B (Giavazzi et al., 1990) produced by
macrophages in the periphery can lead to increased metastatic seeding (Solinas et
al.,, 2010). Thus, it is advantageous to limit systemic inflammation to avoid
potential modulation of the CNS environment prior to metastatic colonization. In
contrast, intravenous injection of cancer cells is minimally invasive and does not
require anaesthetic. However, this model is associated with high systemic burden
(Daphu et al., 2013) and as such is not appropriate for protracted studies owing to

animal welfare.

In comparison to either intracarotid or intravenous administration, the
intracardiac route has a number of advantages. This route of metastatic induction
enables hematogenous spread of inoculated tumour cells to the brain without the
need for invasive surgery and with reduced systemic disease compared to IV
delivery. In this model, tumour cells are injected directly into the left cardiac
ventricle. Reports in the literature typically describe this method as being

conducted ‘blind’; without imaging guidance. @However, work within the
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department has illustrated improved CNS burden, with reduced systemic disease,
if injections are ultrasound guided (Balathasan et al., 2013). Consequently,
ultrasound guided intracardiac injection was used throughout this thesis to create

a robust and reproducible model of brain metastasis.

Whilst the intracardiac model recapitulates the clinical scenario, with
extravasation across the BBB, the nature of the technique yields disseminated
disease. Thus, a more practical model must be created in order to generate focal
lesions suitable for piloting imaging studies, as will be conducted in Chapter 6.
Therefore, I developed an intracerebral model, in which the tumour cell line was
directly injected into the striatum. The striatum was selected, as it is a self-
contained brain region, with little ‘spreading’ of inflammation to the contralateral
hemisphere. Additionally, this brain region is well characterized with regards to
inflammatory response (Blond et al., 2002; Sibson et al., 2004). Whilst this model
does not allow study of the extravasation process, it does facilitate observation of
the parenchymal response to metastatic growth. Additionally, as shown in Chapter
6, this focal lesion model is useful when it comes to imaging studies. However,
before this model could be used in imaging studies it was essential to determine
whether it recapitulates the clinical situation sufficiently to be a relevant model.
Thus, the second aim of this chapter was to compare the intracardiac and
intracerebral model to determine the clinical relevance of intracerebral tumour

injection.

3.1.2 The molecular microenvironment

Numerous in vitro studies suggest that astrocytes release a host of cytokines and

growth factors in response to tumour cells themselves or tumour cell conditioned
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media. However, few studies have looked at astrocytes in vivo in order to
determine their role in a biologically relevant model. Additionally, those studies
do not shed light on how the astrocytic transcriptional response changes with time
or with proximity to the tumour; it is becoming increasingly apparent that the
nature of the astrocyte response is very much dependent on the nature and

intensity of the stimulus.

Astrocyte heterogeneity exists not just at a morphological level throughout the
brain (Miller and Raff, 1984), but also at the molecular level in response to
challenge; the transcriptional re-programming that characterizes astrocyte
reactivity is both temporally and spatially heterogeneous. Comparative genomic
analysis of astrogliosis in response to in vivo models of cerebral ischemia (middle
carotid artery occlusion, MCAO) and systemic inflammation (LPS challenge), has
shown that diverse molecular subtypes of astrocytes exist downstream of diverse
CNS challenges (Zamanian et al., 2012). For instance nestin -a marker of glial scar
formation was transiently upregulated post-MCAO, with its expression localised to
the lesion core. In contrast, nestin expression was not observed at all in response
to LPS challenge, suggesting that glial scar formation is not a feature of the brain’s
response to inflammation. Similarly, components of the antigen-presentation
pathway are upregulated on astrocytes to a greater degree in response to LPS, than
observed after MCAO, as one would hypothesise as LPS is a foreign challenge. An
elegant transcriptional analysis of astrocyte cultures in response to TGF-$ or IFN-
y and LPS stimulation also demonstrated differential gene expression profiles
dependent on the nature of the challenge (Hamby et al., 2012). For instance, in

response to combined stimulation with IFN-y and LPS, a robust upregulation of
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chemokines and Toll-like receptor 2 was observed, as predicted for dealing with an
immune challenge. Such a transcriptional profile was not observed in astrocytes in
response to TGF-B. However, there was an upregulation of the enzyme lysyl
oxidase-like 1, which participates in the formation of connective tissue, consistent
with the role of TGF-p in tissue repair. These findings highlight the differential

responses of astrocytes to inflammatory challenges.

As evident with other non-neoplastic cells in the tumour microenvironment, such
as macrophages (Allavena et al., 2008), astrocytes may also to exist in multiple
phenotypes in the tumour periphery. For instance, a sub-set of peri-metastatic
astrocytes have been shown to express phosphorylated-platelet derived growth
facto receptor (PDGFR), in both animal models and clinical specimens (Gril et al.,
2013). Phosphorylation of PDGFR can be induced in cultured astrocytes by
tumour-conditioned media, although the functional consequence of this
upregulation has not yet been determined. Differences in astrocytic phenotypes
may also be apparent with time. I hypothesised, therefore, that the molecular
phenotype of astrocytes in the metastasis microenvironment may vary temporally.
To test this hypothesis, I have used qPCR to determine relative abundance of a
number of factors purported in the in vitro literature to be produced by astrocytes
in the metastasis microenvironment. Thus, the third aim of this chapter was to
profile the tumour microenvironment at a molecular level, so as to determine
whether in vitro models generated to date hold in relevant murine models. As both
the tumour and the host may produce a number of overlapping factors involved in
disease pathogenesis, I used immune-compromised mice injected with the human

breast cancer cell line, MDA-Br-231 in order to be able to profile the host response
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alone. PCR primers were designed against mouse mRNA in order to determine
inflammatory mediators produced solely by the resident CNS cellular population.
In some cases, immunofluorescence was used to confirm astrocytic expression of

such factors.

In summary, therefore, the three main aims of this chapter were:

1. To determine the temporal and spatial profile of astrocyte

activation in response to brain metastasis.

2. To determine whether an intracerebral model of brain
metastasis recapitulates the more physiologically relevant

intracardiac model.

3. To determine how the astrocyte response to brain

metastasis varies over time at the molecular level.
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3.2 Results

3.2.1 Astrocyte activation in response to brain metastasis; intracardiac model

The intracardiac route of tumour inoculation yields a model of disseminated brain
metastases, distributed throughout the brain. Based on previous work within the
lab, 104 4T1-GFP cells were injected into the left cardiac ventricle; this level of
tumour burden allows a protracted study to be conducted without animal sickness
observed. As shown in Figure 3.1, micrometastases appear to grow in the
perivascular space, with mechanical disruption of the surrounding tissue away
from the vasculature. The more elongated structure observed is indicative of
vascular co-option. In this model, tumour growth was associated with astrocyte
activation throughout the 28-day time course, as determined by GFAP
immunoreactivity (Figure 3.1 A). Reactive astrocytes can be defined by their
increased GFAP expression and contracted cellular processes. Quantification of
the area of astrocyte activation associated with an individual metastasis (as
described in Materials & Methods section 2.1.4) revealed a significant positive
correlation between tumour area and the area of astrocyte activation, across the
time-course (Figure 3.1 B; linear regression y=11x + 0.006, r2=0.6, p< 0.0001). In
order to assess the temporal profile of astrocyte activation, the ratio of astrocyte
activation to tumour area was compared over time. As shown in Figure 3.1 C, there
was a significant increase in this ratio over time, suggesting that the rate of

astrocyte activation is faster than the rate of tumour growth (one-way ANOVA,

p=0.0187; Tukey post-hoc test day 10 versus day 28, p < 0.05).
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Figure 3.1: Astrocytes are activated in response to brain metastasis in an
intracardiac model of the disease. (A) Photomicrographs of brain sections from a
naive BALB/c mouse, and at days 10, 14 and 28 after intracardiac injection of 4T1-GFP
cells (n = 5-6 per group). Reactive astrocytes were identified by GFAP immunoreactivity
(brown stain) and sections were counter-stained with cresyl violet (blue). Scale bar = 100
um. (B) A significant positive correlation was found between the extent of astrocyte
activation and tumour area (y = 11X + 0.006; r2 = 0.6; p < 0.0001). (C) A significant
increase in the ratio of astrocyte/tumour area was found over time. Data was not normally
distributed, and so data was logged., before parametric statistics performed. One-way
ANOVA, p=0.0187; Tukey post-hoc test day 10 versus day 28, *p < 0.05. Data presented

as mean values + S.E.M.
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Figure 3.2: Tumour growth after intracerebral injection recapitulates that
seen in the intracardiac route of tumour cell injection. (A) In the intracardiac
model (day 14), micrometastases (cresyl violet nuclear counter stain, blue) proliferate in
the perivascular space, associating with the microvasculature. (B) A similar pattern of
growth is observed in the intracerebral model (day 14) in which an elongated phenotype
(white arrows), suggesting vasculature co-option, is also apparent. In both incidences,
metastases are associated with astrocyte activation (GFAP staining, brown). Scale bars =

100um.
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3.2.2 Astrocyte activation in response to brain metastasis; intracerebral model

An intracerebral model was developed to assess the astrocytic response to tumour
burden in a focal lesion. As observed in Figure 3.2, the pattern of tumour growth
is similar to that seen in the physiologically relevant intracardiac model; whilst the
cells are initially delivered as a bolus dose, the tumour invades the local tissue and
metastases appear to track along blood vessels. This pattern of growth is in
contrast to that observed with intracerebral injection of the weekly-brain
metastatic cell line, LLC (Balathasan et al., 2013). As shown in Figure 3.3, in that
model, the bolus intracerebral cell dose does not invade the local tissue at the time

point studied (day 14).

As observed in the intracardiac model, tumour growth was associated with robust
astrocyte activation that persisted across a 28-day time course (Figure 3.4 A).
Likewise, a significant positive correlation was also found between tumour volume
and the volume of associated astrocyte activation (see Materials and Methods 2.1.4)
in this model (Figure 3.4 B; linear regression 18.2x + 0.415, r2= 0.657, p< 0.0001).
In contrast to the intracardiac model, the ratio of astrocyte activation to tumour
size did not increase across the time-course (Figure 3.4 C, one-way ANOVA
p=0.877), suggesting that the rate of astrocyte activation increased at the same rate

as tumour growth.
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Figure 3.3: Different tumour cell lines display different patterns of tumour
growth in the intracerebral model. (A) 5 x 103 Lewis lung cells were injected
intrastriatally. At day 14, animals (n=3) were perfusion-fixed and tissue processed for
histology. A cresyl counter stain (blue) indicated that little local invasion or vascular
cooption occurred over the 14-day time course. (B) 5 x 103 4T1-GFP cells were injected
intrastriatally. At day 14, animals were perfusion-fixed and tissue processed for histology.
The cresyl blue counter stain suggests that although there is tumour growth in situ at the
injection site (white arrow); there is also local invasion of the parenchyma (black arrows).

Scale bars=100um.
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Figure 3.4: Astrocytes are activated in
response to brain metastasis in an
intra-cerebral model of the disease
(A) Photomicrographs of brain sections
from animals at days 10, 14, 21 and 28 after
intra-cerebral injection of 4T1-GFP cells.
Reactive astrocytes were identified by GFAP
immunoreactivity (brown stain) and
sections were counter-stained with cresyl
violet. Scale bar = 100 pm. (B) A significant
positive correlation was found between the
volume of astrocyte activation and tumour
volume (y = 18.2x + 0.415; r2= 0.657; p <
0.0001). (C) Data was not normally
distributed, and so data was logged,, before
an ANOVA was performed. No significant
differences were found in the ratio of
astrocyte/tumour volume over time (one-
way ANOVA, p=0.877, n = 4-5 per group).

Data presented as mean values + S.E.M.
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As the intracerebral injection is an invasive procedure, quantifying the astrocyte
response to vehicle injection alone was also quantified. Astrocyte activation was
observed in response to saline injections, but the extent of this gliosis was
significantly less than in 4T1-GFP injected animals, and decreased rapidly across
the time course (Figure 3.5; Two-way ANOVA p < 0.0001, Bonferroni post-hoc

test; treatment, p=0.0003).
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Figure 3.5: Intracerebral injection of saline elicits minimal amounts of
astrocyte activation. Astrocyte activation in saline injected animals (n=3 per time-
point) was significantly less than in 4T1-GFP cell injected animals (n=4-5 per time-point),
and attenuated rapidly over time. Two-way ANOVA, p< 0.0001; Bonferroni post-hoc test

treatment, ***p=0.0003. Data presented as mean values + S.E.M.
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In order to assess whether the astrocytic response in this intracerebral model is
similar to that which would be induced by human breast cancer cells, SCID mice
were injected intracerebrally with MDA-Br-231 cells. As shown in the low power
histology images in Figure 3.6, the pattern of tumour growth is similar to that seen
in the syngeneic 4T1-GFP, BALB/c model, although there is a trend towards lower
tumour volume, presumably owing to the less aggressive nature of the MDA-Br-
231 cell line. However, the ratio of astrocyte activation to tumour burden is similar

to that observed in BALB/c mice in response to 4T1-GFP cells

(Figure 3.6; unpaired t-test, p=0.880).
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Figure 3.6: At day 14, MDA-BR-231 cells elicit a similar astrocytic response in
SCID mice as compared to 4T1-GFP cells in BALB/c mice. Photomicrographs
represent low magnification view of tumour growth in the intracerebral model. A) BALB/c
mice were injected intracerebrally with 4T1-GFP cells as previously described (n=5). B)
SCID mice were injected intracerebrally with 5 x 105 MDA-BR-231-EGFP cells (n=3). At
day 14, animals were perfusion fixed and tissue processed for histology. Reactive astrocytes
were identified by GFAP immunoreactivity (DAB, brown stain) and sections were counter-
stained with cresyl violet (blue). The volumes of astrocyte activation and tumour burden
were determined as previously described. C) There was a trend towards greater tumour
volume at day 14 in the 4T1-GFP BALB/c model compared to the MDA-BR-231 SCID
model (unpaired t-test, p=0.655). D) The ratio of astrocyte volume to tumour volume did
not differ significantly between the strains and cell lines. Unpaired t-test, p=0.880. Data

presented as mean values + S.E.M. Scale bars=100um.
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3.2.3 Astrocyte proliferation

In the intracardiac model, histological analysis revealed an increase in the area of
astrocyte activation with time. To determine whether this could be accounted for
by an increase in GFAP reactivity or an increase in astrocyte proliferation, an in
vitro model was used initially, with astrocytes isolated from neo-natal pups, and a
primary culture generated, as shown in Figure 3.7. The presence of astrocytes was
confirmed with immunocytochemistry for GFAP (Figure 3.7 A & B). Other CNS
populations were also looked at, in order to confirm astrocyte purity. As shown in

Figure 3.7, there was no microglial (C) or neuronal (D) contamination.

Subsequently, astrocytes were stimulated with 4T1-GFP cell-conditioned media,
harvested as described in Materials & Methods (section 2.1.1). Using an in vitro
MTT assay to quantify cellular metabolism (see Materials & Methods 2.1.6.1),
commonly used as a read out for cellular viability and metabolism, it is evident,
that astrocytes display increased metabolism when exposed to soluble factors
released by tumour cells (Figure 3.8), although the increase in metabolic activity,

as determined by absorbance, was mild.
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Figure 3.7: Astrocyte primary culture from p5 pups yields GFAP positive cells, with no neural or microglial contamination.
(A) Immunofluorescence image of cell nuclei (DAPI, blue) with GFAP positive cell bodies (Cy3, red). (B) GFAP reactivity at x 20 magnification.

(C) Staining with IBA-1 indicates no microglial contamination. (D) Staining with NeuN indicates no neuronal contamination. (E) Negative control.

Scale bars=100um.
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Figure 3.8: Tumour-conditioned media increases astrocyte proliferation in
an in vitro primary culture model. Astrocytes were isolated from BALB/c pups, p5.
Cultures were plated in 6 well plates and were treated with either tumour-conditioned
media or control media, for 24 hours. Subsequently, astrocyte proliferation was assessed
using an MTT assay. Control wells were normalised and fold change in absorbance
calculated. Unpaired t-test with Welch’s correction for unequal variance, p= 0.0353. Bars

represent average of 6 wells + SEM.

To translate these in vitro findings into the intracardiac in vivo model, animals
were treated with BrdU prior to perfusion. BrdU is a thymidine analogue that is
incorporated into replicating DNA by proliferating cells. Uptake of BrdU by cells
was revealed by immunofluorescence. It was evident that whilst the tumour cells
were proliferative, astrocytes in the tumour periphery were not replicating at either

day 10 or day 21 post-tumour cell injection (Figure 3.9).
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Figure 3.9: Astrocytes in the tumour microenvironment are not proliferative.

Female BALB/c mice were injected intracardially with 4T1-GFP cells. In order to
determine DNA replication status, mice were injected with 100 mg/kg BrdU 24 hours and
4 hours prior to perfusion-fixation at day 10 (n=4) or 21 (n=3). In order to detect BrdU
incorporation, immunofluorescence was conducted with anti-BrdU alongside anti-GFAP
antibodies to detect astrocyte activation. Immunocolocalisation shows that whilst
astrocytes (red) are activated around proliferating cells within metastases (blue), there is
no co-localisation between GFAP and BrdU positive cells at either day-10 (A) or day-21 (B)
post tumour inoculation. Immunofluorescence images show representative tumours

across the brain. Scale bars= 100 ym.



Relative fold expression

In addition to looking at astrocyte proliferation, typical markers of the glial scar
were quantified in the intracardiac model using qPCR. SCID mice were injected
intracardially with MDA-Br-231 cells and brains snap-frozen at days 14 and 21
post-tumour cell injection, prior to tissue processing for RNA extraction and qPCR.
Primers specifically designed against mouse nestin and phosphacan were used, and
expression levels compared to the naive brain. A shown in Figure 3.10, there are
no significant differences in the relative expression of either nestin or phosphacan
across the time course in question (nestin; one-way ANOVA p=0.166, phosphacan;

one-way ANOVA p=0.0535).
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Figure 3.10: mRNA expression of phosphacan and nestin is not significantly
altered across a 21-day time course by tumour burden in the intracardiac
model of brain metastasis. Female SCID mice were injected intracardially with MDA-
Br-231 cells. At days 14 and 21 post-tumour cell injection, animals were saline perfused
(n=4 per time point) and tissue processed for RNA extraction. qPCR was performed, using
primers for mouse phosphacan (A) and nestin (B). Expression levels were compared to two
housekeeping genes (CANX and SDHA) and normalised to naive tissue. One-way ANOVA

(A) p=0.0535, (B) p=0.166. Data are presented as mean values + S.E.M.

92



3.2.4 RT-PCR analysis of the tumour microenvironment

In order to profile the tumour microenvironment at the molecular level, qPCR was
performed. To tease apart inflammatory mediators released by the CNS, as
opposed to the tumour itself, SCID mice were injected with the human cell line
MDA-Br-231. Thus, primers were designed specifically for mouse RNA products
that would only detect host rather than tumour produced molecules. Initially, this
experimental paradigm was conducted in the intracerebral model, and
subsequently pursued in the intracardiac model, across two time points in order to
assess the temporal profile. Genes of interest were selected based on prior

literature reports on in vitro mediators of astrocytic function.

Evidence suggests that the archetypal housekeeping gene used in qPCR
experiments, GAPDH, may not be stable across all pathologies (Glare et al., 2002;
Montero-Melendez and Perretti, 2014). Additionally, MIQUE guidelines suggest
that two housekeeping genes should be used to normalize expression levels (Bustin
et al., 2009). To that end, a GeNorm experiment was conducted to determine the
most stable housekeeping genes in my model (Vandesompele et al., 2002). As
shown in Figure 3.11, CANX and SDHA were shown to be the most stable genes,

and thus these were used for subsequent experiments as housekeeping controls.
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Figure 3.11: CANX and SDHA are the most stably expressed housekeeping
genes as determined in a geNorm experiment. Female SCID mice were injected
intracerebrally with MDA-Br-231 (n=3). At day 14, animals were saline perfused and the
ipsilateral and contralateral striata removed for RNA extraction. qPCR was performed
using primers for 6 different housekeeping genes, validated to be mouse specific by
PrimerDesign. Biogazzelle software was used to determine which housekeeping genes
remained the most stable between experimental and control tissue. In this experimental
model, SDHA and CANX were the most stable genes of interest, based on their average

expression stability value (M); the lower the M value, the more stable the expression level.
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Figure 3.12: A number of inflammatory factors are expressed at the mRNA
level in the intracerebral model of brain metastasis. Female SCID mice were
injected intracerebrally with MDA-Br-231 cells (n=5) or PBS (n=5). At day 14 post-tumour
cell injection, the striata were removed and processed for RNA extraction and ¢cDNA
synthesis. PCR was performed, with primers designed for mouse IL-6, iNOS, IL-13, TNF,
MMP2, Heparanase and Endothelin-1. Expression levels were normalised to PBS control
striata and CANX and SDHA housekeeping genes. Unpaired t-test with Welch’s correction
for unequal variances: *IL-6, p=0.01; iNOS, *p=0.0267; IL-1B, p=0.266; **MMP2,
p=0.0083; TNF, p=0.405; Heparanase, p=0.0770; Endothelin-1, p=0.550. Data are

presented as mean values + S.E.M.

