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Parenchymal metastases
Secondary tumour growth in the essential and distinctive tissue of the brain

Leptomeningeal metastases
Secondary tumour growth in the linings of the brain

Cranial neuropathies
Abnormal function (either sensory or motor) of one of the 12 cranial nerves

Stereotactic radiosurgery

Radiation therapy in which multiple convergent beams of high energy X-rays, -y-rays or protons are delivered to a discrete lesion in the
brain

Astrocytes

Brain cells that form a physical and metabolic support system for nerves while releasing communicative transmitters. When activated,
astrocytes produce glial fibrillary acid protein intermediate filaments and shield neurons from damage

Iron oxide particles

In magnetic resonance imaging, these supramagnetic particles generate a region emitting no radiofrequency signal, known as a signal
void

Temozolomide

A brain-permeable chemotherapeutic with alkylating activity

Partial response

At least a 30% decrease in the sum of diameters of target lesions, taking as reference the baseline sum diameters

Stable disease

Neither sufficient shrinkage to qualify for partial response nor sufficient increase to qualify for progressive disease, taking as reference
the smallest sum diameters while on study

Disease progression

At least a 20% increase in the sum of diameters of target lesions, taking as reference the smallest sum on study (this includes the
baseline sum). In addition to the relative increase of 20%, the sum must also demonstrate an absolute increase of at least 5 mm

Facilitated diffusion
The spontaneous passage of molecules or ions across a biological membrane passing through specific transmembrane integral proteins

Epothilones

A new class of microtubule-active drugs

Nomogram

A form of line chart showing scales for the variables involved in a particular formula so that corresponding values for each variable lie
in a straight line intersecting all the scales

Performance status
A measure of a patient’s well-being defined as the amount of normal activity that the patient can maintain
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The incidence of metastasis to the brain is apparently rising in cancer patients and threatens to
limit the gains that have been made by new systemic treatments. The brain is considered a
‘sanctuary site’ as the blood—tumour barrier limits the ability of drugs to enter and kill tumour
cells. Translational research examining metastasis to the brain needs to be multi-disciplinary,
marrying advanced chemistry, blood-brain barrier pharmacokinetics, neurocognitive testing and
radiation biology with metastasis biology, to develop and implement new clinical trial designs.
Advances in the chemoprevention of brain metastases, the validation of tumour radiation
sensitizers and the amelioration of cognitive deficits caused by whole-brain radiation therapy are
discussed.

ClinicalTrials.gov:
http://clinicaltrials.gov/

Brain metastases — parenchymal metastases and leptomeningeal metastases (BOX 1) —
most commonly arise from cancers of the lung, breast and skin (melanoma), but also occur
at a reduced frequency in patients with diverse cancer types. The incidence of brain
metastases is highest in patients with lung tumours. Approximately 10-25% of patients with
lung cancer have brain metastases at diagnosis and another 40-50% develop them during the
course of their disease, with an even greater incidence at autopsy!. Brain metastases
conferred an inferior overall survival to patients with non-small-cell lung cancer (NSCLC),
particularly to those who had a limited number of systemic (liver, bone and other organs)
metastases?.

For cancers of the breast, brain metastases occur after the diagnosis of systemic metastases.
In patients with metastatic disease whose tumours fall into two categories — tumours with
amplification of receptor tyrosine kinase £RBB2 (ERBBZ2*; also known as HERZ") or triple-
negative (oestrogen receptor (ER) and progesterone receptor (PR)-negative and normal
levels of expression of ERBB2) tumours — the incidence of brain metastases can exceed
one-third of patients. The incidence of brain metastases is lower in patients with ER-positive
(ERY) metastatic tumours3-2. Worryingly, brain metastases are increasingly a first site of
progression after treatment for metastatic disease in patients with £RBB2* breast cancer,
and this threatens to limit the survival gains made in systemic therapy®. For patients with
triple-negative metastatic breast cancer, brain and systemic metastases often occur
simultaneously’. Autopsy and imaging studies indicate that an additional 15-30% of
patients with metastatic breast cancer also have brain metastases that were not diagnosed®?.