As shown in Figure 3.12, there are a host of inflammatory mediators produced at
the mRNA level in the striatum, in response to MDA-Br-231 intracerebral injection.
IL-6 was shown to be significantly upregulated in the striatum of mice injected with
MDA-Br-231 cells, compared to PBS injected mice (unpaired t-test with Welch’s
correction for unequal variance, p=0.01), whilst there was no significant increase
in IL-1B (unpaired t-test with Welch’s correction, p=0.266). With regards to ECM
remodeling, MMP2 was significantly upregulated in this intracerebral model
(unpaired t-test with Welch’s correction, p=0.0083). Similarly, there was a strong
trend towards increased heparanase expression in response to MDA-Br-232
injection (unpaired t-test with Welch’s correction, p=0.0770). iNOS expression
was significantly increased compared to the PBS control striata (unpaired t-test
with Welch’s correction for unequal variance, p=0.0267). No significant
differences were observed in the expression levels of TNF (p=0.405), or

Enodthelin-1 (p=0.550) in this model.
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Immunofluorescence was performed in the intracerebral model in order to
determine the source of some of the factors listed above. As observed in Figure
3.13, there is widespread secretion of IL-6 in the intracerebral model and co-
localisation with GFAP suggests that astrocytes are in part responsible for the
production of this cytokine. Similarly, the immunofluorescence images presented
in Figure 3.14 indicate that IL-1f is produced in the tumour microenvironment,
again with co-localisation with astrocyte reactivity. With regards to iNOS
expression, Figure 3.15 suggests that iNOS is expressed by astrocytes in the
periphery, however at more removed regions, iNOS expression by astrocytes is not

observed.
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Figure 3.13: IL-6 is expressed at the protein level in the intracerebral tumour

microenvironment, and its expression co-localises with activated astrocytes.
Immunofluorescence was performed on sections from the 4T1-GFP intracerebral tumour
model (day 14). Astrocyte reactivity was revealed using an anti-GFAP antibody in
conjunction with anti-rat Texas Red fluorophore. IL-6 expression was detected using an
anti-IL-6 antibody. The signal was amplified with a streptavidin-HRP detection system,
and binding reveled with streptavidin-AMCA fluorophore. Tumour burden can be
visualised with intrinsic GFP expression. Images show individual channels and the
merged image. Pink demonstrates co-localisation between astrocyte reactivity and IL-6

expression.
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Figure 3.14: IL-1f is expressed at the protein level in the intracerebral tumour

microenvironment, and its expression co-localizes with activated astrocytes.
Immunofluorescence was performed on sections from the 4T1-GFP intracerebral tumour
model (day 14). Astrocyte reactivity was revealed using an anti-GFAP antibody in
conjunction with anti-rat Texas Red fluorophore. IL-1p expression was detected using an
anti-IL-1Bantibody. The signal was amplified with a streptavidin-HRP detection system,
and binding reveled with streptavidin-AMCA fluorophore. Tumour burden can be
visualised with intrinsic GFP expression. Images show individual channels and the
merged image. Pink demonstrates co-localisation between astrocyte reactivity and IL-1f

expression.
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Figure 3.15: iNOS is expressed at the protein level in the intracerebral tumour

microenvironment, but expression by astrocytes is limited to the tumour
periphery. Immunofluorescence was performed on sections from the 4T1-GFP
intracerebral tumour model (day 14). Astrocyte reactivity was revealed using a rat anti-
GFAP antibody in conjunction with anti-rat Texas Red fluorophore. iNOS expression was
detected using an anti-INOS antibody. The signal was amplified with anti-rabbit
biotinylated IgG and binding revealed with streptavidin-AMCA fluorophore. Tumour
burden can be visualised with intrinsic GFP expression. Images show individual channels
and the merged image. Pink demonstrates co-localisation between astrocyte reactivity and
iNOS expression. Co-localisation is most apparent in the tumour periphery (yellow

arrow), with no astrocyte-iNOS expression in the region more distal (white arrow).
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3.2.4.2 Intracardiac model

In order to investigate whether there are temporal differences in the tumour
microenvironment, the intracardiac model was used, with brains isolated at days
14 and 21 post-tumour inoculation and compared to naive animals. As shown in
Figure 3.13, IL-6 mRNA expression increased across the 21-day time-course, with
a significant increase between naive tissue and day 21 (one-way ANOVA, Tukey
post-hoc test, p=0.0268, Tukey post-hoc test naive vs day 21: *p< 0.05). With
regards to IL-1B expression, a significant increase in expression was observed
between day 14 and day 21, compared to naive tissue (one-way ANOVA, p=0.0185,
Tukey post-hoc test: day 14 vs day 21, *p < 0.05). In terms of ECM remodeling,
there was no significant increase in MMP2 expression (one-way ANOVA, p=0.483)
although there was a trend towards increased heparanase expression (one-way
ANOVA, p=0.0680). endothelin-1; p=0.0581). No significant changes were
observed in TNF, iNOS or endothelin-1 expression in this model (one-way ANOVA,

p=0.423, p=0.356 and p=0.0581 respectively).
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Figure 3.16: There are temporal differences in the expression profile of the

tumour microenvironment. Female SCID mice were injected intracardially with

MDA-BR-231 cells. At days 14 and 21 (n=4 per time point), animals were saline perfused
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and tissue harvested and processed for RNA extraction as described in Methods section
2.1.7.2. . qPCR was performed, with primers designed for mouse IL-6, iNOS, IL-1B, TNF,
MMP2, Heparanase and Endothelin-1. Expression levels were normalised to naive brains
and CANX and SDHA housekeeping genes. One-way ANOVA: IL-6, p=0.0268, Tukey post
hoc test naive vs. day 21 *p < 0.05; IL-1B, p=0.0185, Tukey post hoc test day 14 vs. day 21
*p < 0.05; MMP2, p=0.483; Heparanase, p=0.0680; iNOS, p=0.356; TND, p=0.423;

endothelin-1, p=0.0581. Data are presented as mean + S.E.M.

3.3 Discussion

3.3.1 Characterising the astrocyte response to brain metastasis in two in vivo
models
In this chapter I have used two in vivo models of brain metastasis in order to
investigate the role of astrocytes in metastatic disease. Whilst the intracardiac
model has been published previously (Balathasan et al., 2013; Serres et al., 2012),
the specific intracerebral model used here, with the use of a finely drawn
microcapillary, has not been used in studies of metastasis prior to this work. The
benefit of the developed technique is that CNS damage is limited by using a finely
drawn glass microcapillary, rather than a Hamilton syringe with a 27-guage needle,
as typically used in murine models of glioma, for example (Kaye et al., 1986). The
latter has an outer diameter of ca. 400 microns as compared to the 75 microns
achieved with the microcapillary. Using this method, minimal astrocyte activation
was elicited in response to the injection itself, and the astrocytic response
attenuated with time. In addition, it was evident that the pattern of tumour growth
observed in the intracerebral model recapitulated the pattern of growth seen in the

intracardiac model. Although at early time points, there was little evidence of
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invasion away from the injection site, with time, apparent vessel cooption was
observed. This pattern of growth, in both the intracardiac and intracerebral model
was in accord with published results, indicating that rather than initiating
neoangiogenesis, 4T1 cells co-opt existing vessels and grow in close association
with the vasculature (Carbonell et al., 2009). This recapitulates the early stages of
tumour growth in humans, with analysis of early stage biopsy samples indicating

that micrometastases track along blood vessels (Carbonell et al., 2009).

In both the intracardiac and intracerebral models, brain metastases were closely
associated with astrocyte activation in vivo, from early in disease progression and
consistently throughout the 28-day time course studied. These findings are in
agreement with those of Fitzgerald et al. (Fitzgerald et al., 2008), who showed that
brain metastases are associated with reactive gliosis at 14 and 28 days post-
induction in a xenograft model, in which a human breast cancer cell line was
injected intracardially into immunocompromised BALB/c mice. The study
presented here recapitulates and extends these findings in a syngeneic and
immunocompetent mouse model of brain metastasis, both through hematogenous
dissemination of tumour cells and through direct introduction into the brain. In
both cases, the presence of reactive astrocytes was observed from the earliest time
points studied and was considerably greater than the tumour area itself (ca. 25 fold
for the intracerebral model, ca. 45 fold for the intracardiac model). Quantitatively,
the area of astrocyte reactivity correlated positively with tumour growth. Similar
positive correlations between astrocyte reactivity and tumour burden have been
demonstrated in an in vivo model of lung cancer brain metastasis (Seike et al.,

2011), although at a single time-point only. @ The work carried out here
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demonstrates an association between tumour burden and astrocyte reactivity over
a protracted time-course. Thus, astrocytes may be a potential target for either
therapy or imaging, owing to their intimate and consistent association with tumour
burden. The similarities made between the BALB/c-4T1-GFP mice and SCID mice
inoculated with the human cell line MDA-BR-231-eGFP suggests that the
syngeneic BALB/c-4T1-GFP model is relevant to the clinical situation.
Furthermore, as BALB/c mice are immunocompetent this enables the entire host
response and, therefore, paracrine signaling with astrocytes to be taken into

account.

In both the intracerebral and intracardiac models used here, reactive astrocytes did
not appear to form a fixed gliotic scar around the tumour, as is often seen
surrounding for example, an ischemic lesion. Rather, the ratios of astrocyte
activation to tumour size either remained constant (intracerebral model) or
increased with time (intracardiac model). These findings suggest that the tumour
continues to release astrocyte-activating factors as it grows, such that the gliosis
neither resolves, nor walls off the tumour in a static rim. This concept is in accord
with in vitro work indicating that tumour-induced astrocyte activation is not
contact-dependent (Seike et al., 2011). It would be interesting to extend the time-
course in this study further, in order to determine whether a scar like phenotype is
present in the later stages of disease. The histological evidence from biopsy samples
certainly demonstrates that astrocyte activation does not resolve at advanced

stages of the disease (Zhang and Olsson, 1995).

There has been much debate regarding the nature of astrocyte reactivity in
response to CNS trauma. For example, does the increase in GFAP staining
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surrounding a lesion correspond solely to increased astrocyte reactivity, or is there
a proliferative and migratory component? In order to determine whether the
increase in GFAP staining observed with tumour size and with time was due to
increased astrocyte activation, as opposed to an increase in astrocyte number, a
proliferation assay was carried out, both in vitro and in vivo. Here, I have shown
that in an in vitro setting, mouse primary cultures of astrocytes stimulated for 24
hours with 4T1-GFP cell-conditioned media undergo proliferation, as assayed
using an MTT assay. The measured metabolic activity, however, was very mild,
with an average of 12% increased activity compared to control wells. In contrast,
in an in vivo model, astrocytes surrounding brain metastases were not shown to be
undergoing DNA synthesis at either day 10 or day 21 post-tumour induction, as
determined by a BrdU assay. The discrepancy between the in vitro and the in vivo
data could be accounted for by both the different assays used and the relative
developmental stage of astrocytes in the models; for the in vitro study, astrocytes
were isolated at p5, whilst for the in vivo study, animals were perfused at
approximately 9 weeks old. Thus, in the in vivo study astrocytes were more

developed, and consequently, less likely to re-enter the cell cycle.

These results are discordant with the hypothesis that astrocytes in the tumor
microenvironment may be proliferative, at least to a certain extent. However, the
literature regarding astrocyte proliferation in neurological disease argues in both
directions. In the in vitro situation, astrocytes can re-enter the cell cycle in
response to the mitogens endothelin-1 (Gadea et al., 2008) and EGF (Levison et
al., 2000), with IL6-type cytokines synergising with EGF to induce astrocyte

proliferation. However, a stereological analysis of human AD brains suggests that
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the apparent increased astrocyte density around A plaques is due to phenotypic
changes and brain atrophy, rather than an increase in astrocyte numbers (Serrano-
Pozo et al., 2013). Whilst in vivo models of cortical stab wound do demonstrate
astrocyte proliferation (Amat et al., 1996), this is only in a subset of cells and
predominantly those in contact with blood vessels, proximal to the lesion (Bardehle
et al., 2013). Modest astrocyte proliferation has been demonstrated at the genomic
level in an in vivo model of stroke. However, cell-cycle regulatory genes were only
transiently upregulated after MCAO, with levels returning to baseline by day 7-
post-ischemic challenge (Zamanian et al., 2012). In the context of cancer, biopsy
analysis of a brain metastasis of mammary origin, suggests that 20% of peri-
tumoural astrocytes are proliferative, as indicated by Ki6é7 immunoreactivity
(Neman et al., 2013). However, a recently published in vitro study demonstrated
that a prostate cancer cell line could inhibit astrocyte proliferation and even induce

cell death (de Oliveira Barros et al., 2014).

Thus, whilst many studies indicate that astrocytes do re-enter the cell cycle upon
activation, only a small proportion of astrocytes, if any, in each model appears to
be proliferative. The lack of astrocyte proliferation in the model used here suggests
that astrocytes are moderately reactive, but they have not progressed to the
formation of a glial scar (Sofroniew and Vinters, 2010). In order to confirm this,
the host microenvironment was probed at the molecular level for hallmarks of the
glial scar: phosphacan and nestin. Phosphacan is a CS-PG, expressed at a high level
during development, where it is believed to serve a role in guiding axonal
development by creating molecular barriers in the CNS. Levels decrease soon after

birth, but the CS-PG is re-expressed in the glial scar. Its expression by reactive
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astrocytes has been confirmed in in vivo models of traumatic brain injury (McKeon
et al., 1999), stroke (Beck et al., 2008) and spinal cord injury (Buss et al., 2009).
Nestin is an intermediate filament, absent in resting astrocytes, which has been
shown to be rapidly and chronically expressed by reactive astrocytes in the glial
scar, in a number of CNS pathologies including in vivo models of spinal cord injury
(Frisen et al., 1995), CNS stab wounds (Lin et al., 1995) and stroke (Duggal et al.,
1997). Neither phosphacan nor nestin was observed to be significantly upregulated
at the mRNA level in the intracardiac model of brain metastasis, at either 14 or 21
days post-tumour cell injection. Thus, in conjunction with the histological data
and the lack of proliferative index in astrocytes, these data indicate that a glial scar
is not formed around brain metastases at these early time points. The significance
of this is yet to be determined, but it would be rational to hypothesise that in the
absence of ECM remodeling, the CNS is permissive to metastatic migration
through the parenchyma. In this study I did not investigate the migratory pattern
of astrocytes. In both the intracardiac and intracerebral models, astrocyte
activation is observed surrounding the tumour, rather than astrocytes infiltrating
the metastasis, indicating that astrocytes do not migrate into the tumour foci.
However, in order to probe this further, an in vitro migration assay might be

informative (Etienne-Manneville, 2006).
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3.3.2 The molecular profile of the tumour microenvironment

The third aim of this chapter was to investigate whether a variety of cytokines and
ECM remodeling enzymes that have been identified in astrocyte—tumour cell co-
culture experiments, could also be identified in an in vivo model of brain metastasis.
In an ideal scenario, astrocytes would be acutely isolated from the tumour
microenvironment and their transcriptional profile determined with qPCR. However,
the published literature regarding astrocyte isolation describes the necessity for a
culturing step that would alter the transcriptional profile. Moreover, preliminary
attempts to acutely isolate astrocyte by fluorescent labelling and subsequent FACS
sorting were unsuccessful. Thus, a more global approach was taken, with the
transcriptional profile of the CNS in response to tumour burden analysed by qPCR. In
order to tease apart the host response from factors produced by the tumour itself, SCID
mice were injected with the human breast cancer cell line, MDA-Br-231. To that end,
primers were designed for mouse transcripts such that qPCR of the host response
alone could be conducted; any tumour-derived mRNA transcripts will not be detected
in this assay. Two time-points were selected, day 14 and 21, so that as assessment of
temporal changes in the host response could be made. This approach does not allow
confirmation of astrocytic origin of such factors and as such, immunofluorescence was

used in some cases to confirm co-localisation.

Both the intracardiac and intracerebral models demonstrated an increase in IL-6
mRNA  expression in the tumour microenvironment. Additionally,
immunofluorescence images from the intracerebral model indicate that IL-6 is

produced throughout the tumour microenvironment and that activated astrocytes are
109



in part responsible for this production, as indicated by the co-localisation between
GFAP and IL-6 production. These results are in line with the in vitro publications in
the literature. Previous studies using astrocyte and tumour co-culture models have
suggested that IL-6 is a feature of the brain metastatic microenvironment (Seike et al.,
2011). Astrocytes release IL-6 in culture and the cytokine has been implicated in
driving tumour cell proliferation. Moreover, treatment with an anti-IL-6 antibody
reduced cancer cell proliferation in vitro (Noda et al., 2012). At the same time, IL-6
receptor expression has been demonstrated in a mouse breast cancer cell line that
metastasises to the brain, whilst its expression is absent in the parent cell-line that
does not metastasise to the CNS (Nishizuka et al., 2002). Evidently, IL-6 plays a role
in metastatic progression; however, this is the first in vivo study to demonstrate an
increase in production of IL-6 by the brain in response to tumour burden alone, over
an extended time course. Further work is necessary to determine the functional
significance of IL-6 production in the tumour microenvironment, but based on the in
vitro evidence above, one would predict that IL-6 inhibition would lead to a reduction
in tumour burden. Indeed, an in vivo study in which mice were inoculated with the
metastatic lung cell line HARA-B, demonstrated that treatment with the anti-IL-6
receptor monoclonal antibody, Tocilizumab, significantly reduced brain metastasis
volume when given after the establishment of metastatic colonies (Noda et al., 2012).
It would be interesting to extend this study in the models used in this thesis; IL-6 may
not only play a role in tumour growth after the establishment of metastatic colonies,
but in the initial colonization phase. Additionally, looking at read-outs of not only
tumour volume, but how the microenvironment, particularly gliosis, is altered by IL-6

inhibition will be important.
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There is much debate in the literature regarding the role of NO in tumour progression.
iNOS is an inducible form of the enzymatic family that catalyses the conversion of L-
arginine to nitric oxide, and it largely serves roles in the immune defense against
pathogens, inducing cellular toxicity. Whilst it has been proposed that NO drives
metastatic progression (Singh and Gupta, 2011), equally iNOS derived NO is
tumouricidal. For instance, NO release by cytokine-stimulated endothelial cells
induces cell lysis in an ovarian sarcoma cancer cell line (Li et al., 1991). Furthermore,
in an in vivo xenograft model of Lewis Lung carcinoma, the NO donor, isosorbide 5-
mononitrate, was demonstrated to reduce tumour burden (Pipili-Synetos et al., 1995).
Additionally, in a well-characterised chick chorioallantoic membrane assay for
angiogenesis, the NO donor was shown to reduce neo-vascularisation (Pipili-Synetos
et al., 1995). In the context of brain metastasis, iNOS expression has been
demonstrated in vivo in microglial cells, but has yet to be studied in astrocytes in the
same context. iNOS expression by astrocytes has been demonstrated in several in
vitro models. Studies suggest that IL-18 strongly induces iNOS activity in human
primary astrocyte cultures (Jana et al., 2005) (Lee et al., 1993), as well as in primary
cultures of rat astrocytes, where LPS and the combination of IL-18, TNF and IFN-Y
was shown to induce iNOS activity and NO production (Kozuka et al., 2005). Thus,
owing to the inflammatory milieu in the tumour microenvironment, iNOS expression
by astrocytes would be anticipated. Indeed, in a co-culture model between astrocytes
and a lung, breast and colon cell line, inflammation activated astrocytes were shown
to induce tumour cell killing via an NO dependent mechanism (Samdani et al., 2004).
Extending these findings to an in vivo model, the authors demonstrated that ‘priming’
the CNS with a stereotactic injection of LPS and IFN-y lead to an upregulation of iNOS

and a consequent increase in the concentration of NO. Subsequently, mice were
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injected intracranially with the melanoma cell line, B16F10, and showed prolonged
survival compared to mice prophylactically treated with saline. This prolonged
survival was attributed to the tumouricidal actions of NO, as therapeutic effect was
absent in animals treated with the iNOS inhibitor L-NAME and in iNOS knockout

mice.

In this study, iNOS expression was demonstrated in the intracerebral model of brain
metastasis, compared to the PBS control tissue. This expression was confirmed at the
protein level with immunofluorescence. However, no significant differences were
observed in the intracardiac model, although a trend towards increased iNOS
expression by day 21 was apparent. This result was surprising based on the
intracerebral data and the inflammatory milieu predicted to be present in the
metastatic microenvironment. However, turning attention to the histological images
from the intracerebral model, it is clear that only a subset of astrocytes in the tumour
periphery express iNOS, and, consequently, the signal may not be great enough to
detect with qPCR in the intracardiac model, where tumour burden may be less. Whilst
other cell types, namely microglia and macrophages, also express iNOS, this
population may also be small. These findings highlight the fact there are different
astrocytic phenotypes in the microenvironment, adding to the work by Gril et al who
showed that only a subset of astrocytes express PDGFR in response to tumour growth
(Gril et al., 2013). Drawing parallels with the microglia/macrophage M1 versus M2
literature, the presence of iNOS on tumour-adjacent astrocytes would suggest that
astrocytes in the tumour periphery display tumouricidal activity. If this is so, then
paradigms to promote iNOS expression in a greater number of astrocytes may have

anti-tumour potential.
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A number of inflammatory cytokines were looked at in this model, based on evidence
from both astrocyte—tumour co-culture models and other cancer—stroma
interactions. The expression of IL-1 was probed due to contradictory evidence in the
in vitro literature surrounding the role of astrocytes in brain metastasis. I1-1 has been
proposed to induce cytotoxic effects, via its regulation of iNOS. Subsequent release of
NO into the extracellular milieu has tumouricidal effects, as described above. In
addition, IL-1f3 release has been shown to mediate cytotoxic T-cell recruitment. In
astrocytes, a study suggests that stimulation with IL-1 upregulates expression of FasL
and, consequently, induces apoptosis in a co-cultured lymphoblastic cell line (Choi et
al., 1999). However, IL-1B has also been proposed to drive tumour progression. In the
case of primary brain malignancies, the cytokine is implicated in promoting tumour
invasion (Huang et al., 2009) as well as regulating angiogenesis, as demonstrated in
an IL-18 knockout mouse model (Voronov et al., 2003). Regarding metastases, IL-13
production by astrocytes has been demonstrated, in vitro, in response to co-culture
with HARA-B cells. Treatment of the lung cancer cell line with IL-1f led to increased
cell proliferation (Seike et al., 2011), although this study did not look at antagonism of
IL-1B action in the co-culture set-up. Thus, whilst inhibition of tumour-cell derived
IL-1B reduces brain metastatic burden in vivo (Xing et al., 2013), it has yet to be
observed how modulating the host-production of IL-1f3 affects tumour growth in the

brain.

In this study, IL-1B expression was not elevated in the intracerebral model at day 14
post-tumour injection, despite the immunofluorescence imaging suggesting that IL-

1B is a feature of the tumour microenvironment. This discrepancy may be due to the
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abundance of the cytokine; although expression at the protein level appears
widespread in the images presented here, there may be variable amounts of expression
across the tumour, resulting in a non-significant result at the mRNA level due to low
target gene expression. This spatial profile throughout the tumour should be
investigated more fully. Alternatively, there may be temporal differences in the
expression of IL-13 at the mRNA level and at the protein level; negative transcriptional
regulation may occur by this time point of the disease, whilst the protein is still present
in the microenvironment. It should also be noted that the histological images are from
the 4T1-GFP BALB/c model, which may also explain the discrepencies with the PCR
data. Interestingly, there is an increase in IL-1f3 expression at the mRNA level between
days 14 and 21 post-tumour cell injection in the intracardiac model and as discussed
previously, the intracardiac model represents an earlier disease stage than the
intracerebral model. Certainly, the increase over the time-course in the intracardiac
model suggests that IL-1f3 plays a role in metastatic pathology, as does the histological
evidence. However, in order to elucidate whether the cytokine mediates primarily
tumouricidal or tumour promoting effects, inhibition studies must be performed.
Neutralising IL-1 antibodies could be used. However, distribution of the antibody to
the brain may be limited on account of the BBB. Thus an IL-1B receptor antagonist
might provide a more appropriate means to probe the effect of inhibiting IL-18
signalling (Akeson et al., 1996). Such tools could be employed in the intracardiac
model of brain metastasis, with outcomes such as brain tumour number and volume
assessed. Downstream effects of IL-1p signalling such as iNOS expression and T-cell
recruitment could be quantified in order to determine their contribution to disease

pathogenesis. It may be that IL-1B plays different roles at various points in disease
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progression. Thus, a treatment paradigm could be designed so as to look at initial

colonisation and later growth independently.

TNF is an inflammatory cytokine implicated in metastatic progression. It is
interesting that TNF was not shown to be present in the tumour microenvironment in
these qPCR data, in either model. This finding was surprising based on in vitro
findings demonstrating an upregulation in astrocyte-derived TNF in response to co-
culture with brain metastatic cells (Seike et al., 2011). However, histological evidence
from patient biopsies of lung cancer brain metastases reveals that only a small
population of microglia and astrocytes in the tumour microenvironment are TNF
positive. Thus, it is possible that TNF expression by the host is not as robust in vivo
as one would expect from in vitro studies. Additionally, there is evidence in the
literature for a negative feedback loop, initiated by microglia (Kim et al., 2002). In
that in vitro model, rat microglia were stimulated with thrombin, a protein released
after stroke or TBI. It was found that thrombin induced both TNF and the anti-
inflammatory cytokine, IL-10, via different signaling pathways. IL-10 inhibited
further TNF production, serving as an autocrine signal to regulate microglial
inflammatory actions. Further work assessing the levels of anti-inflammatory
cytokines, such as IL-10 in this model, would provide useful information as to whether
this could be a reason for the apparent lack of TNF expression. There may also be
negative feedback mechanisms elicited by the tumour itself, to counteract the
potentially cytotoxic function of TNF. Assessment of earlier time points, prior to any
negative regulatory mechanisms, may elucidate this issue further. On a separate note,
the apparent lack of iNOS upregulation in the intracardiac model may be a result of a

lack of one its stimulating factors, TNF.
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Cytokines are not the only factors that may modulate the proliferative index of tumour
cells. Endothelin-1, most commonly defined as a vasoconstrictor (Yanagisawa et al.,
1988), has also been shown to be a cancer cell mitogen, produced by cancer cells and
acting in an autocrine fashion by signaling via the Endothelin A receptor (Bagnato et
al., 2002; Bagnato et al., 1997; Kasuya et al., 1994). Pharmacological antagonism of
the endothelin receptor has been shown to attenuate growth of an ovarian cancer cell
line and cervical cancer cell line, in vitro and in vivo respectively (Bagnato et al., 2002;
Salani et al., 2002). Additionally, endothelin-1 has been implicated in mediating
tumour invasion, decreasing gap-junction communication between ovarian cancer
cells in vitro (Spinella et al., 2003), as well as inducing MMP secretion in a melanoma
in vitro assay (Bagnato et al., 2004). This building paradigm for the involvement of
endothelin in cancer progression (Bagnato and Natali, 2004), coupled with evidence
from human autopsy samples demonstrating that endothelin-1 is expressed by
astrocytes in 85% of brain metastatic cases (Zhang and Olsson, 1995), suggests that
there may be paracrine signaling taking place in the tumour microenvironment that
drives metastatic development. In support of this, the ETs endothelin receptor is
upregulated in a brain-metastatic melanoma cell line over 3 fold, compared to a non-
metastatic cell line (Boukerche et al., 2004). Potentially, astrocyte derived endothelin-
1 may in part dictate key steps in the brain metastatic cascade. To this end, expression
of endothelin-1, at the mRNA level was assessed in both the intracerebral and the

intracardiac models of brain metastasis.

In this model, endothelin-1 was not shown to be upregulated in the intracerebral or

intracardiac models of brain metastasis, although there was a trend towards increased
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endothelin-1 expression at day-21 of the intracardiac time course. These finding
suggests that, in these models, endothelin-1 does not play a significant role in
metastatic progression. Whilst the human pathology evidence presented above
suggests that endothelin-1is a feature of the brain metastatic microenvironment, these
samples were derived from autopsies, which is likely to be a much later stage of disease
than that modeled here. Thus, in order to probe the involvement of endothelin-1
further, a more protracted time-course may be required. Indeed, owing to its roles in
vascular tone, perhaps endothelin-1 expression is modulated at the point of BBB
breakdown, which is not be widespread at these time-points in the slower growing

MDA-Br-231 model used here.

The contribution of the tumour microenvironment to metastatic progression may not
purely be limited to enhanced proliferation. Enzymes that remodel the tumour
microenvironment are also likely to be a feature of the CNS response. Whilst in the
intracerebral model, MMP2 was significantly upregulated compared to the PBS
control group, in the intracardiac model; there was no significant change in MMP2
expression over time was found, compared to the naive control tissue. Whilst a
number of studies indicate that MMP expression is elevated in response to brain
metastasis, a recent in vitro study suggests that there may be a biphasic regulation of
MMP2 expression. In tumour cells stimulated with astrocyte-conditioned media for
24 hours, an increase in MMP2 at the mRNA level was found compared to tumour cells
treated with unconditioned media. At 48 hours, however, a reduction in MMP2
expression was evident compared to control (de Oliveira Barros et al., 2014). Thus, if
astrocyte derived MMP2 is similarly regulated, a reduction in expression may occur at

later time points. The discrepancies between the two routes of tumour injection reflect
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the nature of the models; at day 14 after intrastriatal injection, the tumour ‘bulk’
injected is still migrating, co-opting vessels, and invading the CNS. In the intracardiac
model, the colonies are more established, with minimal local invasion. In this case, a
more comprehensive time-course might enable the dynamic involvement of MMP2 to

be more accurately assessed.

Heparanase is an enzyme that catalyses the degradation of heparan sulphate chains,
which decorate proteoglycans, and hence is involved in remodeling the ECM.
Moreover, this enzyme has been suggested as a ‘molecular determinant of brain
metastasis’ (Marchetti and Nicolson, 2001). In vitro studies indicate that astrocytes
produce heparanase, and that astrocyte-conditioned media increases melanoma cell
invasion in a tissue culture invasion assay. This enhancement of invasion has also
been shown in a co-culture system between human melanoma cells and rat astrocytes
(Marchetti et al., 2000). Additionally, heparanase mRNA was found in clinical
samples of melanoma metastasis to the brain (Marchetti and Nicolson, 2001).
Downregulation of heparanase in brain metastatic breast cancer cells with micro-RNA,
reduced brain metastasis burden in an in vivo model, as defined by metastatic colony
number (Zhang et al., 2011). Thus, potentially, heparanase plays an important role in
the brain metastatic cascade, and it was hypothesized that heparanase would be

upregulated in the tumour microenvironment.

In contrast to the above hypothesis, heparanase did not appear to be modulated by
tumour burden in the brain, in either model, although there was a trend towards
increased expression in both the intracerebral and intracardiac models. This finding

may again reflect simply the limited number of time-points studied. Previous studies
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suggest that the enzyme is important in the initial stages of metastatic formation
(Zhang et al., 2011). Thus, the endoglycosidase may be downregulated later on in the
metastatic cascade. Indeed, in a rat model of ischemic stroke, heparanase expression
by astrocytes was shown in the peri-infarct region only, and enzyme expression had
decreased by day 7 post-MCAO (Takahashi et al., 2007). Furthermore, heparanase
expression was shown to be present in nestin positive astrocytes, which as discussed

above, is not a feature of the brain metastatic environment in this model.

In order to better assess the temporal changes in the host molecular profile, it will be
necessary to look at earlier time points; it is likely that the expression of ECM
remodeling agents is far higher during the initial stages of colonization when
extravasation across the BBB and colonisation of the perivascular space requires
remodeling of the ECM. Therefore, further studies would include time-points between
days 3 and 7, based on in vivo studies suggesting this time frame for the extravasation
of brain metastatic cells (Lorger and Felding-Habermann, 2010). Additionally, an
experimental confound here is the low copy number of inflammatory gene transcripts
owing to the nature of the intracardiac model and even significant differences were
very mild in this model. Therefore, increasing tumour burden by increasing the
number of cells injected intracardially may enable better detection of potential genes
of interest. However, caution must be taken with too high a tumour burden as the

global neuroinflammation induced may be different to the clinical situation.

3.4 Conclusions and further work

In conclusion, brain metastases were associated with reactive astrocytes throughout a

28-day time course, in two in vivo models. A positive correlation was found between
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tumour size and the extent of astrocyte activation, and this correlation persisted over
time. However, rather than astrocyte reactivity progressing to a glial scar, with
astrocyte proliferation and deposition of CSPGs, it was apparent that a more dynamic
interaction exists between the tumour cells and surrounding glia. It will now be
important to elucidate the functional significance of this relationship. Additionally, I
have characterized the host response to tumour burden, in vivo. From these qPCR
studies, I have demonstrated that there is a dynamic regulation of a number of
inflammatory mediators in the tumour microenvironment. Going forward, it will be
necessary to perform inhibition studies to demonstrate the relevance of each of the
individual mediators, as discussed in the discussion. Overall, the work presented here
provides a strong framework for further study of the role of astrocytes in brain

metastasis at a molecular level.

The next step would be to characterise the transcriptional profile of astrocytes
specifically. Isolation of astrocytes from the diseased brain has proved challenging,
with all published work detailing an in vitro cell culture step, which would alter the
phenotype of astrocytes surrounding metastases. However, there are multiple novel
methodologies that could facilitate this. The most promising of which is the GFAP-
GFP transgenic mouse, in which GFP is placed under the GFAP reporter (Zhuo et al.,
1997). As such, astrocytes in the tumour periphery could be isolated from the brain
using FACS, prior to qPCR. Isolation and RNA extraction from astrocytes has been
successfully achieved in other pathological models using such transgenic animals (Bi
etal., 2011; Katz et al., 2012) and, therefore, I believe this could be a useful and reliable
tool for answering questions about the molecular contribution of astrocytes to tumour

growth. At the same time, recent work by Li et al. (Li et al., 2012b), has shown that a
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novel class of antibodies, fused with GFP, are capable of crossing the BBB and binding
to GFAP. This approach would allow labeling of astrocytes in vivo, facilitating their

subsequent isolation as described above.

Downstream of the transcriptional profiling of astrocytes, relevant factors could be
modulated in vivo to assess effect on tumour growth. siRNA knock-down of genes of
interest is now a routine technique in molecular biology. Translation to an in vivo
setting has been more challenging, but a recent report indicates that siRNA can be
delivered to the brain in liposomal packaging (Rungta et al., 2013). Such novel
methodologies could really aid the understanding of astrocytic roles, in clinically
relevant models. From the work presented here, I propose that IL-6 would make a
promising target for tumour modulation. Further work involving either down-
regulation of IL-6 at the transcriptional level with siRNA or an antibody inhibition

approach could yield exciting results with clinical applications.

As touched upon, the transcriptional profile of astrocytes may be different depending
on proximity to the tumour. This would be an interesting concept to pursue further.
To this end, a tool that could be useful with regards to profiling the astrocytic response
at different locations in the tumour microenvironment is laser capture microdissection
(Emmert-Buck et al., 1996). This technique provides a rapid, sterile and precise way
to remove tissue from sections, such that, for example, qPCR can be performed
(Goldsworthy et al., 1999). In this manner, it would be possible to isolate the tumour
microenvironment at different locations in the tumour periphery, to build up a 3D

picture of the transcriptional profile surrounding the tumour. The hypothesis would
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be that there are different molecular phenotypes at different regions surrounding the

tumour, and techniques such as this could elucidate this further.

Whilst this study has demonstrated that there is a robust astrocytic response to brain
metastasis, and illustrated that several pro-tumoural factors are upregulated in the
tumour microenvironment, the role of astrocytes in metastatic progression remains
unclear. Thus, the following two chapters will deal with in vivo manipulation of
astrocyte reactivity in an attempt to determine the effect of both astrocyte activation

and inhibition on tumour burden.
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Chapter4 Modulation of  brain metastatic

progression by chronic astrocyte activation

4.1Introduction

As demonstrated in Chapter 3, astrocyte activation is a feature of the brain metastatic
stroma, throughout an extended time-course. I have shown that the relationship
between tumour growth and astrocyte activation is a dynamic one, without
progression to a glial scar over the time points studied. The nature of this dynamic
relationship appears to be mediated by numerous inflammatory factors present in the
tumour microenvironment. As the studies published to date have looked at the
consequence of such a transcriptional profile in vitro, important questions remain to
be answered in a relevant in vivo model. Previous in vivo studies have shown that
astrocytes become activated by day 3 post-tumour inoculation, whilst metastasizing
cells are still adhered to the luminal side of the endothelium (Lorger and Felding-
Habermann, 2010). This finding suggests that astrocytes could modulate tumour cell
extravasation from the earliest steps. Thus, it was hypothesised that in vivo
manipulation of astrocyte reactivity could modulate the initial stages of metastatic
seeding. In addition, the qPCR studies presented in Chapter 3 indicate that there is
expression of growth factor IL-6 in the tumour microenvironment, and the bulk of in
vitro evidence published to date suggests that astrocytes in the tumour
microenvironment are in a pro-tumourigenic state, releasing growth factors and
matrix metalloproteinases that may modulate tumour growth (Marchetti et al., 2000;
Mendes et al., 2007; Nishizuka et al., 2002; Seike et al., 2011; Wang et al., 2013). Thus,

it was hypothesised that chronic astrocyte activation would promote metastatic growth
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within the CNS. The aim of this chapter, therefore, was to determine the role of chronic
astrocyte activation in metastatic progression, in vivo. Astrocyte activation prior to
tumour cell injection will enable the contribution of astrocytes to be assessed

throughout the metastatic cascade.

4.1.1 Potential models of astrocyte activation

Astrocyte activation can be elicited in mice in response to multiple inflammatory
challenges; it has been demonstrated that both TNF (Zhang et al., 2000) and IL-13
(Herx and Yong, 2001) induce acute astrocyte activation. However, a more sustained
astrogliotic response is required to probe the role of astrocytes across the entire
metastatic cascade. Whilst viral vectors could facilitate the chronic release of such
inflammatory mediators into the CNS (Campbell et al., 2007; Sibson et al., 2002;
Solum, 1975), cytokines are associated with a broad spectrum of CNS inflammatory
processes. Thus, in order to isolate the astrocytic role in metastasis, a more targeted

approach was required.

4.1.2 Ciliary Neurotrophic Factor

Ciliary Neurotrophic Factor (CNTF) is a nerve growth factor, encoded by the CNTF
gene. The protein belongs to the IL-6 family of related cytokines, signaling via gp130
receptor subunits. Such ligand—receptor interactions lead to activation of the
Jak/STAT signaling pathway, with further crosstalk to other signalling cascades
(Boulton et al., 1994). CNTF was first characterised as a neuroprotective agent, in
experiments demonstrating the protection of photoreceptor cells in response to

constant light exposure (LaVail et al., 1992). CNTF has also been shown in vitro to
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mediate axonal regeneration in mouse retinal ganglion cells (RGCs) (Leibinger et al.,
2013). Furthermore, in vivo gene transfer experiments in rats indicate that CNTF can

promote regeneration of adult RGCs (Leaver et al., 2006).

More recent studies suggest that the neuroprotective function of CNTF is mediated by
astrocytes. Specifically, treatment of astrocytes with CNTF has been shown to reduce
neuronal damage in response to excitotoxic injury in vivo (Bechstein et al., 2012;
Beurrier et al., 2010), via an increase in astroglial glutamate transporters facilitating
homeostasis of neurotransmitter concentrations(Beurrier et al., 2010). CNTF has also
been shown to elicit neuroprotective effects in response to challenges such as
metabolic insult (Escartin et al., 2007) and neurodegeneration (Mittoux et al., 2002).
In addition to its neuroprotective role, it is known that CNTF induces astrocyte
activation, both in vitro (Levison et al., 1998; Wu et al., 2006) and in vivo (Kahn et al.,
1997; Levison et al., 1996; Winter et al., 1995). Multiple inflammatory pathways are
initiated in response to CNTF-induced astrocyte activation, as indicated by a
transcriptional profile of Miiller cells in the mouse retina in which increased
expression of TNF and TGF-f, along with several chemokines, was demonstrated (Xue

et al., 2011).

In light of the ability of CNTF to induce astrocyte activation, it was hypothesised that
such a model could be used to determine the role of astrocytes in metastatic
progression. There is much discussion in the literature about the creation of a ‘pre-
metastatic niche’ in malignancy; the formation of a suitable ‘soil” at a secondary organ
for the growth of metastasising primary tumour cells (Fidler, 2003). By activating

astrocytes specifically, it should be possible to assess the contribution of this cell
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population to tumour cell extravasation, colonization and growth; if activated
astrocytes play a promoting role in brain metastasis then chronic activation will
provide an environment permissive to tumour growth. Conversely, if astrocyte

activation acts to inhibit metastasis development then tumour burden will be reduced.

Multiple approaches for sustained CNTF delivery to the CNS have been reported in the
literature. Acute intracerebral injection of CNTF leads to sustained activation for up
to 3 weeks in mice (Bechstein et al., 2012), whilst delivery using microspheres can yield
sustained CNTF release for up to 70 days, although this was an in vitro assay and may
not yield the same effects in vivo (Nkansah et al., 2008). For the purposes of the
experimental paradigm here, I have used a lentiviral vector containing CNTF, which
has been demonstrated to induce sustained astrocyte activation for at least 6 months
after CNS delivery (Escartin et al., 2006). This lentiviral approach has been
demonstrated previously to only induce minimal amounts of microgliosis (Lavisse et

al., 2012), thus giving a model of predominantly astrocyte activation.

The overall aim of this chapter was to elucidate the consequences of astrocyte
activation induced by lentiviral CNTF upregulation on the development and growth of
brain metastasis. Thus, this chapter had two main aims to address:
1. To determine whether chronic astrocyte activation modulates
the initial stages of tumour seeding, by quantifying differences in

tumour distribution between hemispheres.
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2. To test the hypothesis that chronic astrocyte activation would
augment tumour growth in vivo, by comparing tumour

volumes across an extended time-course.

4.2 Materials & Methods

Two replication-deficient viruses were used in this study, produced as published
previously (Escartin et al., 2006) and kindly provided by Carole Escartin (MIRcen,
Paris, France): CNTF-lentivirus and LacZ-lentivirus. The CNTF-lentivirus serves as a
vector for the human CNTF gene, whilst the LacZ-lentivirus encoded bacterial -
galactosidase, to serve as a control for the administration of virus. The lentivirus can
stably integrate its RNA into the host genome, in the form of ¢cDNA. Multiple
safeguards are in place to avoid the production of a replication-competent lentivirus.
As shown in Figure 4.1, the HIV vector is split into 4 plasmids. Viral particles were
produced by transiently transfecting a human embryonic kidney cell line (HEK293T)
with the split plasmids. 48 hours after transfection the supernatant was harvested and

viral titre determined as previously described (de Almeida et al., 2001).
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Figure 4.1: Schematic illustrating the structure of the CNTF-lentivirus. In order to
improve biosafety, the lentivirus vector was divided into 4 separate constructs. A) Transfer
plasmid containing human CNTF RNA/LacZ RNA, under control of the mouse
phosphoglycerate kinase 1 promoter (PKG1). The 3’ long terminal repeat has a large deletion,
rendering the vector self-inactivating. B) Packaging plasmid containing GAG (encoding
capsids that form the viral shell), POL (encoding enzymes that catalyse reverse transcription)
and TAT, which regulates reverse transcription of viral RNA. The Rev response element (RRE)
provides a binding site for the regulator of expression of virion proteins (Rev), which facilitates
the export of viral RNA from the nucleus. These genes are under the control of the
cytomegalovirus (CMV) promoter. C) A further packaging plasmid, encodes Rev under the
transcriptional regulation of the RSV promoter. D) Envelope plasmid, containing vesicular
stomatitis virus G-protein (VSV.G) under the CMV promoter. VSV.G confers pseudotyping,

that is, it directs viral tropism towards neurons (Colin et al., 2009).
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Full experimental methods are described in Materials and Methods 2.2; however the

in vivo protocol for the following experiments is outlined in Figure 4.2.

T1 weighted MRI,
pre- and post-Gd
Intrastriatal injection
CNTF-lentivirus, Intracardiac
LacZ-lentivirus ::}'Il'l—G:FP
or saline injection
Perfusion-fixation
A
I 1
v v V l l
Day o 5 weeks +10  +14 +21

days days days

Figure 4.2: Experimental design to determine the role of CNTF activated
astrocytes in brain metastasis development. Female BALB/c mice were
injected intrastriatally with i) 100ng/ul CNTF-lentivirus, ii) a control LacZ-lentivirus
or iii) saline as described in Materials & Methods section 2.2.2.1. After 5 weeks,
animals underwent contrast-enhanced MRI (Materials & Methods section 2.2.2.2) in
order to assess BBB integrity. At this point, some animals were perfused for
histological profiling of the CNS response to lentivirus administration, with regards to
glial reactivity and endothelial activation (Materials & Methods section 2.1.3). Further
animals were injected intracardially with 105 4T1-GFP cells, under ultrasound
guidance (Materials & Methods section 2.1.2.1). At days 10, 14 and 21 post-tumour cell
injection, animals were perfusion-fixed and tissue processed for histology to quantify
tumour burden (Materials & Methods section 2.1.2.1). Both tumour number and
volume were analysed, to determine effects of seeding and growth respectively

(Methods section 2.2.2.3).
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Results

4.2.1 Characterizing the CNS response to CNTF-lentivirus injection

As expected, intracerebral administration of CNTF-lentivirus induced astrocyte
reactivity — defined by GFAP upregulation — throughout the striatum and cortex, as
observed in Figure. This activation appeared to persist extensively in the anterior—
posterior direction from the injection site. Thus, in studies comparing tumour burden,
metastases were counted in the region spanning +1.5 mm Bregma to -1 mm Bregma.
GFAP staining was also observed in response to LacZ-lentivirus injection (Figure 4.3),

although to a lesser degree, indicating less robust astrocyte activation.
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Figure 4.3: Astrocytes are activated in response to CNTF-lentivirus injection. . Female BALB/c mice were injected intrastriatally
with CNTF-lentivirus or LacZ-lentivirus. At 5 weeks post-injection, animals were perfusion-fixed and tissue processed for histology. 10 pm
sections were taken over 3mm surrounding the injection site and tissue stained for GFAPL in order to detect astrocyte activation. Astrocyte activation was
observed in response to CNTF-lentivirus (A) and to a lesser extent in response to LacZ-lentivirus (B). Astrocyte reactivity in the contralateral
hemisphere is not observed in response to either virus. Sections are presented with co-ordinates from the injection site. Scale bars = 50 um.
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Although this model of astrocyte activation was purported as a ‘clean’ technique,
eliciting little microglial activation (Lavisse et al., 2012), in our hands, the IBA-1 stain
used to reveal the presence of microglia indicated that there was microglial activation
in response to CNTF-lentivirus, compared to the contralateral hemisphere (Figure
4.4). This activation extended in the anterior—posterior direction away from the
injection site, but the morphology of the IBA-1 positive microglia suggested strongest
activation at the site of injection. Moreover, leukocyte recruitment was also observed
in this region (discussed below). IBA-1 staining distal to the injection site suggested
mild microgliosis, without the robust contraction of processes that characterises
strong microglial activation (Kreutzberg, 1996). Microglial activation was also
observed in response to the control virus injection. Again, this microglial activation
extended to some degree in the anterior—posterior direction from the injection site,

but could be characterised as mild activation only (Figure 4.4).
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Figure 4.4: Microglia are activated in response to CNTF-lentivirus and to a lesser
extent, LacZ-lentivirus. Female BALB/c mice were injected intrastriatally with CNTF-
lentivirus or LacZ-lentivirus. At 5 weeks post-injection, animals were perfusion-fixed and
tissue processed for histology. 10 um sections were taken over 3mm surrounding the injection
site and tissue stained for IBA-1 in order to detect microglial activation. Microglial activation
was observed in response to CNTF-lentivirus (A), although this appears most robust at the site

of injection. IBA-1 reactivity in the contralateral hemisphere is not observed. Microglial
activation was also observed in LacZ-lentivirus animals, but this activation appeared less
robust and more diffuse (B). IBA-1 reactivity in the contralateral hemisphere is not observed.