For patients with melanoma, 50-75% have brain metastases at autopsy and two-thirds of
these patients will have had symptoms and been diagnosed with brain metastases before
deathl. The prognosis of patients with melanoma who have brain metastases is poor, with a
median survival of 2.8-4.0 months after diagnosis. Approximately 20-55% of patients with
malignant melanoma die as a result of their brain metastases?.

Brain metastases are often indicated by symptoms, such as seizures, loss of motor and
sensory function, cranial neuropathies and cognitive decline, and are confirmed by imaging
— lesions of several millimetres in size are routinely radiographically detectable. Brain
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metastases are expected to become more prevalent and to clinically manifest in other cancer
types as systemic therapy improves, resulting in longer patient survival and the control of
metastases in other organs.

Current treatments for brain metastases are palliative and centre on surgery and radiation
therapy. Surgery is a viable option for patients with only one lesion or a small number of
lesions located in accessible regions of the brain and often provides rapid relief of
symptoms. Two types of radiation therapy (BOX 2) are commonly used for patients:
stereotactic radiosurgery (SRS) or whole-brain radiotherapy (WBRT). Both the presence of
brain metastases and their treatments cause physical and cognitive morbidities, and
improvements in patient survival are still measured in weeks or months. With this in mind,
this Review discusses our current understanding of the biology of established brain
metastases and whether recent advances in understanding the colonization of the brain by
metastatic cells will enable the development of drugs that can limit the development of brain
metastases. In addition, we consider the need to evaluate new drugs on the basis of whether
they can treat established brain metastases or prevent them from occurring or recurring.
Finally, we consider ways of improving the current standard of care (WBRT or SRS) for
patients with brain metastases.

How do tumour cells colonize the brain?

Interactions

The colonization of the brain by metastatic cancer cells starts with a tumour cell
extravasating into the brain and eventually leads to a detectable clinical metastasis (FIG. 1).
This process has been deciphered using model systems. In general, tumour cell lines have
been injected into the general circulation (intracardiac or intravenous injection) or directly
upstream of the brain (intra-carotid injection). The resulting brain metastases are then
harvested, expanded in culture and subjected to multiple rounds of re-injection and
harvesting. Using this approach, tumour cells with a tropism for growth in the brain have
been derived. Experimental models of brain metastasis have been reported for lung1-13 and
breast14-20 cancers, melanomal3.21-24 and other cancer types?>=27. Spontaneous mouse
models of brain metastasis that emanate from a primary tumour have been less frequently
reported?0:28, The relevance of certain models to aspects of the development of human brain
metastases, such as rates of proliferation or apoptosis, the neuroinflammatory response2®
and drug resistancel, have been reported. These models probably represent examples of the
heterogeneity of human brain metastatic progression; additional models covering poorly
understood facets of brain metastasis, such as chemotherapeutic resistance, cognitive
dysfunction and radiation resistance, are still needed.

between tumour cells and the brain micro-environment.

In 1889 Paget described metastasis as an interaction between a tumour cell (the ‘seed”) and a
congenial microenvironment (the ‘soil’)3. At least three microenvironments have been
implicated in brain metastatic colonization: the perivascular niche, the brain parenchyma and
the cerebrospinal fluid (CSF) or the leptomeningeal niche (BOX 1). Early after injection,
breast and melanoma brain-tropic cell lines intimately associate with the outside surface of a
blood vessel. Tumour cells elongate their shape along the vessels, adhere to the vascular
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basement membrane via B1 integrins, and proliferate and invade while on top of the vascular
basement membrane20. Similar results were reported for a brain-tropic Lewis lung
carcinoma line early after carotid injection, which was followed by a brain parenchymal
growth pattern12,