Sections are presented with co-ordinates from the injection site. Scale bars = 50 um.

Due to the intimate association between astrocytes and the BBB endothelium, mice
underwent T1-weighted MRI, pre- and post-Gd-DPTA, in order to assess BBB integrity
in response to chronic astrocyte activation. Focal hyperintensities were found in 41%
of animals (n=17), indicating BBB permeability to the contrast agent at the site of

injection (Figure 4.5). However, this region of BBB breakdown did not correlate with
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increased tumour growth, as shown in the schematic in Figure 3.5, which was
constructed by mapping the sites of metastatic colonization over 1 mm of brain tissue,
onto the post-Gd T1 weighted MRI image. This area of BBB breakdown was associated
with strong leukocyte recruitment, as observed histologically on cresyl violet stained
sections proximal to the injection site (Figure 4.6). The dense, punctate staining
observed was strongly suggestive of a robust infiltration of leukocytes, which on closer
assessment of nuclear morphology appeared to be predominantly lymphocytes, rather

than neutrophils (Anthony et al., 1997).
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Post-Gd

Figure 4.5: CNTF-Lentivirus injected animals display BBB breakdown, as revealed by Gadolinium enhanced MRI. (A) At 5
weeks post-lentivirus injection, were anaesthetised under 2% isofluorane in 70:30 NO2: oxygen. A cannula was placed in the lateral tail vein, and
animals placed supine in a custom made cradle. Animals underwent MRI in a 7T Varian system, under maintenance anaesthesia of 1.8%
isofluorane. Temperature and respiration were monitored throughout. T1 weighted imaging was performed, pre- and post-gadolinium (Gd)
injection via the IV tail-line. T1 hyperintensities were observed in 41 % of animals imaged (n=17). (B) The region of BBB breakdown does not
correlate with increased metastatic seeding. Schematic displays distribution of metastases (green), relative to the region of BBB breakdown (red)

over 1 mm of tissue in the anterior—posterior direction, in a representative brain.
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Figure 4.6: CNTF-Lentivirus injection leads to leukocyte recruitment. Intracerebral injection of CNTF-lentivirus induces immune-
cell infiltration around the site of injection as revealed with a cresyl violet nuclear stain (A). (B) Photomicrograph of the infiltrate at higher-power
magnification (x60) demonstrates the presence of neutrophils (black arrows) and lymphocytes (red arrows). (C) Mild leukocyte infiltration was

observed in LacZ—lentivirus animals, whilst none was observed in saline injected animals (D). Scale bars denote 100 ym or 50 ym (B).



I hypothesised that astrocyte activation might lead to increased metastatic
colonization through signalling with endothelial cells and endothelial activation.
Therefore, the expression of cellular adhesion molecules was assessed in response to
striatal injection of CNTF-lentivirus. As evident in Figure 3.7, ICAM-1 appeared to be
upregulated in the injected hemisphere compared to the contralateral hemisphere.
However, quantitative analysis of DAB positive pixels in the injected hemisphere
compared to the contralateral hemisphere, did not reach significance (paired t-test,
p=0.1550). VCAM-1 expression was also observed in response to the CNTF-lentivirus,
although again quantitative analysis did not reveal significant increases in expression
compared to the contralateral hemisphere (Figure 4.8, paired t-test, p=0.201). It is
clear from the analysis that there is a large amount of variation between the animals,
which may account for the lack of significance. In the case of ICAM-1, the cellular
morphology of CAM expression suggests that this was microglial expression, rather
than endothelial expression in the CNTF-lentivirus injected hemisphere. For the case
of VCAM-1 the endothelial expression seemed to be primarily associated with vessels

near the site of leukocyte recruitment.
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Figure 4.7: ICAM-1 is observed in response to CNTF-lentivirus mediated
astrocyte activation. Female BALB/c mice were injected in the left striatum with CNTF-
Lentivirus. After 5 weeks, animals were perfusion fixed (n=4) and tissue processed for
histology. ICAM-1 expression was detected using immunohistochemistry, visualised with
DAB (brown). ICAM-1 was upregulated in the hemisphere injected with CNTF-lentivirus (A),
whilst little expression was evident in the contralateral hemisphere (B). Quantitative analysis
of DAB positive pixels in both the ipsilateral and contralateral hemisphere, normalised to area
measured, revealed that ICAM-1 was not significantly upregulated in response to CNTF-

lentivirus (C; paired t-test p=0.155).
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Figure 4.8: VCAM-1 is observed in response to CNTF-lentivirus mediated
astrocyte activation. Female BALB/c mice were injected in the left striatum with CNTF-
Lentivirus. After 5 weeks, animals were perfusion fixed (n=4) and tissue processed for
histology. VCAM-1 expression was detected using immunohistochemistry, visualised with
DAB (brown). VCAM-1 was upregulated in the hemisphere injected with CNTF-lentivirus (A),
however, this was mainly associated with vessels around the site of leukocyte recruitment
(arrows). No expression was evident in the contralateral hemisphere (B). Quantitative analysis
of DAB positive pixels in both the ipsilateral and contralateral hemisphere, normalised to area
measured, revealed that VCAM-1 was not significantly upregulated in response to CNTF-

lentivirus (C; paired t-test p=0.201).
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In addition to determining the effect of CNTF-lentivirus within the brain, the
proliferative or anti-proliferative effect of CNTF on 4T1-GFP cells was also
assessed. To this end, an MTT assay was conducted in vitro. As shown in Figure
4.9, incubation with recombinant human CNTF for 24 hours did not modulate 4T1-
GFP cell metabolic activity, compared to cells treated with media alone (paired t-
test p=0.374; n= 18). Thus, it is likely that any proliferative advantage (or
disadvantage) conferred to tumour cells by the CNTF-lentivirus can be attributed

to changes within the CNS itself.
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Figure 4.9: CNTF stimulation does not modulate 4T1-GFP cell metabolic
activity in vitro. 4T1-GFP cells were seeded on a 12 well plate and treated with either
CNTF at 50 ng/ml or control media. After 24 hours, an MTT assay was conducted to assess
cellular metabolism. Absorbance values were normalised to baseline (control media).

Paired t-test p = 0.275; n= 18. Data are given as mean + S.E.M.

4.2.2 Chronic astrocyte activation does not alter tumour seeding

In order to determine the effect of astrocyte activation on tumour cell seeding,
animals were injected intrastriatally with CNTF-lentivirus. After 5 weeks, animals
were injected intracardially with 4T1-GFP cells, as described in Methods section
2.1.2.1. At 10 days post-tumour inoculation, tumour burden was quantified via
GFP immunoreactivity, with the contralateral hemisphere used as an internal
control for tumour seeding. As shown in Figure 4.10, in this model of astrocyte
activation, there is no difference was found in the distribution of metastases
between the two hemispheres (paired t-test p=0.247, n=9). As a control for both
the injection of viral particles, and the injection itself, animals were injected

intracerebrally with either a control virus (LacZ-lentivirus) or saline alone. In both
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control experiments, no difference in tumour distribution was observed between

the two hemispheres (Figure 4.10, LacZ-lentivirus; p= 0.407, n=3; saline; p=0.432,

n=5).
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Figure 4.10: CNTF-Lentivirus mediated astrocyte activation does not
modulate tumour seeding in vivo. Female BALB/c mice were injected in the left
striatum with A) CNTF-lentivirus (100ng/ul) or B) LacZ—lentivirus or saline. After 5
weeks, animals were injected intracardially with 105 4T1-GFP cells. At day 10 post tumour
inoculation, animals were perfusion fixed and tissue processed for histology. Tumour
burden was quantified via GFP immunoreactivity and the distribution of tumour number
calculated. (A) No significant difference was found in tumour distribution between the
two hemispheres in animals injected with CNTF-lentivirus (paired t-test, p= 0.247, n=9).
In the above plot, the pink data set represents animals in which more metastases were
found in the ipsilateral hemisphere as compared to the contralateral hemispheres. The
purple data sets represent the inverse. (B) No difference in tumour distribution was
observed in animals injected with LacZ—lentivirus (B, purple data set) or saline (B, pink

data set). Note that the y-axis starts at 0.3.
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Although the proportion of tumours did not differ between the two hemispheres, it
is possible that chronic astrocyte activation accelerates the extravasation process.
In which case, a skew towards larger tumours in the lentivirus-injected hemisphere
might be expected. However, as shown in the frequency histogram in Figure 4.11,
no difference was evident in the size distribution of metastases between the two

hemispheres in mice injected intracerebrally with CNTF-lentivirus.

Figure 4.11: Frequency histogram of tumour volume at day 10 post-tumour
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inoculation. A frequency histogram was generated displaying tumour volumes below
the median value. No significant difference was found in the frequency distribution of

tumour volumes between the two hemispheres (Chi Squared, p= 0.675).
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4.2.1 Chronic astrocyte activation does not modulate tumour growth in
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Figure 4.12: The median tumour size between hemispheres at day 10 post-
tumour inoculation does not vary significantly. Tumour volumes between the two
hemispheres were compared at day 10 post-tumour inoculation. As tumour sizes were not
normally distributed, a Mann—Whitney test for non-parametric data was performed,
revealing no significant difference in the median values (p= 0.887). Data are presented as

individual points, with the black horizontal line denoting the median value.
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Comparison of the median tumour volume at day 10 post-tumour inoculation did
not reveal any modulation of growth by astrocyte activation (Figure 4.12, Mann—
Whitney test, p=0.887). Although no alteration of tumour volume was observed in
response to CNTF-induced astrocyte activation, day 10 is a relatively early time-
point and an extended time-course was studied to investigate this further. To this
end, tumour burden in the context of CNTF-lentivirus induced astrocyte activation
was also quantified at days 14 and 21 post-tumour inoculation. As shown in Figure
4.13, no significant difference in tumour volume was found between the two
hemispheres at any time point (two-way ANOVA, p=0.572). Additionally, average
tumour volume across the time-course was fitted to an exponential curve to
compare the rate of growth between hemispheres. Again, no significant difference
was found in the rate of tumour growth between the two hemispheres (Figure 4.13,
p=0.576). Thus, CNTF-mediated astrocyte activation does not appear to modulate
tumour growth in this model of brain metastasis. This finding was corroborated
by subsequent experiments in which direct tumour implantation into the striatum
5 weeks after CNTF-lentivirus administration did not lead to a change in tumour
growth, compared to LacZ-lentivirus-injected or naive mice (Figure 4.14 , one-way
ANOVA, p= 0.366). However, there did appear to be a suggestion of increased
tumour growth, subsequent to lentivirus injection in general (CNTF and LacZ)
compared to naive mice. However, large inter-animal variability meant that this

difference did not reach significance (one-way ANOVA, p=0.145).
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Figure 4.13: Astrocyte activation does not modulate tumour growth over a 21-
day time-course. Female BALB/c mice were injected in the left striatum with CNTF-
lentivirus. After 5 weeks, animals were injected intracardially with 105 4T1-GFP cells. At
days 10, 14 and 21 post-tumour inoculation, animals were perfusion fixed and tissue
processed for histology. Tumour burden was quantified via GFP immunoreactivity.

(A) Tumour volume was compared between the hemispheres (day 10; n= 155, day 14;
n=361, day 21; n=142) and no significant difference was observed between hemispheres at
any time-point (Two-way ANOVA; p= 0.572). Equally, there was no change in the rate of
growth across time between each of the hemispheres (Two-way ANOVA; p= 0.596). Data
are presented as mean values +S.E.M. (B) Average tumour volumes across the time-course
were fitted with an exponential curve. There is no significant difference between the rate
of tumour growth between the ipsilateral and contralateral hemispheres (p= 0.576).
Ipsilateral: Y= 3391*exp(0.336x) Contralateral: Y= 9757*exp(0.2763x).
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Figure 4.14: CNTF-Lentivirus does not confer a growth advantage to 4T1-GFP
cells injected intracerebrally. Female BALB/c mice were injected intracerebrally with
CNTF-Lentivirus (n=4) or LacZ-Lentivirus (n=3). After 5 weeks, animals were injected
with 5 x 105 4T1-GFP cells. At 14 days post-tumour inoculation, animals were perfusion
fixed and tissue processed for histology. Tumour volume was determined with GFP
histology and compared to naive animals injected with 4T1-GFP cells (n=4). A) No
modulation of tumour growth was seen in animals injected with either virus, compared to
naive mice, injected with 4T1-GFP cells (one-way ANOVA p=0.366). B) Tumour volumes
were combined for animals injected with lentivirus (CNTF and LacZ) and compared to
naive mice injected with 4T1-GFP cells. Again, no significant difference was found
between the groups (one-way ANOVA, p=0.145), although the data suggest a trend

towards increased tumour growth in lentivirus injected animals.
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4.2.2 Comparison of the transcriptional profile of astrocytes in response

to CNTF and TCM

As previously discussed, astrocytes have a wide range of roles in the CNS.
Consequently, it is likely that the transcriptional profile of astrocytes differs
depending on the nature of the stimulus. In order to compare the astrocytic
response to CNTF to that which would be elicited by the presence of tumour cells,

in vitro qPCR experiments were conducted in primary astrocyte cultures.

Figure indicates that the transcriptional profile of astrocytes stimulated for 24
hours with human CNTF (hCNTF) is different to that of astrocytes stimulated with
tumour-conditioned media (TCM), although there are some overlapping features.
As demonstrated in Figure 4.15, IL-6 was significantly upregulated in response to
TCM stimulation, but was unchanged in CNTF-stimulated astrocytes (one-way
ANOVA, p < 0.05). However, IL-1p and iNOS expression was significantly reduced
in response to TCM, but not significantly altered by CNTF treatment (iNOS: one-
way ANOVA, p=0.036; IL-13: one-way ANOVA, p=0.0107). With regards to
similarities, in response to both CNTF and TCM, MMP-2 expression was
augmented (one-way ANOVA, p < 0.0001). In this experimental set-up, TNF
expression was not modulated by either CNTF or TCM (one-way ANOVA,

p=0.382).
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Figure 4.15: The transcriptional profile of astrocytes differs dependent on
challenge. Astrocytes were isolated from mouse pups at p5. Cultures were stimulated
with either tumour conditioned media (TCM) or CNTF for 24 hours (n=3), before RNA
isolation. qPCR was performed, and data normalised to two housekeeping genes (CANX
and SDHA) and expressed as expression relative to control wells. Post-hoc tests (Dunnett’s
multiple comparisons test, control vs treatment) where relevant One-way ANOVA: IL-6
p=0.129, TCM vs control *p < 0.05; iNOS p=0.0336, TCM vs control *p < 0.05; TNF
p=0.382; IL-18 p=0.0107, **p < 0.01; MMP2 p < 0.0001, TCM vs control ***p < 0.0001,
CNTF vs control ***p < 0.0001. = 0.390. (C) IL-1p3 expression is decreased in astrocytes

in response to TCM and CNTF. Data are presented as mean values + S.E.M.
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4.3 Discussion

In this chapter I used an in vivo model of chronic astrocyte activation to investigate
the role of astrocyte activation in both metastatic seeding and tumour growth. In
order to activate astrocytes over a prolonged time period, a lentivirus was used to
specifically induce neurons to over-express CNTF. The chronic and elevated
production of CNTF by neurons leads to sustained astrocyte activation, as
previously characterized (Escartin et al., 2006; Escartin et al., 2007; Lavisse et al.,
2012). In our hands, astrocyte activation was demonstrated to spread in the
anterior—posterior direction from the injection site, throughout the striatum and
also beyond the corpus collosum into the cortex. Microglial activation was also
observed, but was largely restricted to the injection site, and only diffuse and mild
at more distal locales. Whilst previous studies have indicated that significant
microglial activation is not a feature of this model, in that study histological
comparisons were made to the control virus, rather than naive brain. In our hands,
the LacZ-lentivirus also induced mild microglial activation, compared to the
contralateral hemisphere, which may account for the discrepancy with the
published literature (Lavisse et al., 2012). This microglial activation is clearly a
confound in drawing any conclusion specifically about the role of astrocytes in this
model. Furthermore, the apparent breakdown of the BBB in some animals
indicates that this is not a ‘clean’ model of astrocyte activation, and other CNS
responses are activated. Nevertheless, in light of the marked astrocyte activation
observed, this model is still a useful tool for manipulating astrocyte reactivity over

a sustained period in vivo.
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As CNTF is a growth factor that can elicit proliferative signalling downstream of
the IL-6 receptor (Schuster et al., 2003) as well as the CNTF receptor itself, the
neuronal growth factor may act directly on tumour cells to induce proliferation.
Indeed, there is evidence that CNTF induces cell cycle progression in
hepatocellular cancer cell lines (Hu et al., 2008). Conversely, in numerous breast
cancer cell lines, despite expression of the CNTF receptor, CNTF has been shown
not to induce tumour cell proliferation (Douglas et al., 1997). In light of the above
conflicting reports, in order to determine the effect of CNTF on 4T1-GFP cells, in
vitro cultures were incubated with hCNTF prior to an MTT assay to assess cellular
metabolism. As demonstrated, hCNTF stimulation did not induce 4T1-GFP cell
proliferation. Therefore, it was concluded that in this experimental paradigm, any
modulation of tumour growth is likely to be a result of astrocyte activation, rather

than a direct effect of CNTF on the tumour cells.

Previous in vivo studies have shown that astrocytes become activated by day 3
post-tumour cell inoculation, whilst metastasising cells are still adhered to the
luminal side of the endothelium (Lorger and Felding-Habermann, 2010). This
finding suggests that astrocytes are activated in response to endothelial activation
and that this in turn, could modulate tumour cell extravasation. However, this
possibility has received little attention to date. Whilst numerous cell adhesion
molecules have been implicated in mediating tumour cell extravasation across the
endothelium in peripheral organs, similar routes across the BBB have yet to be fully
defined. One potential mediator of tumour cell traversal is ICAM-1. ICAM-1 has
been shown to interact with lymphocytes and macrophages and, thus, plays a role

in transendothelial migration. Neutralising antibodies against ICAM-1 have been
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shown to decrease lung cancer cell invasion in an in vitro Matrigel invasion assay
(Yu et al., 2012). With regards to brain metastasis, ICAM-1 upregulation has been
demonstrated in the tumour microenvironment (Soto et al., 2013), but no studies
to date have addressed its role in tumour extravasation. The interaction between
ICAM-1 and LFA-1 mediates leukocyte adhesion to the endothelium (Marlin and
Springer, 1987) and in vitro models suggest that ICAM-1 is essential for T-cell
migration across the BBB (Reiss et al., 1998). Thus, it is possible that ICAM-1
upregulation may facilitate cancer cell extravasation into the CNS. Increased
VCAM-1 expression has also been shown to be correlated with brain metastatic
development and, in fact, endothelial expression of VCAM-1 in response to
metastatic growth can be used as a biomarker for tumour burden (Serres et al.,
2012). Moreover, neutralising antibodies that ameliorate VCAM-1—VLA-4
interactions between tumour cells and the endothelium have been shown in vivo

to reduce brain metastatic burden (Soto et al., 2013).

In the current study, despite astrocyte activation and apparent upregulation of
ICAM-1 and VCAM-1, no increase in metastasis seeding was found. This finding
was surprising based on studies in the lungs indicating that the induction of
inflammation leads to enhanced metastatic burden (Garofalo et al., 1995; Okahara
et al., 1994). However, this finding may in part reflect the observation that CAM
upregulation was not robustly associated with the endothelium; ICAM-1 staining
appeared to be consistent with microglial expression, whilst VCAM-1 expression
seemed limited to the injection site. . Moreover, previous studies (Hamilton, A.,
DPhil thesis, 2013) have also shown that increased VCAM-1 expression on the CNS

vasculature prior to tumour inoculation does not lead to an enhanced metastatic
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burden. Additionally, it is possible that any seeding advantage conferred by
astrocyte activation itself may be negated by the immune cell recruitment observed
in the affected region in the model used here; no tumour growth was observed at
the site of lentivirus injection, suggesting that there may be tumouricidal activity
of the immune cell infiltrate. Overall, it is apparent that the model of astrocyte
activation generated here does not induce a ‘pre-metastatic niche’ that is

permissive to tumour colonisation.

In this model, astrocyte activation also did not significantly modulate tumour
growth, as assessed by quantifying tumour volume over a 21-day time-course.
Again, this result is surprising based on the published literature, in which the bulk
of in vitro experimental evidence suggests that astrocyte activation leads to
increased tumour cell proliferation and invasion. There may be several
explanations for this finding. Firstly, the time-course of the experiment may not
be appropriate. This could be argued at both ends of the time-course. It is possible
that day 10 is too late to observe the effect of CNTF-induced activation alone, since
activation of astrocytes by the tumour cells themselves by this time point may
augment/attenuate the initial effects of CNTF. Conversely, the length of the time-
course may not be sufficient to observe effects on tumour growth. In the
intracardiac model, there does appear to be a trend towards increased tumour
volume in response to CNTF-lentivirus at day 21 post-tumour cell injection.
Moreover, taking into account the data from the intracerebral model, which
represents a much later time point in disease progression, a trend towards
increased tumour growth in response to CNTF-lentivirus is indicated. This

exacerbation was more evident when all lentivirus-treated animals were
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considered together in the intracerebral model; it should be noted that there was
mild astrocyte activation was present in all such animals. Thus, extending the
time-course further may tease apart differences between experimental and control

hemispheres.

An alternative hypothesis would be that the ‘state’ of astrocyte activation induced
by CNTF does not create a microenvironment appropriate for augmented tumour
growth (although, equally, no inhibition of tumour growth is seen). As discussed
in Chapter 3, an important consideration is the fact that astrocyte activation is a
spectrum of phenotypes, and different challenges elicit distinct transcriptional
profiles in astrocytes. Thus, whilst astrocyte activation induced by CNTF may not
accelerate metastatic progression, other activated phenotypes may be. Indeed,
whilst CNTF appears to elicit an inflammatory phenotype in Muller cells, recent
gPCR analysis of the parenchyma in response to CNTF-lentivirus injection
suggests that whilst TNF is upregulated, a host of other inflammatory mediators
remain constant (Lavisse et al., 2012). Therefore, whilst it might be reasonable to
predict that astrocytes in a neuroprotective phenotype would create a
microenvironment permissive to tumour growth, this model may not provide the
inflammatory environment required to drive tumour progression. Indeed, studies
comparing microglial activation by CNTF and IL-6, both of which act through the
same family of receptors, demonstrate different phenotypes. IL-6 was found to
drive a pro-inflammatory milieu, whilst CNTF induced microglia-mediated
neuroprotection (Krady et al., 2008). Supporting this, it is evident from
preliminary in vitro experiments conducted here that the transcriptional profile

induced in astrocytes by TCM differs to that induced by CNTF. Notably, IL-6
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mRNA expression was induced in astrocytes stimulated with TCM, but not with
CNTF. IL-6 production has previously been demonstrated in astrocytes co-
cultured with a brain-metastasizing lung cancer cell line (Seike et al., 2011), and
IL-6 has been implicated in promoting brain metastasis growth in vivo (Noda et
al., 2012). Additionally, qPCR studies presented in chapter 3 indicate that IL-6 is a
feature of the tumour microenvironment in vivo. Thus, the apparent lack of IL-6
production in CNTF-stimulated astrocytes may account in part for the lack of
tumour growth modulation in the in vivo model, and provide further, albeit

indirect, support for the tumour promoting effects of IL-6.

MMP2 expression in cultured astrocytes was induced by both TCM and CNTF.
MMP2, as explained in Chapter 3, is an ECM remodeling enzyme that has been
shown to be upregulated in the brain metastatic environment, as well as being
released by astrocytes in response to brain metastasis (Mendes et al., 2007;
Mendes et al., 2005; Wang et al., 2013). This result is in line with a recently
published report that astrocyte condition media enhances invasion and migration
in a range of tumour cell lines and that this phenotype is partially mediated by
astrocyte-derived MMPs, including MMP2. Moreover, inhibition of MMP2 has
been shown to reduce brain metastasis in vivo (Wang et al., 2013). In order to
explore this concept further, an in vitro assay could be performed in which tumour
cells are co-cultured with CNTF stimulated astrocytes, and the invasive nature of
the metastasising cells compared to those co-cultured with unstimulated

astrocytes.
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The apparent reduction of astrocyte iNOS mRNA expression in response to TCM
was unexpected based on the published literature. iNOS is induced by pro-
inflammatory cytokines such as TNF and IL-1[8, which were predicted to be present
in the tumour milieu. qPCR of rat islet cells indicates that CNTF does not alter
iNOS expression (Wadt et al., 1998), although no such analysis has been reported
in the CNS. These in vitro PCR results contradict the immunofluorescence data
presented in Chapter 3 that demonstrate astrocytic iNOS expression in the tumour
periphery. It is possible, therefore, that astrocytic iNOS expression in response to
TCM is dependent on paracrine signalling with other cells such as microglia in the
microenvironment. Additionally, in this in vitro model, astrocytic IL-18 mRNA
expression was also attenuated in response to TCM treatment. Thus, a negative
feedback loop might be in place regulating iNOS expression. However, this result
contradicts in vitro studies previously published indicating that astrocyte—tumour
cell co-culture leads to an increase in astrocyte derived IL-1B (Seike et al., 2011).
This discrepancy may be due to the differences in the in vitro system: co-culture
versus treatment with conditioned media. Elevation of IL-18 may be dependent on

a more sustained signal.

Some caution must be exercised with regards to the current study, in particular in
relation to the dosing level of CNTF as compared to the raft of stimulatory factors
in TCM. In order to more faithfully recapitulate the in vivo scenario, astrocytes
could be co-cultured with neurons transfected with CNTF-lentivirus. Additionally,
inhibition studies must be performed in order to determine the relevance of each

of the secreted factors in the context of tumour growth. Nevertheless, despite these
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confounds, the data observed are of value in understanding the nature of the

CNTF-mediated model used and perhaps shed light on some of the in vivo findings.

4.4 Conclusions and further work

The results of this study suggest that the role of astrocytes in brain metastasis is
likely dependent on the nature of astrocyte activation. I have demonstrated here
that astrocyte activation via CNTF stimulation does not significantly modulate
metastatic progression, with no difference seen in either tumour seeding or growth
within the CNS. I have demonstrated, however, that the nature of astrocyte
activation in response to CNTF is likely to be different to the activation state elicited
in the tumour microenvironment. This work further adds to the previous chapter,

highlighting the concept of astrocyte phenotypes.

The experimental model used here provides a foundation to further explore the
nature of the astrocytic response to metastases. Several questions require further
attention. It would be valuable to pursue the nature of signalling between
astrocytes and the endothelium. The observation of BBB breakdown in the CNTF-
lentivirus model demonstrates the intimate connection between astrocyte
reactivity and the integrity of the BBB. In order to probe this at a molecular level,
an in vitro model of the BBB could be used. As such, changes in tight junction
proteins could be investigated in response to CNTF-stimulated astrocytes, and

compared to changes observed in response to TCM-stimulated astrocytes.
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As mentioned earlier, previous work within the research group has shown that
certain neuroinflammatory challenges prior to tumour inoculation do not appear
to modulate tumour seeding in the brain. Thus, one could conclude that unlike in
the periphery, an inflammatory milieu in the CNS does not necessarily create a pro-
tumourigenic environment for tumour seeding. However, that previous study did
not quantify tumour growth. Therefore, perhaps a model in which chronic
inflammation was initiated would shed light on whether or not, once metastases
have colonised, their rate of growth can be modulated by changes in the
microenvironment inflammatory profile. In the intracerebral model presented
above, a trend towards increased tumour growth was found in response to
lentivirus (CNTF + LacZ) injection. As there was astrocyte and microglial
activation in response to LacZ injection, it could be argued that gliosis in response
to viral injection alone — a more broad neuroinflammatory challenge than that
mediated solely by CNTF — can promote tumour proliferation. The adenoviruses
discussed earlier, driving TNF and IL-1B production in the brain, may provide a
useful starting point (Campbell et al., 2007; Solum, 1975). However, the study
conducted here demonstrates the difficulty in modulating cellular phenotypes in
isolation in vivo. Going forward, in order to elucidate the role of astrocytes at the
molecular level, it may be better to pharmacologically alter one or several of the
factors implicated in the tumour microenvironment. Although this may not tell us
solely about the contribution of astrocytes, it would give a more clinically relevant

experimental paradigm, with the aim of reducing tumour burden.

A meta-analysis of clinical data, looking at the interaction between CNS pathology

and incidence of brain metastasis would be a fascinating study. No such literature
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exists at the moment, but this approach would allow conclusions to be drawn as to
whether or not chronic CNS inflammation provides a pro-tumourigenic
environment for metastatic growth. In the case of primary brain tumours, a
number of longitudinal studies in various CNS pathologies have been conducted,
with varied conclusions about cancer risk. In the case of MSS, an increased relative
risk in brain tumour occurrence was found in an analysis of patient records over a
35-year period (Fois et al., 2010) and this fits the hypothesis that CNS
inflammation can contribute to tumour growth. However, no increase in relative
risk was observed in another retrospective study of patient records in Denmark
(Nielsen et al., 2006); the elevated relative risk observed in some studies could be
accounted for by increased diagnosis due to frequent CNS scans. Additionally, no
alteration of relative risk was observed in patients with either Parkinson’s or motor
neuron disease (Fois et al., 2010). A meta-analysis of all the published studies from
different global cohorts would be incredibly useful, as well as an extension to

consider metastatic disease from peripheral primary tumours.

In conclusion, CNTF-activated astrocytes did not significantly modulate brain
metastasis seeding or progression. In order to determine the role of astrocytes in
tumour development, an alternative approach is to consider in vivo astrocyte

inhibition studies, as will be discussed in the following chapter.
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Chapter 5 Modulation of astrocyte activation and
tumour burden with glucocorticoids

In the previous chapter, I discussed the use of a lentiviral model to induce astrocyte
reactivity. In that study, I found that enhanced astrocyte activation by CNTF did
not significantly modulate tumour seeding or tumour growth in vivo. In this
chapter, I will use a pharmacological agent to, conversely, inhibit astrocyte
activation. Based on in vitro evidence in the literature, combined with trends in
tumour growth observed in response to chronic astrocyte activation in vivo, I
hypothesise that the attenuation of astrocyte activation will lead to a reduction in

metastatic burden.

5.1Introduction

As discussed in Chapters 1 and 3, there is a substantial inflammatory component
to the tumour microenvironment, with the bulk of evidence suggesting that
inflammation facilitates tumour progression (Hanahan and Weinberg, 2011).
Thus, it seems likely that anti-inflammatory agents could modulate tumour
burden. The wide range of immunomodulatory therapeutics that have been
trialled pre-clinically and clinically is beyond the scope of this thesis. However, in
the following sections I will discuss the use of steroids in the management of

malignancy.
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5.1.1 Glucocorticoids and their mechanism of action

Endogenous glucocorticoids (GCs) have roles in multiple cellular processes as
extensively reviewed (Newton, 2000; Zen et al., 2011). At pharmacological
concentrations, however, they primarily exert anti-inflammatory effects. As
illustrated in Figure 4.1, GCs bind to the cytoplasmic glucocorticoid receptor (GR)
and ligand binding induces nuclear translocation. The anti-inflammatory effects
of GCs are proposed to be mediated through both transcriptional repression and
transcriptional activation (Vandevyver et al., 2013). With regards to
transcriptional repression, monomeric GR has been shown to interact with
inflammatory transcription factors such as activator protein-1 (AP-1) and NF«B:
tethering between GR and transcription factors leads to negative regulation of a

raft of inflammatory mediators (Gupte et al., 2013).
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Figure 5.1: The mechanism of glucocorticoid action: Glucocorticoids (GCs) bind
to the glucocorticoid receptor (GR), initiating nuclear translocation. Transrepression
occurs when the monomeric GR tethers transcription factors such as NFKkB.
Transactivation occurs when dimeric GR binds to glucocorticoid response elements (GRE)

in gene promoter sequences.

Amassing evidence also suggests that GR dimerisation and binding to
glucocorticoid response elements (GREs) in promoter sequences leads to
transactivation of anti-inflammatory genes. For instance, GCs can lead to the
inhibition of leukocyte chemotaxis in vitro, via the production of thymosin § 4
sulphoxide (Young et al., 1999). The transcriptional inhibition of NFxB has also
been proposed, via transcriptional activation of Kruppel-like factor (KLF2), a zinc-

finger DNA binding protein.

Glucocorticoids are routinely used in the clinic as part of a disease management

strategy in oncology. In the case of brain metastasis, GCs are used to reduce
162



vasogenic oedema and hence improve neurological symptoms (Lieberman et al.,
1977). The steroid dexamethasone is typically used and therapeutic effects are seen
within 24—48 hours (Vecht, 1998). However, as steroids are used in conjunction
with chemotherapeutics, it is difficult to determine the clinical role of GCs alone in

the modulation of tumour burden.

Brain tumour outcome in response to steroid treatment in pre-clinical models is
variable. Experiments have largely been conducted in primary brain tumours,
rather than in secondary metastases. A number of in vitro studies suggest
dexamethasone is anti-proliferative. In the C6 glioma cell line, treatment with
dexamethasone led to a reduction in cellular viability (Bavaresco et al., 2007). This
direct effect on tumour cells by the steroid appeared to be mediated by the protein
kinase ¢ (PKC) signalling pathway, as inhibition of PKC ameliorated the anti-
proliferative effect of dexamethasone. Furthermore, assays with the human
astrocytoma cell line, U373 MG, suggest that dexamethasone reduces not only
cellular viability, but also cellular invasion and migration, a direct effect of the
steroid acting on the MAPK signalling pathway (Piette et al., 2009). In in vivo
models of glioma, dexamethasone was shown to reduce tumour volume, reduce T-
cell infiltration and decrease vascularisation, via inhibition of angiopoietin-related
protein-2 (Angpt2), a member of the VEGF protein family (Villeneuve et al.,
2008). This decrease in vascularisation has been observed in other studies and is
associated with reduced tumour burden (Wolff et al., 1993). However, tumour
burden reduction was only observed at a high dose of steroid (= 1 mg kg) that was
associated with chronic weight loss, and as such is not clinically relevant

(Villeneuve et al., 2008). Further, in another in vivo glioma study, dexamethasone
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did not prolong animal survival and was additionally associated with side effects
such as weight loss and skin infections (Moroz et al., 2011). Regarding secondary
cancers to the brain, in an intracranial model of brain metastasis, dexamethasone
was shown to reduce to tumour volume compared to control animals (Lewis et al.,
2013). However, assays for cellular proliferation and tumour cell apoptosis showed
no differences between untreated and treated animals. Rather, the reduction in
volume appeared to be an increase in cellular density, although the authors did not

investigate the mechanism behind this.

When discussing the use of steroids as a chemotherapeutics, it is important to bear
in mind drug interactions with other agents. Dexamethasone has been shown in
vitro to inhibit the apoptotic action of cisplatin, 5-fluorouracil, temozolamide,
taxol, doxorubicin and gemcitabine in a range of cancer cell lines (Kim et al.,
2004b; Sur et al., 2005; Zhang et al., 2006). However, disease variability was
demonstrated, with the steroid inducing apoptosis in lymphoid cell lines (Zhang et
al., 2006). Therefore, care should be taken with treatment planning, as clearly

there is variability in steroid action depending on cancer cell origin.

It is evident, from the literature, that the role of GCs alone has not been
investigated in a physiologically relevant model of secondary brain cancer.
Additionally, in the pre-clinical studies conducted and discussed above, it appears
that peripheral toxicity has made determining the benefit of GC use impossible.
Thus, using a steroid delivery system that selectively targets the brain could

improve the therapeutic index.
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5.1.2 2B3-201

2B3-201 is a glutathione-tagged liposome, containing the GC methylprednisolone.

The various aspects of the molecule are illustrated in Figure 5.2 and will be

described below.

_—Glutathione

Methylprednisolone

PEG

Lipid bi-layer

Figure 5.2: Structure of 2B3-201. 2B3-201 consists of liposome- packaged
methylprednisolone. The liposomes are ‘decorated’ with polyethylene glycol (PEG) and

glutathione.

5.1.2.1  Liposomal packaging

Glucocorticoids are rapidly cleared after IV administration and consequently,
frequent dosing is required to achieve effective concentrations at inflamed sites.
Due to the high toxicity profile of GCs, schemes to increase bioavailability are

needed to improve the therapeutic index. Encapsulation of drugs in lipid bilayer
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vesicles, also known as liposomes, increases the systemic half-life of the drug and
improves tissue delivery (Metselaar et al., 2004; Metselaar et al., 2003), and
numerous such agents are approved for use in the clinic, including in cancer
patients (Kraft et al., 2014). Liposomes are frequently ‘decorated’ with
polyethylene glycol (PEG) to improve pharmacokinetics further; renal clearance is
inversely proportional to liposome size (Hamidi et al., 2006). Additionally,
PEGylation reduces binding of plasma proteins (Ogris et al., 1999), thus decreasing

clearance.

5.1.2.2  Glutathione-PEGylated liposomes

As previously discussed, the BBB prevents the access of many drugs to the CNS.
Whilst liposome-packaged drugs have been developed for treatment of
neurological disorders, effective CNS delivery requires receptor targeting (Lai et
al., 2013). One such targeting strategy involves using the glutathione transporter.
Glutathione, an endogenous antioxidant, with multiple roles in the CNS, is taken
up by the cerebral microvasculature via glutathione transporters (Kannan et al.,
2000; Kannan et al., 1990; Zlokovic et al., 1994). On this basis, it has recently been
shown that modifying PEGylated liposomes with glutathione increases the
therapeutic impact of packaged steroids in a mouse model of EAE (Gaillard et al.,
2012). This increased therapeutic benefit was attributed to increased CNS uptake
of steroid. Pharmacokinetic studies carried out with 2B3-201 in rats showed
greater retention of the liposome-packaged steroid as compared to free

methylprednisolone, 8 hours after administration, both in the plasma and the
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brain (Gaillard et al., 2012). The same study showed 2B3-201 anti-inflammatory
efficacy in a mouse model of MS, with improved behavioural scores compared to
mice treated with free methylprednisolone. This compound is now in Phase I

clinical trials in patients with MS.

5.1.2.3  Astrocyte specificity of 2B3-201

Very recently, work done in our group has suggested that 2B3-201 selectively
targets inflammatory pathways in astrocytes. As touched upon, glutathione has
multiple CNS roles. Astrocytes act as a glutathione pool and as such express
glutathione transport mechanisms (Kannan et al., 2000). It is possible, therefore,
that 2B3-201 could preferentially target astrocytes. In accord with this hypothesis,
in a study utilizing 2B3-201 in a mouse transgenic model of ALS, astrocyte
reactivity was shown to be attenuated, whilst microglial activation remained

unaltered in response to treatment (M. Evans, in press).

A number of studies have investigated the effects of GCs on astrocytes directly. In
an in vitro model of hypothermia, treatment with methylprednisolone reduced IL-
6 secretion (Schmitt et al., 2006), a key pro-inflammatory cytokine.
Methylprednisolone was also shown to reduce GFAP mRNA, as well as chondroitin
sulphate proteoglycan (CSPG) expression in an in vitro excitotoxic model (Liu et
al., 2008). Similarly, in an in vitro model of LPS challenge, dexamethasone was
shown to reduce expression of phospholipase A2 (Oka and Arita, 1991), an enzyme

involved in arachidonic acid metabolism and inflammatory pathogenesis.
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Taken together, the above findings led us to hypothesise that 2B3-201 could be
used to attenuate astrogliosis in vivo, providing another experimental paradigm to
address the role of astrocytes in brain metastasis. In this chapter, I will use 2B3-
201 to determine whether or not astrocyte inhibition modulates tumour seeding
and, additionally, whether or not modulation of astrocyte reactivity alters tumour

growth.

5.2 Materials & Methods

In order to address the hypotheses described above, two brain metastases

experimental arms were conducted, as summarised in Figures 5.3 and 5.4 and

detailed in Materials and Methods section 2.3.
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Figure 5.3: Does 2B3-201 alter tumour cell seeding? Female BALB/c mice were
injected intravenously with 2B3-201 (10 mg kg?), empty liposomes or saline. After 24
hours, animals were injected with 105 4T1-GFP cells under ultrasound guidance. At day
10 post-tumour cell injection, animals were perfusion-fixed and tissue processed for

histology as described above and in Materials & Methods.

In order to assess 2B3-201 efficacy in a focal model of neuroinflammation, a TNF-
adenovirus model was used to elicit astrocyte activation, with 2B3-201/saline

dosing as illustrated in Figure 5.5 and described in Materials & Methods section

2.3.,
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Figure 5.4: Does 2B3-201 alter tumour cell growth? Female BALB/c mice were
injected intracardially with 105 4T1-GFP cells, under ultrasound guidance. Based on
studies regarding the rate of metastatic colonisation, it was concluded that by day 7 post-
tumour inoculation, micrometastases would be within the perivascular space. Thus, 2B3-
201 administration at this point would affect tumour growth rather than initial
colonisation. In addition, studies by to-BBB suggest that the duration of 2B3-201 action
is 5 days, thus animals were re-dosed at day 12, in order to maintain the steroidal effect.
Thus, at days 7 and 12 post-tumour cell injections, animals were injected intravenously
with 2B3-201 (10 mg kg), empty liposomes or saline. At day 14, animals were perfusion

fixed and tissue processed for histology as described above and in Materials & Methods.
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Figure 5.5: Does 2B3-201 modulate astrocyte activation in an Ad5TNF-am
model of neuroinflammation? Two experimental arms were performed. In the first
(A), female BALB/c mice were injected intravenously with 2B3-201 (10 mg kg) or saline.
After 24 hours, animals were injected intrastriatally with Ad5TNF-am, and perfusion-fixed
at day 5. In the second arm (B), mice were injected intrastriatally with Ad5TNF-a, and
after 3 days were injected intravenously with 2B3-201 (10 mg kg?) or saline. Again,
animals were perfusion fixed at day 5. In both cases, tissue was processed for histology

and astrocyte reactivity quantified with regards to the volume of GFAP reactivity.
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5.3 Results

5.3.1 Effect of prophylactic treatment with 2B3-201 on tumour seeding

To determine whether steroidal treatment prior to tumour induction alters
metastatic seeding, animals were injected with 2B3-201 (10 mg kg?), empty
liposomes or saline; after 24 hours, animals were injected intracardially with 4T1-
GFP cells. Tumour number was determined at day 10 post-tumour cell injection.
As shown in Figure 5.6, intravenous injection of 2B3-201 24 hours prior to tumour
inoculation did not significantly alter tumour seeding, as compared to animals
injected intravenously with empty liposomes (n=5—6) or saline (n=3, one-way
ANOVA, p=0.0817). However, there did appear to a trend towards reduced tumour
number in liposome (empty and full) animals, compared to saline controls. To
determine whether or not 2B3-201 has an effect on tumour seeding with regards to
the rate of metastatic colonization, tumour volume was analysed, in addition to
tumour number. As shown in Figure 5.7, 2B3-201 treatment prior to tumour
inoculation did not significantly modulate tumour growth compared to empty
liposome control animals, as quantified at day 10 after tumour induction (unpaired

t-test, p=0.577).
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Figure 5.6: Prophylactic 2B3-201 treatment does not significantly modulate
tumour seeding compared to the empty liposome control. Female BALB/c mice
were injected IV with either 2B3-201 (n=6), empty liposomes (n=5) or saline (n=3). After
24 hours, animals were injected intracardially with 105 4T1-GFP cells. At day 10, animals
were perfusion-fixed and tissue was processed for histology. Sections were stained for GFP
immunoreactivity in order to visualise tumour load. Micrometastases were delineated
using ImageScope and tumour number was determined. The total tumour number per
animal was normalised to the brain area measured. One-way ANOVA p=0.0817. Bars

represent mean + S.E.M.
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Figure 5.7: Prophylactic 2B3-201 treatment does not modulate tumour
volume. Female BALB/c mice were injected IV with either 2B3-201 (n=6) or empty
liposomes (n=5). After 24 hours, animals were injected intracardially with 4T1-GFP cells.
At day 10, animals were perfusion fixed and tissue processed for histology. Sections were
stained for GFP immunoreactivity in order to visualise tumour load. Micrometastases
were delineated using ImageScope and tumour volume determined. Tumour volumes were
compared between treatment and control groups (empty liposome n= 963; 2B3-201 n=
908). The data were not normally distributed, and so was normalised (log.,) prior to

statistical analysis. Unpaired t-test, p=0.629. Bars represent mean + S.E.M.