The second metastatic niche, the brain parenchyma, is altered by neuroinflammation29-31,
Histological analysis of resected human brain metastases revealed tumour cells interdigitated
with activated microglia and astrocytes?9:32:33 These data indicate that metastases might
form from the convergence of small micro-metastases that are encased in the brain
parenchyma. Indeed, activation of astrocytes and microglia is widely evident around
experimental brain metastases2:33:34 Both /n vitroand ex vivo studies support a functional
interaction of cancer cells and the neural microenvironment. For example, when tumour cells
embedded in matrix were cultured next to a brain slice, microglia accumulated at the point
of contact, associated with the tumour cells and facilitated their invasion into the slice3®.
Astrocytes can enable the growth of brain-tropic tumour cell lines in co-culture
experiments29:33. Seike et a/33 have proposed a “vicious cycle’ in which tumour cell factors,
such as macrophage inhibitory factor, interleukin-8 (IL-8) and plasminogen activator
inhibitor 1, activate astrocytes that, in turn, produce proliferative factors for the tumour cells,
including IL-6, IL-1@ and tumour necrosis factor33,

Complex vascular changes are evident during parenchymal colonization. Although the brain
has a rich supply of blood vessels, vessel density is lower in experimental metastases than in
normal brain, but vessels are dilated and tortuous in the metastases®20. It also seems that
metastasis-specific patterns exist, as human melanoma and lung brain metastases have a
lower vessel density than brain metastases from breast cancers36. Co-option of the existing
vasculature has been reported2021, and the role of neo-angiogenesis during colonization of
the parenchyma has been debated?5:37:38_ The role of anti-angiogenic therapy, through the
inhibition of the vascular endothelial growth factor (VEGF) receptor (VEGFR) has been
reported in preclinical models and the results have been mixed. Using the Mel57-VEGF-A
melanoma cell line, brain metastases became undetectable by magnetic resonance imaging
(MRI) owing to permeability changes, but small non-angiogenic lesions persisted, showing
evidence of vessel co-option2L. In a prostatic cancer model, brain metastases demonstrated a
reduced central vascular bed but retained a rim of increased blood volume23. These findings
probably reflect the fact that the functions of VEGF and angiogenesis seem to be complex in
brain metastasis. For example, the overexpression of a splice variant of VEGFA, VEGF-
A165, in a melanoma cell line accelerated the invasive growth of brain metastases3’. Central
necrosis, dilation of blood vessels and vascular permeability were also evident, but sprouting
angiogenesis was absent.

Non-progressive colonization: dormancy.

Dormant tumour cells have been described in the brain. Using double-contrast MRI (DC-
MRI) of 231-BR breast cancer cells expressing enhanced green fluorescent protein (EGFP)
and loaded with micron-sized iron oxide particles, the fate of single metastatic cells was
serially imaged in the mouse brain. Proliferation of the tumour cells divides the iron oxide
particles between daughter cells, resulting in an undetectable concentration and enabling the
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detection of the fluorescent EGFP lesion. For every overt fluorescent green brain metastasis
formed, three cells remained dormant3®, providing a considerable pool of tumour cells to
potentially awaken and lead to further relapses.

Molecular pathways mediating brain metastasis.