5.3.2 Effect of treatment of tumour-bearing animals with 2B3-201 on

tumour burden

To determine whether 2B3-201 can modulate tumour growth, animals were
injected intracardially with 4T1-GFP cells; 7 days after tumour inoculation, animals
were injected IV with either 2B3-201, empty liposomes or saline. Animals were
dosed again at day 12 after tumour inoculation and perfusion-fixed at day 14.
Analysis of tumour burden, defined as the total area of tumour quantified

normalised to the area of brain measured, revealed that 2B3-201 does not
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significantly alter overall tumour burden within the brain when compared to the

empty liposome or saline control (Figure 5.8; one-way ANOVA, p=0.612).

In order to elucidate whether methylprednisolone had an effect when distinct brain
regions were considered in isolation, the tumour burden for each of the brain
regions were considered separately and compared to empty liposome control
animals. Three different brain regions were considered. Region 1 spanned 3 mm
to 1.3 mm relative to Bregma and included structures such as the pre-limbic cortex
and the anterior part of the striatum. Region 2 extended from -0.5 mm to -1.5 mm
relative to Bregma and included structures such as the hippocampus and dentate
gyrus. Region 3 spanned -4 mm to -5 mm relative to Bregma, and included
structures such as the substantia nigra. As shown in Figure 5.9, no significant
differences were found between treatment groups in any region (two way ANOVA
p=0.0728). However, in regioni, which includes the prefrontal cortex, there does
appear to be a trend towards reduced tumour burden in the 2B3-201-treated
animals. Indeed, in control animals, there is increased tumour burden in region 1
compared to regions 2 and 3 (two-way ANOVA, p=0.0009). This difference in

tumour distribution is not significant in 2B3-201 treated animals.
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Figure 5.8: 2B3-201 does not modulate tumour burden compared to empty
liposome control. Female BALB/c mice were injected intracardially with 105 4T1-GFP
cells. At days 7 and 12, animals were injected IV with either saline (n=4), empty liposomes
(n=4) or 2B3-201 (n=5). At day 14, animals were perfusion-fixed and tissue was processed
for histology. Sections were stained for GFP immunoreactivity in order to visualise tumour
load. Tumour burden was delineated using ImageScope. The total tumour burden per
animal was normalised to the brain area measured. There was no significant difference in
tumour burden between 2B3-201 treated animals and empty liposome or saline treated

animals. One-way ANOVA, p=0.612. Bars represent mean + S.E.M.
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Figure 5.9: 2B3-201 treatment does not modulate tumour distribution across
three distinct brain regions. Female BALB/c mice were injected intracardially with
4T1-GFP cells. At day 7 and 12 post-intracardiac injection, animals were injected IV with
either empty liposomes (n=4, purple bars) or 2B3-201 (n=5, pink bars). At day 14, animals
were perfusion-fixed and tissue was processed for histology. Sections were taken from
three different brain regions relative to Bregma 1) 3 mm to 1.3 mm, 2) -0.5 mm to -1.5 mm,
3) -4 mm to -5 mm. Sections were stained for GFP immunoreactivity in order to visualise
tumour load. Tumour burden was delineated using ImageScope and the total tumour
burden per animal was normalised to the brain area measured. A two-way ANOVA did not
reveal any effect of treatment on tumour burden (p=0.502). Tumour burden was not
modulated by treatment in any brain region (p=0.0728), however, tumour burden was
significantly different in the different brain regions; tumour burden is greatest in region 1
compared to the other regions (Tukey post-hoc test, p=0.0009). Bars represent mean +
S.E.M.
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5.3.3 The effect of 2B3-201 on astrocyte activation in response to brain

metastasis

As 2B3-201 did not appear to alter the progression of brain metastasis, the
astrocytic response to steroid treatment was determined, via quantification of the
ratio of astrocyte activation to tumour area. If 2B3-201 acted to reduce astrocyte
activation, one would hypothesise that there would be a reduced area of astrocyte
activation in response to brain metastasis. As shown in Figure 5.10, the ratio of
astrocyte activation to tumour area was not significantly altered by 2B3-201

treatment after tumour inoculation (unpaired t-test, p=0.429).

As a trend towards reduced tumour burden was observed in brain region 1, GFAP
reactivity was compared in this region alone in order to assess 2B3-201 effect on
astrocyte activation. However, as shown in Figure 5.11, there was no significant
difference in the ratio of astrocyte activation to tumour area, was evident between

the two treatment groups (unpaired t-test, p=0.361).
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Figure 5.10: 2B3-201 does not attenuate the area of astrocyte activation in

response to tumour growth. Female BALB/c mice were injected intracardially with
4T1-GFP cells. At days 7 and 12 post-tumour injection, animals were injected IV with
either saline (n=4), empty liposomes (n=5) or 2B3-201 (n=6). Animals were injected once
again at day 12 post intracardiac injection. At day 14, animals were perfusion-fixed and
tissue was processed for histology. In three animals per treatment group, sections were
stained for GFAP immunoreactivity. GFAP staining (brown) was observed surrounding
metastases (blue) in saline (A), empty liposome (B) and 2B3-201 (C) treated animals. Scale
bars=100um. The area of astrocyte activation was delineated using ImageScope software,
and compared to tumour area (saline: n= 16; empty liposome: n= 54; 2B3-201: n=49). The
data were not normally distributed, and so were normalised (log.,) prior to statistical
analysis. The extent of astrocyte activation was not reduced upon treatment with 2B3-201
(one-way ANOVA, p=0.139). Data are presented as individual points, with mean value +
S.E.M.
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Figure 5.11: 2B3-201 does not attenuate the area of astrocyte activation in
response to tumour growth in Region 1. Female BALB/c mice were injected
intracardially with 4T1-GFP cells. At days 7 and 12 post-tumour injection, animals were
injected IV with either empty liposomes (n=5) or 2B3-201 (n=6). At day 14, animals were
perfusion-fixed and tissue was processed for histology. In three animals per treatment
group, sections were stained for GFAP immunoreactivity in Region 1. The area of astrocyte
activation was delineated using ImageScope software, and compared to tumour area
(empty liposome: n= 16; 2B3-201: n=11). The extent of astrocyte activation was not
reduced upon treatment with 2B3-201 (Mann—Whitney t-test p=0.361). Data are

presented as mean values + S.E.M.
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5.3.4 Validation of 2B3-201 in a TNF-adenovirus model of

neuroinflammation

In order to validate the action of 2B3-201 on astrocyte reactivity, a model of
sustained neuroinflammation was generated using a replication-deficient
adenovirus expressing membrane bound TNF ¢cDNA (Ad5TNF-am) (Sibson et al.,
2002). Animals were injected IV with 10 mg kgt 2B3-201 or saline. After 24 hours,
animals were injected intracerebrally with 105 plaque-forming units (PFU)
Ad5TNF-am in 0.5 pl in saline, using a finely drawn glass microcannula as
previously described. At day 5, animals were perfusion-fixed and astrocyte
activation quantified. As shown in Figure 5.12, prophylactic treatment with 2B3-
201 did not attenuate the extent of astrocyte activation elicited by Ad5TNF-am
(n=5, unpaired t-test, p=0.802) as quantified by the volume of GFAP

Immunoreactivity.

In a second experiment, animals were injected intracerebrally with 105 PFU
Ad5TNF-am in 0.5 pl in saline. At day 3 post-injection, when a sustained
neuroinflammatory profile was predicted based on previous work within the group,
animals were injected IV with 2B3-201 or saline. At day 5, animals were perfusion-
fixed and astrocyte activation quantified with GFAP staining. As shown in Figure
5.13, although there appears to be a trend towards reduced astrocyte reactivity,
GFAP staining was not significantly reduced by 2B3-201 as compared to control

animals (n=5—6, unpaired t-test, p=0.395).
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Figure 5.12: Prophylactic treatment with 2B3-201 prior to administration of
Ad5TNF-an does not attenuate astrocyte activation. Animals (n=5 each group)
were injected IV with 10 mg kg 2B3-201 or saline. After 24 hours, animals were injected
intracerebrally with 105 PFU Ad5TNF-a, in 0.5 pl using the intracerebral method
previously described. At day 5, animals were perfusion-fixed and brains processed for
histology. The extent of astrocyte reactivity was determined by delineating GFAP staining
in ImageScope and quantifying the volume of activation. Unpaired t-test p=0.802. Bars

display mean + S.E.M.
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Figure 5.13: Treatment with 2B3-201 post- administration of Ad5TNF-am
does not attenuate astrocyte activation. Animals (n=5—6 each group) were injected
intracerebrally with 105 PFU TNF-Ad in 0.5 pl. At day 3 post-injection, when a sustained
neuroinflammatory profile was predicted, animals were injected IV with 2B3-201 (10 mg
kg™) or saline. At day 5, animals were perfusion-fixed and astrocyte activation quantified
using GFAP staining as previously described. Unpaired t-test p=0.395. Bars display mean
+ S.E.M.
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5.4 Discussion

The results presented above indicate that treatment of animals with 2B3-201 does
not significantly modulate metastatic progression, compared to empty liposome or
saline treatment, with the dosing regimen used here. Prophylactic treatment with
the liposome-packaged steroid did not alter tumour seeding, with no significant
difference found in either tumour number or volume between treated and empty
liposome groups. These data suggest that 2B3-201 treatment did not decelerate

the rate of seeding.

Treatment of animals with 2B3-201 after tumour inoculation, in order to determine
the effect of 2B3-201 on tumour growth, also did not alter total tumour burden,
compared to the empty liposome or saline control groups. However, analysis of
the extent of GFAP reactivity suggest that this outcome reflects the lack of anti-
astrocyte activity at the doses used, since no difference in the extent of astrocyte
activation between groups was observed. When looking at different brain regions
in isolation, there does appear to be a trend towards reduced tumour growth in the
prefrontal cortex, but this did not reach significance at the sample size used.
However, analysis of the ratio of astrocyte activation to tumour area in this region
alone did not reveal an effect of 2B3-201 on the extent of astrocyte activation. This
finding suggests that any effect on tumour burden reflects the general anti-
inflammatory effects of 2B3-201, rather than an effect on astrocytes specifically, at
least by the analysis method used here. Whether this region of the brain is more

susceptible to steroid intervention remains to be seen; no evidence in the literature
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currently indicates regional steroid response differences. Additionally, with
regards to compound uptake, no reports suggest differential regional expression of
glutathione receptors on the BBB. Given the apparent lack of effect of 2B3-201 on
the extent of astrocyte activation in brain metastasis, contrary to our previous
findings in a mouse model of ALS, it is not possible on the basis of these data to

conclude whether astrocyte downregulation alters metastasis progression.

When considering the effect of prophylactic treatment with 2B3-201 on tumour
number in the brain, it is interesting that there is a trend towards decreased tumour
number in both the empty liposome and 2B3-201 treated animals, compared to
saline controls. Whilst this study had a low number of samples and there appears
to be large variability in the saline animals, it is an interesting finding based on
reports in the literature suggesting that liposomes themselves can elicit an immune
response. For instance, in mice, intranasal delivery of liposomes that contained
BSA, elicited elevated IgG and IgA production in the serum and saliva (Aramaki et
al 1994). This antibody response was not observed in animals administered with
free BSA. Murine IgG and IgA responses have also been demonstrated in response
to IV administration of PEGylated liposomes (Judge et al. 2006). Thus, it is
possible that the systemic immune response could be acting to clear inoculated
tumour cells from the bloodstream prior to seeding in the brain. This would be an
interesting avenue to pursue further, in a larger cohort and with analysis of
antibody levels in the serum. Additionally, the liver could be studied in order to
determine whether an acute phase response— an orchestrated immune response

to challenge—has been elicited in response to liposomal delivery.
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In the experimental conditions used in the brain metastasis study, astrocyte
activation was not attenuated upon 2B3-201 treatment. To further examine the
effect of 2B3-201 on astrocyte reactivity in a more focused model of gliosis, the
compound was used in an Ad5TNF-am model of sustained neuroinflammation. In
both experimental paradigms used, astrocyte activation, as defined by the extent
of GFAP reactivity, was not significantly attenuated following treatment with 2B3-
201 compared to saline control animals. Again, these findings were unexpected
based on previous work in the group showing that 2B3-201 treatment attenuated
astrocyte reactivity in a transgenic mouse model of ALS (Evans, M et al,
unpublished). However, the experimental paradigm in that study involved
repeated dosing over a protracted time-course, whilst in the work presented here,
a single dose was given, before or after inflammatory challenge. Thus, the steroid
dosing used here may not have been sufficient to observe an effect on astrocyte
activation. Interestingly, studies conducted in the EAE rat model suggest that a
single dose is sufficient to improve clinical scores. However, that study does not
include histological assessment of astrocyte activation (Gaillard et al., 2012). Thus,
the liposomal-packaged steroid may have improved clinical scores via mechanisms
that are distinct from any astrocyte-targeted effects. In the study conducted here,
although animal behavior and weight was monitored throughout the experiment,
formal behavior tests were not performed, comparing experimental and control
groups. Perhaps the steroid had an effect on behavioural outcomes, the

mechanism of which was not observed in the histology conducted.

Based on published studies, it would be reasonable to hypothesise that GCs such

as methylprednisolone would inhibit astrocyte activation. As discussed above, GCs
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have multiple mechanisms of action, including transcriptional repression of NFxB
target genes. NF«kB activity has been demonstrated to be present in astrocytes
(Moynagh et al., 1993; Moynagh et al., 1994; Sparacio et al., 1992) and a transgenic
mouse model implicates NF«B in regulating astrocyte reactivity in a range of CNS
challenges (Brambilla et al., 2005; Brambilla et al., 2012; Brambilla et al., 2009).
As illustrated in Figure 5.1, NFkB is a heterodimer, located in the cytosol. In
unstimulated cells, NF«B is inactive, bound by its cognate inhibitor, IxkB. Upon
stimulation, IxB is phosphorylated, flagging the protein for ubiquitination and
subsequent degradation. As such, NF«B is free to translocate to the nucleus and
bind the consensus sequence of target genes, of which there is a wide range,

typically implicated in inflammation.

There may be multiple explanations for the lack of 2B3-201 efficacy in attenuating
astrocyte activation in the both the brain metastasis and Ad5TNF-am models used
here. Firstly, as discussed above, this could be an issue of dosing. The nature of
the intracardiac model is that disseminated disease is induced and astrocyte
activation is widespread in both the 2B3-201 and empty liposome treatment
groups. Therefore, perhaps a greater dose is required, or more frequent dosing is
necessary to see an effect on astrocytes in this model. Indeed, in a very recent study,
using a rat intracerebral model of brain metastasis, a reduction in tumour volume
in response to dexamethasone was shown when animals were dosed with
dexamethasone at 8mg kg-1 per day (Lewis et al., 2013). It should also be noted
that dexamethasone is a more potent steroid than methylprednisolone, displaying
greater GR affinity and increased half-life (Hari and Srivastava, 1998).

Interestingly, in that study, the authors looked at astrocyte activation in the peri-
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tumoural region, and concluded that astrocyte activation was reduced in
dexamethasone treated animals, compared to those treated with vehicle. However,
this reduction in GFAP positive cells compared to control did not reach
significance. Thus, clearly the dosing paradigm is important to see an effect on
astrocyte activation. Considering the Ad5TNF-am model, this is a focal lesion and
so the argument concerning disseminated disease does not hold here. However,
perhaps just the single dose was not sufficient to modulate the strong inflammatory

response elicited by TNF-alpha.

A number of studies have suggested that treatment with PEGylated liposomes may
initiate an immune response that leads to enhanced clearance of subsequent
liposome doses. It has been proposed that an anti-PEG IgM response is mounted
in the spleen by lymphocytes. Thus, upon the second dose of PEGylated liposomes,
the complement system is activated and there is increased uptake of liposomes by
Kupfer cells in the liver (Ishida et al., 2007). This ‘accelerated blood clearance’ has
also been demonstrated in rats in response to sequential liposome-packaged
chemotherapeutic treatment (Yang et al., 2013). Therefore, in the brain metastasis
study here, the apparent lack of astrocyte inhibition at day 14 may be due to the
reduced bio-distribution of the second dose. This repeated dosing issue was not a
confound in the Ad5TNF-am model, where just a single dose was given and still
GFAP reactivity was not significantly reduced. Perhaps, as mentioned above, a

single dose is not sufficient to modulate the astrocyte response elicited by TNF-a.

Alternatively, the lack of efficacy could be due to the mode of astrocyte activation.

A number of mechanisms of astrocyte activation exist, some of which may be
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steroid-refractory. Not all inflammatory conditions respond to steroid treatment,
for example severe asthma. Cytokine activation of the MAPK pathway has been
proposed as one mechanism of GC resistance. Studies on PBMCs isolated from
healthy subjects showed that culture with IL-2 and IL-4 leads to p38 MAPK
activation, with subsequent phosphorylation of GR, reduced GC binding affinity
and nuclear translocation (Irusen et al.,, 2002). In in vitro astrocyte culture
experiments, stimulation with tumour-conditioned media has been shown to
activate MAPK (Mendes et al., 2007). Thus, it may be that the astrocytes in the
tumour microenvironment are steroid-insensitive to some degree. Similarly, the
downstream effects of Ad5TNF-am administration may lead to activation of
multiple different pathways other than solely NFkB, especially as a range of CNS
cells will have been activated in response to the inflammatory challenge, leading to

paracrine signalling.
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5.5 Conclusions and further work

2B3-201 is a glutathione-tagged liposome-packaged methylprednisolone molecule.
Based on existing studies, it was proposed that this drug could attenuate astrocyte
responses to CNS challenge. Thus, it was hypothesised that treatment of animals
with 2B3-201 would alter tumour burden. There were two arms to the study. The
first involved dosing prior to tumour inoculation, in order to assess the role of
astrocytes in tumour seeding. The second involved drug administration after

tumour inoculation in order to determine the role of astrocytes in tumour growth.

With regards to tumour seeding, 2B3-201 did not significantly alter tumour
number, although there was a trend towards fewer metastatic colonies, compared
to empty liposomes. Additionally, 2B3-201 was not shown to significantly reduce
tumour growth, compared to empty liposome control animals, although there was
a trend towards decreased tumor burden in the pre-frontal cortex. When the effect
of the drug on astrocyte activation was investigated, it was found that astrocyte
reactivity was not attenuated in treated animals as compared to those given empty
liposomes. Thus, 2B3-201 was not an effective modulator of astrocyte activation in
an in vivo model of brain metastasis at the dose used. Further studies are required,
possibly using a more frequent dosing regimen or a stronger steroid, such as
dexamethasone, in order to fully determine the use of steroids in the treatment of
brain metastasis. Perhaps other mechanisms of targeting astrocytes could be
investigated. Astrocyte specificity could be conferred by the lipid composition of

the liposome. One study suggests that astrocytes rapidly take-up sulfocerebroside-
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containing liposomes, over other lipid compositions (Suesca et al., 2013). Perhaps

the liposome composition used here could be modulated accordingly.

In light of 2B3-201 being an ineffective method of astrocyte inhibition at the dosing
schedule used, further studies need to be conducted in order to address the role of
astrocytes in brain metastasis. With regards to pharmacological methods, arundic
acid has been shown to inhibit astrocyte activation in vivo, with implications for
neuropathology, although again dose issues will be key as will the differences in the
mode of astrocyte activation (Hanada et al., 2013; Sibson et al., 2008; Tateishi et
al., 2002). Perhaps, more usefully, transgenic models, such as the GFAP-IkB-dn
mouse could prove valuable tools for probing the consequences of astrocyte
inhibition in brain metastasis. The transgenic strain involves the overexpression of
IkB, under the regulation of the GFAP promoter, thus conferring astrocyte
specificity. This model has already shown the importance of astrocytes in multiple
CNS pathologies (Brambilla et al., 2005; Brambilla et al., 2012; Brambilla et al.,
2009; Dvoriantchikova et al., 2009), and would provide a robust mechanism of
astrocyte inhibition, without direct modulation of other CNS-resident cells. This
model will also be useful in order to gauge to what extent the astrocytic response
to brain metastasis orchestrates the CNS response as a whole. For instance, based
on what we know about astrocyte—microglia signalling, phenotypes in the tumour
periphery may be influenced by the astroglial activation state. Additionally, the
extent to which astrocyte activation mediates the recruitment of peripheral
immune cells to the tumour microenvironment has yet to be addressed and a

transgenic model such as this could be useful in answering such questions.
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As discussed in Chapter 4, a more practical approach to probing the role of
astrocytes in brain metastasis might be the inhibition of molecules that astrocytes
secrete when activated. It would be interesting to determine how 2B3-201, once a
dosing schedule has been optimised, modulates the transcriptional profile of the
host microenvironment, looking at expression levels of growth factors as well as
ECM remodeling enzymes. The RT-qPCR work carried out in Chapters 3 and 4
suggests a key role for IL-6 in the tumour microenvironment. Due to the effect of
steroids on the transcriptional expression of inflammatory mediators, 2B3-201
may modulate IL-6 expression in brain metastasis. In vitro, dexamethasone
treatment of a prostate cancer cell line led to a reduction in IL-6 production, via
inhibition of NFkB signalling; administration of the steroid in an in vivo xenograft
model of the same cell line led to a reduction of tumour burden (Nishimura et al.,
2001). Clinically, steroid treatment has been shown to reduce IL-6 serum levels in
a palliative care setting for terminally ill lung cancer patients (Yanagawa et al.,
1996). Thus, it would be interesting if any reduction in tumour growth observed

with steroid treatment were correlated with a reduction in IL-6 expression.
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6 Glial activation in the early stages of brain
metastasis as a diagnostic biomarker

6.1 Introduction

Clinical detection of brain metastases is currently performed using gadolinium-
enhanced MRI (Gd-MRI). This gold standard technique is dependent on tumour
induced breakdown of the BBB. As discussed in the introductory chapter, frank
breakdown of the BBB does not occur until metastases are in the region of 0.5 cm
in diameter; at this point the metastasis can break through the astrocytic
component of the BBB and proliferate in the parenchyma. Breakdown of the BBB
is not dependent on contact between tumour cells and the endothelium (Stewart et
al., 1987), indicating that secreted factors play a role in BBB permeabilisation as
well as mechanical disruption. As treatment options for brain metastases are
limited at this advanced stage, early detection may be crucial for prolonging life
expectancy. Thus, the development of novel methods for the early detection of

brain metastases is of great importance.

Building on the basis of MRI, pre-clinical research suggests that the detection
threshold for brain metastases can be lowered via the use of novel contrast agents
that target the inflamed endothelium, rather than the tumour itself. VCAM-1
antibodies conjugated to microparticles of iron oxide (MPIO) have been used to
sensitively detect micrometastases, with an estimated clinical threshold of 300—

650 um (Serres et al., 2012). Such techniques, probing the inflammatory
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microenvironment, rather than the tumour per se, could hold great clinical
potential. As there are a host of CAMs expressed on the endothelium in response
to tumour growth (Soto et al., 2013), other molecular targets could also be used as

biomarkers.

With regards to the inflammatory microenvironment, endothelial activation is by
no means the only targetable feature. It is evident from the work carried out
throughout this thesis that astrocytes play a role in the development of brain
metastases. As shown in Chapter 3, the area of astrocyte activation surrounding
metastases, in both the intracerebral and intracardiac model, far exceeds the size
of the tumour alone. As a larger targetable region will enhance chances of tumour
detection prior to BBB breakdown, targeting the glial response could enable
detection of brain metastases at early time-points. Based on the success within this
research group of molecular MRI in metastatic detection, one could employ a
similar technique for probing reactive astrocyte-specific antigens. However,
molecular MRI would be challenging in this situation, as without a patent BBB,
antibodies conjugated to iron oxide particles would fail to bind parenchymal
targets. Thus, one must turn to small molecule ligands—capable of crossing an
intact BBB—in order to probe the glial response, and to this end, nuclear imaging

could provide the appropriate modality in this instance.

Peripheral malignancies are frequently detected using 2-deoxy-2-(*8F)fluoro-D-
glucose (FDG)-PET. FDG is a glucose analogue (Tewson et al., 1978) that is taken
up by cells undergoing enhanced glycolytic metabolism, such as tumour cells (Som

et al., 1980). In the clinic, FDG-PET has been shown to aid tumour staging in a
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range of malignancies (Reske and Kotzerke, 2001). Whilst the high endogenous
glycolytic activity of the CNS precludes the use of FDG-PET for CNS disease
detection (Hicks and Hofman, 2012), the development of appropriate PET tracers
could allow early detection of brain metastasis using existing clinical imaging
infrastructure. In this chapter, I will briefly explain the principles of nuclear
imaging, encompassing single-photon emission computed tomography (SPECT)
and positron emission tomography (PET), before going on to describe how such

imaging modalities could be used to detect CNS malignancies.

6.1.1 SPECT versus PET

SPECT is a nuclear imaging technique that detects y rays emitted from
radionuclides such as 123Jodine (123I), 99Technetium (99Tc) and *Indium (*:In).
The technique allows the construction of a 3D image as a y-camera rotates around
the sample, acquiring 2D images from multiple angles, as illustrated in Figure 6.1.
PET, meanwhile, detects the annihilation of positrons emitted by radionuclides

such as 3Fluorine (18F) and :Carbon (11C), as illustrated in Figure 6.2.

Since the development of commercial PET-CT systems in the early 2000s, the use
of SPECT in oncology has been dwindling, on account of the higher sensitivity and
greater quantitative capabilities of clinical PET-CT systems (Rahmim and Zaidi,
2008). This improved sensitivity leads to increased signal-to-noise and temporal
resolution. Of considerable benefit in the clinic is the ability to perform shorter
scans than with SPECT. Moreover, the enhanced temporal resolution facilitates
functional studies, modelling uptake over time. Despite this, SPECT is still utilised

due to lower costs and importantly the wider availability of radiotracers; tracer
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synthesis is not dependent on access to a cyclotron (Hicks and Hofman, 2012).
However, the success of FDG in oncology, coupled with more efficient regional
distribution of radiotracers from centralised cyclotrons, has facilitated the
increasing role of PET in cancer diagnosis and treatment assessment over the last
decade (Hicks and Hofman, 2012). However, within the pre-clinical setting,
SPECT has a host of benefits; namely, the longer half-life of radioisotopes enables
more protracted studies. Additionally, multiple tracers can be used to probe
different biological functions (Heiba et al., 2013; Hijnen et al., 2012), a modality
impossible in PET, as emitted photons have the same energy. On account of the
relative ease of the radiochemistry, SPECT was used initially in the current study
to test the hypothesis that astrocyte reactivity can be probed using small molecule

ligands, and that astrocyte detection can be used as a surrogate for tumour growth.

196



Y 159 keV

| | | Collimator

Scintillation detector

Photon multiplier tube

Reconstruction

Figure 6.1: SPECT detection of gamma ray emission. Gamma ray-emitting
radionuclides such as 231, are used in SPECT. Photons emitted by gamma decay that pass
through a physical collimator are detected. Incident photons elicit electron excitation in
the scintillation crystal, typically Nal (Tl). The subsequent emission of photons is
amplified via coupling to a photon multiplier tube (PMT). The thickness of the crystal in
the scintillation detector affects sensitivity and resolution. A thinner crystal yields greater
spatial resolution as, amongst other reasons, multiple interactions are less likely.
However, a greater crystal thickness enables enhanced detection of higher energy photons

and, hence, increased sensitivity. 3D information is obtained by a rotating gantry.
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Figure 6.2: Coincidence detection in PET. Positron emitting radionuclides,
such as 18F, are used in PET systems. The emitted positron travels through the
medium (the positron range) before annihilation with an electron. The positron
range limits resolution. Upon annihilation, two photons of 511 keV are emitted,
and follow trajectories 180° apart. Deviation in this angle can occur if the net
momentum of the positron and electron is not zero, and as such there is inherent
positional inaccuracy in the system. The annihilation events are detected
electronically using coincidence detection; if two detectors are ‘hit’ within a short
timeframe then the events are characterised as coincident. Such detection removes
the need for physical collimation as spatial information can be assigned from the

two relevant detectors.
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6.1.2 Reconstruction techniques

In the context of nuclear medicine, a projection is a 2D image acquired by a gamma
camera and projections are acquired at multiple angles so that a 3D estimation of
tracer distribution can be constructed. In SPECT, the camera rotates on a gantry
whilst in PET, the gamma camera is static, with detectors surrounding the subject.
In order to form a 3D image, the 2D projections must be reconstructed. Filtered
back projection (FBP) is the most commonly used reconstruction algorithm on
account of its ease and speed, and has been used here to reconstruct data acquired
with both SPECT and PET. If a projection represents the sum of all counts in a
straight line through an object, the back projection redistributes the counts to their
original location. Filters are applied to suppress noise and enhance signal (Lyra

and Ploussi, 2011).

6.1.3 Probing CNS inflammation with radiolabelled TSPO ligands

As shown in the previous chapters, the tumour microenvironment is populated by
reactive astrocytes throughout an extended time-course. Thus, developing tracers
that detect astrocyte activation could provide a robust mechanism for the detection
of brain metastases. A potential biomarker candidate is the translocator protein
(TSPO), also known as the peripheral benzodiazepine receptor. TSPO is an outer
mitochondrial membrane protein (Squires and Brastrup, 1977) and has multiple
functions including cholesterol import for steroid synthesis (Hauet et al., 2005),
regulation of mitochondrial metabolism (Hirsch et al., 1989) and apoptosis (Hirsch

et al., 1998). These diverse functions render knockout models embryonically lethal
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(Papadopoulos et al., 1997). Although TSPO was originally thought to be
exclusively upregulated on microglia in disease states, studies have also
demonstrated increased expression on astrocytes in humans, as well as in rodent
models (Cosenza-Nashat et al., 2009; Lavisse et al., 2012). Consequently, interest
has grown in the development and use of radiolabelled compounds against TSPO
for imaging neuroinflammation in diverse CNS pathologies such as multiple
sclerosis (Harberts et al., 2012), dementia (Cagnin et al., 2001), Alzheimer’s
disease (Versijpt et al., 2003) and stroke (Gulyas et al., 2012a; Gulyas et al., 2012b),
as reviewed in (Ching et al., 2012). As microglial activation has been robustly
identified in the brain metastatic environment (Balathasan et al., 2013; He et al.,
2006; Pukrop et al., 2010), an imaging approach that targets both glial populations

would presumably enhance the chances of tumour detection.

6.1.4 Small molecule TSPO ligands

The archetypal TSPO ligand is PK11195 (Le Fur et al., 1983) However, this small
molecule has poor pharmacokinetic properties with regards to biodistribution. As
such, a ‘second generation’ of TSPO ligands have been developed (Trapani et al.,
2013), which also display higher TSPO affinity. In this work, two compounds have
been used: DPA-713 in a SPECT system and GE-180 in a PET system. N-Diethyl-
2-[2-(4-methoxy-phenyl)-5, 7-dimethylpy-razolo [1, 5-a] pyrimidin-3-yl]-
acetamide (DPA713) is a TSPO ligand (Reynolds et al., 2010) that can be labelled
with radionuclides to enable detection with nuclear imaging techniques (Wang et
al.,, 2009). The compound has been used in both peripheral and CNS in vivo

models (Chauveau et al., 2009; Doorduin et al., 2009; Foss et al., 2013) and
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recently in a clinical study (Endres et al., 2012). In a comparison with PK11195, in
a rat model of herpes encephalitis, DPA-713 displayed reduced nonspecific binding
(Doorduin et al., 2009) and a higher TSPO affinity (4.7 nM versus 9.3 nM (Endres
et al., 2009)) than PK11195. GE-180 is a further second generation TSPO ligand,
more recently synthesised (Wadsworth et al., 2012). In a focal CNS inflammatory
lesion model, GE-180 has been shown to outperform PK1195, with regards to
compound binding the extent of gliosis (Dickens et al., 2014). GE-180 additionally
displays higher TSPO affinity compared to DPA-713 (0.87 nM) (Wadsworth et al.,

2012).

In light of the success of such compounds in other neuroinflammatory conditions,
I hypothesised that TSPO ligands coupled with radioisotopes could be used to
detect tumour burden in vivo. In order to test this hypothesis, I firstly used a
SPECT imaging system to detect tumour burden in both intracerebral and
intracardiac model of brain metastasis. The radiochemistry involved in SPECT
does not necessitate a cyclotron and the isotope used (123I) has a relatively long
half-life (13 hours). As such, the hypothesis could be easily tested in a pre-clinical
setting. Subsequently, upon finding that glial reactivity can indeed be used as a
surrogate for tumour growth, the pre-clinical work was repeated in a more
clinically relevant imaging modality, PET, with the rationale that greater sensitivity

will allow the detection of micrometastases.

Although two different compounds will be used, it is not the aim of this chapter to
directly compare the two TSPO ligands. Instead, SPECT, more practical for

preliminary work, will be used to test the hypothesis prior to translation into a
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more clinically relevant imaging modality, using a compound which has already

progressed to clinical trials for other neuropathology.

6.2 Results

6.2.5 There is a sustained glial response to brain metastasis

As shown in Figure 6.3, astrocytes are not the only glial cell to be activated in
response to brain metastases. Microglia are also activated, and unlike astrocytes,
infiltrate the tumour. As quantified in Figure 6.3, microglial activation is more
extensive than astrocyte activation at early time points in the intracardiac model of
brain metastases (Two-way ANOVA, Bonferroni post-hoc test: day 10,

p < 0.05; day 14, p < 0.001). Microglial activation plateaued by day 28 to a level

comparable to that of astrocyte activation.
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Figure 6.3: Microglia are activated in the tumour microenvironment. Female
BALB/c mice were injected intracardially with 4T1-GFP cells. At days 10, 14 and 28 post-
tumour cell injection, animals were perfusion-fixed for histology. Photomicrographs show
representative images from animals at day 14 post-tumour injection, comparing microglial
infiltration of metastases (blue cresyl stain), detected by Iba-1 immunoreactivity (brown
stain; A), with astrocyte activation (brown stain; B). (C) Quantitation of microglial and
astrocyte activation at days 10 (tumour number = 16), 14 (n = 39) and 28 (n = 7). Data was
not normally distributed and so was logged,, before a two-way ANOVA was performed
with Bonferroni post-hoc tests conducted where appropriate. * p < 0.05, ***p< 0.0001.

Data presented as mean values + S.E.M. Scale bar=100um.
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6.2.6 TSPO is expression in the tumour microenvironment

Figure 6.4: Glial TSPO expression is present in the tumour
microenvironment. (A-B) Confocal microscopy images obtained from mouse brain 14
days after intrastriatal injection of 4T1-GFP cells. Astrocytes and microglia were detected
with GFAP and Iba-1, respectively (red), and compared with TSPO detection (blue).
Endogenous GFP expression from 4T1-GFP cells was detected (green). Merged images
show co-localisation (pink) of TSPO with astrocytes (A) and microglia (B), but not 4T1-
GFP cells. (C-D) Confocal microscopy images obtained from mouse brain 21 days after
intracardiac injection of 104 4T1-GFP cells, markers as above. Merged images show co-

localisation of TSPO with astrocytes (C) and microglia (D). Scale bar = 50 um
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Increased TSPO expression by both astrocytes and microglia in the tumour
microenvironment was confirmed with immunofluorescence (Figure 6.4).
Enhanced TSPO expression by glia was demonstrated in both the intracerebral
(day 14) and intracardiac (day 21) models. Interestingly, astrocytic TSPO
expression appears to be more robust in the intracerebral model, compared to
microglial expression. In the intracardiac model, microglial TSPO expression is

more robust.

Previous studies suggest that human breast metastatic cells, including the MDA-
BR-231 cell line, express TSPO (Batarseh et al., 2012). In order to confirm the
cellular origin of the TSPO signal in this model, TSPO expression in 4T1-GFP cells
was investigated. As evident in Figure 6.5, 4T1-GFP cells do not express TSPO in
vitro unlike the positive control, MDA-BR-231 cells. Co-localisation between GFP

and TSPO is also not observed in the in vivo histology (Figure 6.4).
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Figure 6.5: 4T1-GFP cells do not express TSPO in vitro. TSPO expression in 4T1-
GFP and MDA231BR-GFP cells was determined in vitro using immunocytochemistry.
Cultures, grown on coverslips, were stained for TSPO expression with anti-PBR antibodies.
Primary antibody binding was revealed with Cy3 (red). Cell nuclei are stained with DAPI
(blue). 4T1-GFP cells do not express TSPO (A), compared to MDA231BR-GFP cells (B).

Scale bars=100 pm.
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6.2.7 123[-DPA-713 detection of intracerebral tumour burden
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Figure 6.6: 23I-DPA-713 SPECT can detect metastases induced by the
intracerebral method. Female BALB/c mice were injected intrastriatally with 4T1-GFP
cells or saline. At day 14 post tumour inoculation, animals were injected IV with ~20 MBq
123]-DPA-713 1 hour prior to SPECT imaging. (A) Representative SPECT images at the
injection site (left hemisphere) from a 4T1-GFP injected mouse and a saline injected
control (B). (C) Percentage signal increase in the injected hemisphere compared to the
control contralateral hemisphere for 4T1-GFP (n = 6) and saline (n = 3) injected animals.

Unpaired, two-tailed t-test *p=0.0375. Data are presented as mean values + S.E.M.

207



301 *

N
o
1

hemisphere

% signal increase
ipsilateral vs. contralateral

Saline

Figure 6.7: 1231-DPA713 binding was confirmed by autoradiography in 4T1-
GFP injected animals compared with saline injected animals. After SPECT
imaging, animals were perfused with saline and brain fresh-frozen. Multiple 10 pm
sections were taken through the injection site. Autoradiography was performed,
incubating sections for approximately 36 hours with a phosphor plate. Representative
autoradiographic images are shown from 4T1-GFP injected animals (A) and saline injected
animals (B). (C) Percentage signal increase in the injected hemisphere compared to the
control contralateral hemisphere for 4T1-GFP (n = 6) and saline (n = 3) injected animals.
Unpaired t-test *p=0.016. Images were false-coloured in ImageJ using the ‘Fire’ look-up

table. Data are presented as mean values + S.E.M.
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As shown in Figure 6.6, 1231-DPA-713 can be used to detect tumour burden with
SPECT in the intracerebral model of brain metastasis at day 14. Activity was
quantified in the ROI, spanning the injection site, and compared to the
contralateral hemisphere. As shown in Figure 6.6, the percentage signal increase
was greater in animals injected with 4T1-GFP cells as compared to saline control

animals (unpaired t-test, p =0.0375).

In order to confirm :23I-DPA-713 binding rather than pooling at the site of lesion,
autoradiography was performed on saline-perfused brains. As shown in Figure 6.7,
123]-DPA-713 binding can be detected throughout the injection site; such
enhancement of signal intensity compared to the contralateral hemisphere is
absent in the saline-injected animals (unpaired t-test, p=0.016). Auto-radiography
demonstrates that DPA-713 binds to areas of astrocyte activation and microglial
activation at day 14 of the intracerebral model (Figure 6.8). Applying a threshold
to the autoradiographic image (1 standard deviation and 1.5 standard deviations
above the mean intensity) demonstrates that the areas of greatest compound
binding correlate to the areas of most intense gliosis: directly within the tumour

periphery, along with microglial infiltration of the tumour.
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Figure 6.8: DPA-713 binding correlates with microglial and astrocyte
activation. (A) Representative autoradiographic image from mouse brain injected with
4T1-GFP cells in the left striatum. (B) Thresholded autoradiographic image, highlighting
areas with binding intensity of 1 S.D. above the mean. At areas distal to the most intense
signal (box 1), astrocyte (Bi) and microglial (Bii) staining is low, as seen in the contralateral
hemisphere (box 2; Biii and Biv, respectively). In contrast, in areas of greater binding
intensity (box 3), marked astrocyte (Bv) and microglial (Bvi) activation can be seen. (C)
Thresholded autoradiographic image, highlighting areas with binding intensity of 1.5
Standard deviation (SD) above the mean (i.e. maximal 23I-DPA713 retention), which
correspond to areas of greatest tumour burden. In these regions (box 4), strong astrocyte
activation (Ci) and substantial infiltration of microglia (Cii) was evident. Reactive
astrocytes and microglia were detected with GFAP and OX42 immunohistochemistry,

respectively (brown stain). Scale bars = 100um.
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6.2.8 123]- DPA713 detection of intracardiac tumour burden
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Figure 6.9: Metastases induced intracardially cannot be detected with SPECT
using 23I- DPA713. Animals were injected under ultra-sound guidance intracardially
with 4T1-GFP cells or saline. At day 21 post tumour inoculation, animals were injected IV
with ~20 Mobs 23I-DPA-713 1 hour prior to SPECT imaging. (A) Representative
autoradiography image; areas of increased signal correlated spatially with
immunohistochemical detection of tumour burden, as seen in the immunohistochemistry
image (B). (C) Quantification of 123I- DPA713 binding (normalised activity), as determined
by SPECT, in animals injected intracardially with either 4T1-GFP cells or saline (unpaired
t-test, p=0.3942). Autoradiography images were false-coloured in ImageJ using the ‘Fire’

look-up table. Data are presented as mean values + S.E.M.
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In order to investigate the utility of 123I-DPA-713 in detecting micrometastases in
the intracardiac model, imaging was performed at day 21 in animals injected
intracardially with either 4T1-GFP cells or saline. As shown in Figure 6.9, a
comparison between autoradiography images and histology suggests that ligand
binding occurs in regions of tumour-associated gliosis. However, comparing whole
brain VOIs in 4T1-GFP injected animals and saline animals, normalising to an
extra cranial reference region, revealed no significant difference was observed in

uptake between the two treatment groups (unpaired t-test, p=0.394).

6.2.9 Metastatic detection with PET using 8F-GE-180

Based on the success of the above experimental paradigm, with regards to detection
of tumour burden in the intracerebral model, 18F-GE-180 was used in conjunction
with PET to detect gliosis induced by brain metastasis. Firstly, animals were
injected with either 4T1-GFP cells or saline via the intracerebral route. At day 14,
PET-CT was performed on the animals using a 30-minute dynamic scan. As shown
in Figure 6.10, *8F-GE-180 can be used to detect tumour burden in the intracerebral
model of brain metastasis at day 14. Activity was quantified in the ROI, spanning
the injection site and compared to the contralateral hemisphere. As shown in
Figure 6.10, the percentage signal increase was greater in animals injected with

4T1-GFP cells, compared to saline control animals (unpaired t-test, p=0.0218).
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Figure 6.10: GE-180 PET can detect metastases induced via the intracerebral
method. Female BALB/c mice were injected intrastriatally with 4T1-GFP cells or saline.
At day 14 post tumour inoculation, animals were injected IV with ~20 MBq 8F-GE-180
and a dynamic PET scan performed (A) Representative PET images at the injection site
(left hemisphere) from a 4T1-GFP injected mouse. On the coronal CT section, the injection
site is visible. The PET data overlay demonstrates a ‘hotspot’ at the sit on injection. (B)
Percentage signal increase in the injected hemisphere compared to the control
contralateral hemisphere for 4T1-GFP (n = 9) and saline (n = 4) injected animals.

Unpaired t-test, *p=0.0218. Data are presented as mean values + S.E.M.
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Figure 6.11: GE-180 binding was confirmed by autoradiography in 4T1-GFP
injected animals as compared to saline injected animals. After PET imaging,
animals were perfused with saline and brains fresh-frozen. Multiple 10 pm sections were
taken through the injection site. Autoradiography was performed, incubating sections for
approximately 24 hours with a phosphor plate. Representative autoradiographic images
from 4T1-GFP injected animals (A) and saline injected animals (B). Images were false-
coloured in ImageJ using the ‘Fire’ look-up table. (C) Percentage signal increase in the
injected hemisphere compared to the control contralateral hemisphere for 4T1-GFP and
saline injected animals, normalised for injected dose (n=4 per treatment group). Unpaired

t-test, *p=0.0461.Data are presented as mean values + S.E.M.
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Figure 6.12: Disseminated metastatic burden can be detected with 8F GE-
180. At day 21 post-intracardiac tumour/saline injection, animals underwent PET-CT
imaging. Representative images from saline injected animals (A&B) and 4T1-GFP
injected animals (C&D), at different brain regions are displayed. The colour scale bar
represents lowest activity as dark green and highest activity as pink. (E) ~ 40 MBq 8F-
GE-180 was injected and a dynamic scan performed for 30 minutes. A whole brain
volume of interest was compared to an extracranial voxel. No significant differences
were observed between 4T1-GFP injected and saline injected animals (unpaired t-test,
p=0.268). (F) ~ 15 MBq ®F-GE-180 was injected and a dynamic scan performed for 50
minutes. A whole brain volume of interest was compared to an extracranial voxel,
looking at data collected from 25 minutes onwards. A significant difference was
observed between 4T1-GFP injected and saline injected animals (unpaired t-test,
P=0.0427). Data are presented as mean values + S.E.M.
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After PET-CT, animals were perfused with saline and tissue was processed for
autoradiography. As shown in Figure 6.11, strong 3F-GE-180 binding can be
observed in the tumour-bearing hemisphere. Such signal intensity is not
observed in the saline injected animals, when corrected for injected dose
(unpaired t-test, p=0.0461).

In order to ascertain whether or not 8F-GE-180 can be used to detect
micrometastases induced by the intracardiac model, animals were imaged at 21
days post-tumour inoculation. Firstly, as with the intracerebral model, a 30-
minute dynamic scan time was used. However, comparing intracranial to
extracranial activity revealed no significant differences over saline injected
animals (Figure 6.12 A; unpaired t-test, p=0.268). Thus, the scan time was
increased on account of the compound binding kinetics; a longer scan time will
increase the likelihood of capturing GE-180 binding. The dynamic scan was
analysed using only frames from 25 minutes onwards. Using this experimental
set-up, significant differences were revealed between treatment and control

groups (Figure 6.12 B; unpaired t-test, p=0.0427).

As shown in Figure 6.13, 8F-GE-180 binding in the intracardiac model was
confirmed with autoradiography, with compound binding ‘hotspots’ clearly
correlating with tumour burden. Whilst mild focal hyper intensities could be
found with Gd-MRI throughout the brain at this time-point, these were not
strongly enhancing (Figure 6.13 A) and did not encompass the full tumour
burden. In contrast, GE-180 appears to capture a greater number of

metastases. Thus, this suggests that the use of GE-180 could provide a more
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sensitive mechanism of tumour detection than MRI, owing to the greater signal

yielded by an increased area of compound binding.

Figure 6.13: 13F-GE-180 binds to areas of tumour growth facilitating
more sensitive tumour detection than with Gd-MRI. Female BALB/c
mice were injected intracardially with 4T1-GFP cells. At day 20 post-injection,
24 hours prior to 8F-GE-180 PET, animals underwent T1 weighted MRI, pre-
and post-Gd. BBB breakdown was observed at this time point, with hyper
intensities observed throughout the brain. A) Representative T1 weighted MR
image, post-Gd administration (1mm slice thickness). Arrows highlight
hyperintensities. Animals subsequently underwent PET imaging with 8F-GE-
180 PET. At the end of the imaging session, animals were perfused with saline,
brains fresh-frozen and processed for autoradiography. B) Autoradiography
image from corresponding tissue section. ‘Hot spots’ in orange represent 18F-
GE-180 PET binding. These hotspots correlate to tumour burden shown in (C),
with metastases, identified with a cresyl violet counterstain, highlighted with

boxes.
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6.3 Discussion

The development of techniques that enable earlier detection of brain
metastases— when therapy may be more beneficial— is critical (Serres et al.,
2012). In light of the robust astrocyte response to brain metastases
demonstrated in Chapter 3, along with microglial response demonstrated in
this chapter, a marker of gliosis could provide a useful biomarker for metastatic
burden. TSPO upregulation has been demonstrated in both astrocytes and
microglia when they become reactive (Cosenza-Nashat et al., 2009; Lavisse et
al., 2012) and numerous studies have demonstrated the use of radiolabelled
agents targeting TSPO for the detection of neuropathology (Chauveau et al.,
2009; Gulyas et al., 2012a; Harberts et al., 2012; Mattner et al., 2013). Thus,
such a molecular imaging approach could provide a tool for the early detection

of brain metastases.

In accord with this hypothesis, increased TSPO expression was found both on
astrocytes and microglia in the metastatic microenvironment, as has been
reported previously in other inflammatory conditions (Cosenza-Nashat et al.,
2009; Harberts et al., 2012). Interestingly, in the intracerebral model (day 14)
TSPO up-regulation appeared to be more robust in reactive astrocytes than in
activated microglia. Conversely, the reverse was found in the intracardiac
model (day 21) with TSPO expression in astrocytes being largely restricted to
the tumour periphery. These findings suggest that TSPO expression may reflect
differential glial phenotypes and that induction of TSPO expression is context-

dependent (Batarseh et al., 2010). Additionally, there is evidence that suggests
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that TSPO expression mirrors the different activation dynamics of the glial
populations. Microglia respond rapidly to challenge, whilst astrocytes are
activated over a more protracted time-course (Chen and Guilarte, 2008). Thus,
the reduced TSPO expression in microglia compared to astrocytes in the
intracerebral model may reflect the later time-point of the disease.
Nevertheless, the combined TSPO signal from both glial populations supported
the concept that radiolabelled compounds targeted to TSPO could be used to

image metastasis-associated gliosis.

Initial TSPO imaging work was conducted in the intracerebral model, in which
the tumour cells are injected into a known location within the left striatum. 1231-
DPA713 accumulation was clearly evident using SPECT detection at the site of
tumour cell injection, and to a significantly greater extent than was seen in
saline-injected animals. Autoradiography provided higher spatial resolution,
confirming 23I-DPA713 binding in the tumour-bearing hemisphere, and again

was greater than observed in the saline animals.

Spatial registration of the autoradiographic images with immunohistochemical
staining demonstrated that radiotracer binding extended well beyond the area
encompassing the metastases themselves, and correlated spatially with the
overall extent of astrocyte and microglial activation. However, the greatest
intensity of compound binding appeared to correlate with the metastatic foci.

This is likely to be due to the strong glial activation in this region, including
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dense microglial infiltration of the metastatic site and closely surrounding

astrocyte activation.

Whilst the intracerebral model provides a focal lesion appropriate for trialling
imaging techniques, a more physiologically relevant model should be used to
demonstrate clinical potential. As such, 123I-DPA-713 was used in animals at
day 21 after intracardiac injection of 4T1-GFP or saline. Autoradiography data
indicated that :23I-DPA713 also enabled detection of astrogliosis induced by
metastases in the intracardiac model. However, it appears that the spatial
resolution of SPECT imaging was insufficient to enable visualisation of
individual metastases at this time point in vivo, most likely owing to their very
small size compared to the metastatic foci in the intracerebral model (ca. 100
pMm vs. 600 pm diameter) and, hence, the associated area of gliosis (ca. 400 ym

vs. ca. 1800 ym.

Taken together, the intracerebral and intracardiac 23I-DPA713 SPECT data
suggest a detection threshold for metastases lying between 100 and 600 pm in
diameter, with an associated area of astroglial activation of 0.120 mm2 to 120
mm2. Whilst the spatial resolution of SPECT will not allow detection of
individual metastases inducing a glial response much less than 1 mm in
diameter, in addition there may be issues with compound sensitivity. Even so,
this is considerably earlier than the current clinical approach of Gd-MRI, which

has a detection threshold of 0.5—1.0 cm tumour diameter.

The success of this experimental paradigm in detecting tumour-induced gliosis
led to progression to a PET system, with the rationale that greater sensitivity
would allow detection of micrometastases in the intracardiac model.
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Additionally, the acquisition of another TSPO ligand with greater receptor
affinity, GE-180 (Wadsworth et al., 2012), may also facilitate enhanced tumour

detection.

18F-GE-180 also detects tumour burden in the intracerebral model of
metastasis, as seen by autoradiography. Additionally, tumour burden can be
visualised with PET using a 30-minute scan time. Volume-of-interest
comparisons to a cerebral reference region (the contralateral hemisphere)
indicate that PET can reliably detect tumour burden compared to saline-

injected animals.

Using a 50-minute acquisition time, GE-180 can be used to detect tumour
burden induced by the intracardiac model. The autoradiography data presented
here demonstrate ligand binding correlating with metastatic burden. Of
particular note is that the autoradiography images demonstrate that GE-180 is
a more sensitive detector of tumour burden than what can be observed with Gd-
enhanced MRI. Furthermore, this binding can be globally detected with PET,
as demonstrated by the increased intracranial activity compared to saline-

injected controls.

Going forwards with this technique, a more sophisticated analysis will be
required to pull out discrete ‘hotspots’ in the intracardiac model, such that
individual metastases can be detected; the current analysis allows global
differentiation between treatment and control groups. As it stands, the data

sets are very ‘noisy’, with a lot of background signal, even in in the saline
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animals. An alternative reconstruction method could be used to remove this
background. Iterative reconstruction algorithms, such as ordered subsets
expectation maximisation (OSEM), are more complex than the FBP algorithm
used in this thesis, but are generally considered to suppress noise to a greater
extent. An image estimate is constructed, usually displaying a uniform
distribution of activity. Forward projection is used to estimate a set of
projection data. The estimated projections are compared to the recorded
projections, with the differences used to modulate the estimated image. This
process is repeated until the difference is smaller than the predefined value
(Lyra and Ploussi, 2011). Once this reconstruction technique has been used, it
may be possible to use cluster analysis to detect individual hotspots that
correlate with tumour burden in disseminated disease. This technique has been
employed in clinical analysis (Turkheimer et al., 2007), so it remains to be seen

whether this can be translated into small rodent models.

This study is not a direct comparison of the two TSPO ligands. However, it does
indicate that GE-180 can be used to detect tumour burden more robustly than
DPA-713. Whether this is a consequence of the greater sensitivity conferred by
PET over SPECT, or due to the nature of the compound itself, has not been
investigated. However, greater ligand affinity could be a factor driving

increased separation of experimental versus control groups.

Interestingly, very recent work has suggested the potential for imaging breast
cancer metastasis to the brain on the basis of TSPO expression by the breast
cancer cells themselves (Vasdev et al., 2013; Wyatt et al., 2010; Wyatt et al.,
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2012); TSPO has been linked to enhanced proliferative potential (Wu and Gallo,
2013). However, the work presented here demonstrates that this approach
would target not only the metastatic cells, but also the glial response. This
amplified region of detection will be of critical importance for lower-resolution
clinical imaging methods. Moreover, we found that the 4T1-GFP cells used here
do not robustly express TSPO, in contrast to the metastatic human breast
carcinoma cell line MDABR231 in which expression has previously been shown
(Batarseh et al., 2012). Thus, any signal observed in this study is due to
enhanced gliosis in the tumour microenvironment. These studies also suggest
that not all tumour cells will be TSPO-positive, but glial activation has been
found to be consistent across a number of different types of brain metastasis,

making this a technique with broad clinical applications.

In the context of imaging astrocytes in primary brain tumours, numerous
glioma cell lines have been shown to highly express TSPO (Winkeler et al.,
2012), and recent studies in rat models of glioma suggest that this approach
could be used as a clinical tool to detect metastases (Buck et al., 2011; Tang et
al., 2012; Winkeler et al., 2012). These techniques are unlikely to allow
differentiation of tumour growth from associated astrogliosis. However, this
approach does hold potential as a surrogate biomarker for the clinical detection

of CNS tumours.

In translating the above work into a clinical scenario, one should bear in mind

genetic polymorphisms in the TSPO gene, which have been shown to affect
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ligand binding (Guo et al., 2013; Kreisl et al.,, 2012; Owen et al., 2011).
Additionally, there is evidence for age-related increases in TSPO ligand uptake
in certain brain regions (Kumar et al., 2012), which along with age-related
neuroinflammatory pathologies, may act as a confound for the detection of

brain metastasis.
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6.4 Conclusions and Future work

In conclusion, TSPO is expressed on both astrocytes and microglia in the
tumour microenvironment. In this study, TSPO was successfully targeted with
the small-molecule radiolabelled ligands, DPA-713 and GE-180. Compound
binding to areas of gliosis acted as a surrogate for tumour growth in both a
SPECT and PET system, with binding confirmed with autoradiography. The
threshold for tumour detection was lower in the PET system, presumably as a
consequence of increased sensitivity of PET over SPECT and greater TSPO
affinity of GE-180 compared to DPA-713. Thus, going forward, the GE-180 PET
system will be used to further test the utility of TSPO as a biomarker for tumour

burden.

Attempts were made to determine, at a cellular level, the binding profile of
TSPO ligands, using silver emulsion radiography. However, this approach was
not successful. Thus, with regards to specific co-localisation of DPA-713 and
GE-180 with astrocytes and microglia, future work could employ the use of a
fluorescently labelled TSPO ligand. A fluorescently labelled analogue of DPA-
713, DPA-713-IRDye680LT, has been used to demonstrate pulmonary
macrophage binding in an in vivo model of tuberculosis: blockade of TSPO with
unlabelled DPA-713 attenuates co-localisation with macrophage markers (Foss
et al., 2013). Thus, using a similar strategy, one could probe the distribution of

TSPO ligand binding in order to confirm astrocyte and microglial binding at a
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greater spatial resolution than is achievable with autoradiography. This would
have interesting implications for analysing the temporal profile of TSPO

expression with disease pathogenesis and how this affects ligand binding.

With regards to early detection of disease, a longitudinal study should be
conducted to define the point at which metastatic growth can be detected via
TSPO imaging, and to compare this with Gd-MRI. This study would allow
determination of the utility of this technique to detect neuroinflammation at
time points earlier than the current clinical gold standard. As GE-180 is
currently in Phase I clinical trials for Alzheimer’s disease, one could envision
the possibility for rapid translation to the clinic, should further pre-clinical

work prove promising.

Whilst much focus has been placed on TSPO imaging, there are other markers
of neuroinflammation that could be used as indicators of metastatic disease.
Monoamine oxidase-B (MAO-B), like TSPO, is located on the outer
mitochondrial membrane. Expression is elevated in activated astrocytes, and
ligands against the enzyme have been used for PET detection in some
neuropathologies (Engler et al., 2003; Johansson et al., 2007; Santillo et al.,
2011). It would be interesting to investigate whether or not such ligands could
be used to detect metastatic burden. With regards to the microglial response, it
has been recently shown in human studies that radiolabelled ligands targeting
adenosine receptor 2A (A2AR) can be used to detect the microglial response in
MS (Rissanen et al., 2013). In light of the genetic polymorphisms in TSPO

described above, perhaps it is wise to look at alternative tracers.
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Chapter7  Discussion and Future Directions

Over recent years there has been a flurry of activity regarding the involvement
of astrocytes in brain metastases. However, functional insights into the role of
astroglia have largely been limited to in vitro systems. The experimental work
presented here is the first to manipulate astrocyte activation itself, in vivo, in
order to attempt to elucidate its role in the progression of metastasis. Whilst
an answer to the question ‘What is the role of astrocytes in brain metastasis?’
has yet to be fully achieved, this work has made headway in translating in vitro
findings into relevant in vivo models. Not only have mechanistic insights been
gained, but it is also clear that the glial response can be targeted with diagnostic

imaging modalities, as a surrogate for metastatic burden.

In this thesis I have demonstrated, via two in vivo routes of metastatic
induction, that astrocyte activation is a robust feature of the tumour
microenvironment, throughout a prolonged time period. There appears to be a
dynamic interaction between astrocytes and metastatic cells and, as such,
astrocyte reactivity does not progress to a glial scar, as observed in other brain
pathologies such as stroke and traumatic brain injury. Thus, findings in those

disease states may not be translatable to the situation in brain metastasis.

In addition to demonstrating the intimate and dynamic association between
astrocytes and tumour cells, I aimed to elucidate the role of astrocytes in brain
metastases pathogenesis. To this end, I used two experimental paradigms. The

first involved chronic activation of astrocytes using a CNTF-lentivirus. The
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second, conversely, aimed to inhibit astrocytes, using a liposome-packaged
steroid (2B3-201). Although no significant modulation of tumour burden was
found in either model, the trends observed in both fitted with the hypothesis
that astrocyte activation drives tumour progression; in the CNTF-lentivirus
model there were indications towards increased tumour growth at later time
points of disease, whilst in the 2B3-201 inhibition study, a trend towards
decreased tumour growth was suggested, particularly in prefrontal regions.

With regards to the induction of astrocyte activation with a CNTF-lentivirus, I
have demonstrated that astrocytes activated in this manner do not alter
metastatic seeding or growth. Instead, I have shown that astrocytes stimulated
with distinct challenges (CNTF vs. tumour-conditioned media) respond with
different molecular phenotypes. Thus, in order to probe the effect of chronic
astrocyte activation on metastatic progression, a model in which astrocytes are
in a more relevant activation state may prove more useful. Perhaps ‘priming’
the CNS with tumour-conditioned media prior to tumour inoculation would
activate astrocytes in a relevant manner. However, as manipulating the
phenotype of specific cells is clearly challenging, inhibition studies may be a
more practical approach. As shown in Chapter 5, attempts were made to inhibit
astrocyte activation wusing a targeted liposomally-packaged steroid
(methylprednisolone). Whilst this study did not demonstrate any significant
alteration in tumour burden, this may be due to experimental design. More
frequent dosing and/or a more potent steroid (e.g. dexamethasone) might be
necessary to induce significant differences in astrocyte reactivity, tumour

seeding and growth.
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As discussed in Chapter 5, a transgenic model in which astrocyte activation is
specifically inhibited, could prove a robust experimental paradigm for
determining, in vivo, the role of astrocytes in brain metastasis. These
experiments are now in progress and their outcome will have great relevance to
this thesis. Although in Chapter 3 qPCR data indicated that TNF was not part
of the CNS response to tumour growth, cytokine release by the tumour cells
themselves has not yet been assessed. Thus, signaling via NFkB is still a
relevant mechanism to probe in astrocytes, based on the experimental

literature.

This thesis provides a strong framework for further studies into the role of
astrocytes in metastatic progression. It is apparent that astrocytes do not exist
in one phenotype surrounding the periphery of metastatic colonies. Thus,
subsequent studies into modulation of the astrocytic response must take this
into account. As discussed in Chapter 3, use of the transgenic mouse strain,
GFAP-GFP, could prove useful for acute isolation of astrocytes from different
regions around the tumour periphery, allowing a comparison of the
transcriptional profile. Similarly, the novel technique of laser capture
microdissection could also shed light on this issue. Utilising
immunofluorescence techniques, a spatial profile of the tumour
microenvironment with regards to protein expression could be achieved. As
shown in Chapter 3, iNOS expression by astrocytes was only evident in the
tumour periphery. It would be interesting to determine whether this spatial
pattern correlates with the production of iNOS stimulating factors, such as IL-

1B and whether the spatial relationship changes with time.
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Moving forward, from the PCR work presented in Chapter 3 and Chapter 4, IL-
6 appears to be a gene of interest for further work. As shown in Chapter 3, IL-
6 expression is observed in response to tumour burden, compared to vehicle
control, in the intracerebral model. Additionally, increases across the time
course in the intracardiac model were observed. In the PCR study of astrocyte
cultures in Chapter 4, IL-6 was differentially regulated by TCM and CNTF.
Indeed, the lack of growth advantage conferred by CNTF-activated astrocytes
may, in part, reflect the absence of IL-6 production. Thus, strategies to inhibit
the action of IL-6 in vivo might prove promising for reducing brain metastatic
growth. Indeed, an in vivo study in which mice were inoculated with the
metastatic lung cell line HARA-B, demonstrated that treatment with the anti-
IL-6 receptor monoclonal antibody, Tocilizumab, significantly reduced brain
metastasis volume when given after the establishment of metastatic colonies
(Noda et al., 2012). It would be interesting to pursue this in the models I have
developed in this thesis, with a more robust quantification of tumour volume
than the previous study; the authors calculated tumour volume using
fluorescence and gave no indication as to whether multiple micrometastases
were tracked throughout the brain. Moreover, when considering the
translational potential of such a therapeutic paradigm, it is important to take in
account penetration of the BBB. Whilst Tocilizumab has been demonstrated to
have a good long-term peripheral safety profile in patients receiving the drug
for rheumatoid arthritis (Nishimoto et al., 2009), antibodies typically do not
penetrate the BBB well. Antibody delivery to the sites of metastasis could be

enhanced using a novel strategy, in which a bolus intravenous injection of TNF
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has been shown to induce BBB permeabilisation specifically at sites of brain
metastases, facilitating antibody delivery (Connell et al., 2013). Alternatively,
small molecules could be considered. For example, in an in vivo model of LPS
induced CNS inflammation, leutolin was shown to reduce IL-6 production.
Concomitant in vitro studies demonstrated that leutolin reduces IL-6
production in microglia (Jang et al., 2008). It would be interesting to use this
small molecule in the models presented in this thesis to determine whether IL-
6 production by astrocytes can be inhibited and, if so, whether that translates

to a reduction in tumour burden.

Just as caution must be exercised when extrapolating in vitro data into an in
vivo scenario, one must recognize the caveats of translating in vivo work into
the clinical setting. The intracardiac model is a physiologically relevant model
of hematogenous dissemination of cancer cells to the brain. However, the
tumour burden induced via this method far exceeds the tumour burden
typically observed in the clinic. Consequently, the neuroinflammatory response
observed in these studies may not be representative of the clinical situation.
Other models, such as breast cancer xenografts which spontaneously
metastasise to the brain could be utilized (Daphu et al., 2013). This would also
enable study of the pre-metastatic niche (Liu et al., 2013; Ramakrishna and
Rostomily, 2013), allowing the contribution of astrocytes to this stage of
pathogenesis to be addressed. However, such models are impractical when it
comes to repeatable assessment and comparison of tumour burden as required
in this study. Moreover, such models typically require resection of the primary

tumour in order to allow longitudinal studies of brain metastases, whilst long-
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term animal health can be a problem owing to high systemic as well as central
metastatic burden. The solution, therefore, may simply be to work with fewer

tumour cells introduced via the intracardiac route as described here.

Importantly, this thesis demonstrates that the astrocytic response to brain
metastasis can be harnessed as a target for the early detection of brain
metastasis.  Glial expression of TSPO was successfully imaged using
radiolabelled small molecules with both SPECT and PET modalities. As the GE-
180 compound used in the PET experiments is already in clinical trials for
another disease indication, this is promising for extending these in vivo
findings to the clinic. Prior to that, however, the threshold of detection must be
further defined in longitudinal studies from the point of tumour inoculation,
and concurrent MRI studies employed in order to determine whether this
technique can supersede the current ‘gold-standard’ of contrast-enhanced MRI.
Additionally, as discussed above, inoculation of fewer cells may be necessary in

order to more faithfully recapitulate the clinical situation.

In conclusion, astrocytes are robustly activated in response to metastatic
burden. Whilst it is yet to be fully elucidated how astrocytes contribute to
metastatic disease, based on the trends in both the activation and inhibition
studies presented here, it appears likely that astrocytes contribute to metastatic
growth. This contribution to metastatic growth may be mediated by a host of
proliferative mediators, but the work described here suggests that IL-6 is a
sensible candidate for future inhibition studies. Regardless of the roles of

astrocytes in brain metastasis, the SPECT and PET work conducted here
233



demonstrate that the glial response to tumour burden is a novel mechanism for
the early detection of brain metastasis. A greater understanding of the role of
astrocyte reactivity, along with the ability to target gliosis as a diagnostic
biomarker has great relevance for detecting and treating brain metastasis in the

clinic.
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