The best evidence for gene expression changes during metastasis to the brain comes from a
comparison of tissue blocks containing the primary tumour with a surgically resected brain
metastasis from the same patient. Using these rare resources, differences were reported in
the expression of stem cell markers#?, receptor tyrosine kinases*®-43, hormone receptors,
cyclooxygenase 2 (REF 43), proteins involved in apoptosis*3 and DNA repair enzymes*>:46.
The methylation of genes such as secretoglobulin family member 3A, member 1
(SCGB3A1, also known as H/NI) and retinoic acid receptor-p (RARB) was increased in
metastases from the brain, as well as lung and bone?’. In addition, DNA sequencing of a
matched primary tumour and brain metastasis from a patient with basal-like breast cancer
indicated that the metastasis and the tumour shared many mutations and that the metastasis
probably developed from a few cells in the primary tumour; brain metastasis-specific DNA
copy number alterations and mutations were also identified*®. Among unmatched samples of
primary tumours and brain metastases, reduced expression of the NM23, KISS1, KA/1,
BRMS1 and MKK4 metastasis suppressor genes*®, the BCL 2 anti-apoptotic gene®® and the
Notch-target transcription factor HESZ (REF 51) was reported. Conversely, high expression
of hexokinase 2 (HK2)52 and phosphorylated signal transducer and activator of transcription
3 (STAT3)33 were seen in brain metastases. All of these trends represent potential leads for
the functional modulation of brain metastatic potential. To reveal additional pathways that
are involved in metastasis to the brain, gene expression changes between experimental brain-
tropic and parental tumour cell lines have been identified. Only a few pathways have been
functionally confirmed in brain metastasis assays to date using gene overexpression or
underexpression in brain-tropic cell lines. Many of these genes have previously been
implicated in metastasis to other organs, suggesting that brain colonization results from both
general and site-specific metastatic pathways.

Overexpression of ERBBZin the 231-BR breast cancer cell line had no effect on the number
of micro-metastases per brain section, but increased the number of large metastases
(comparable to a 5 mm lesion in a single dimension in a human brain) by 2.5-3-fold®4.
Thus, ERBBZ overexpression had no effect on the initial stages of tumour cell arrival or
growth, but promoted the final steps of metastatic colonization in the brain. In lung cancer,
overexpression of the receptor tyrosine kinase MET and its ligand hepatocyte growth factor
(HGF) in NCI-H460 tumour cells promoted widespread metastasis, including to the brain®°.

In lung cancer, activation of the WNT pathway has been linked to bone and brain metastasis.
Binding of WNT ligands to their receptor stabilizes p-catenin (encoded by CTNNBI), which
binds to the transcription factors of the lymphoid enhancer-binding factor (LEF)
transcription factor (TCF) family. A TCF-related gene signature predicted lung cancer
metastasis-free survival but not breast cancer metastasis-free survival. Expression of
dominant-negative TCFs inhibited the brain and systemic metastasis of lung cancer cell
lines, and was mediated by alterations in LEF1 and homeobox protein HOXB9 (REF 56).
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A potential site-specific brain metastatic pathway involves an a—-2,6-sialyltransferase
ST6GALNACS (also known as a-A-acetylgalactosaminide). STEGALNACS was identified
by its overexpression in brain, but not in bone- or lung-tropic breast cancer cell lines —
lectin staining for STEGALNACS was observed in 50% of brain metastases compared with
18% of lung metastases. Sialyltransferases are thought to affect cell-cell interactions
through the sialylation of gangliosides and glycoproteins. Knock down of STEGALNACS
reduced tumour cell line migration across artificial blood-brain barriers (BBBSs) /n vitro and
brain metastasis in animal models?’.

Cytokines and their signalling pathways participate in metastatic colonization in the brain.
Transforming growth factor-g (TGFP) is a cytokine that has been widely reported to inhibit
the initiation of tumori-genesis but to also stimulate tumour progression and metastasis.
Murine B16 melanoma cells produced exclusively leptomeningeal metastases;
overexpression of TGFB2 induced parenchymal micrometastases but had no effect on the
leptomeningeal lesions23. The STAT signalling pathway, which is downstream of many
cytokines, was activated in brain metastases. Transfection of STAT3 into A375 brain-tropic
melanoma cells increased the incidence of brain metastases, as well as their blood vessel
density, and decreased the survival of the injected animals®3. STAT3 promotion of melanoma
brain metastasis is linked to decreased expression of the suppressor of cytokine signalling 1
(SOCS1), which is a negative regulator of cytokine signal transduction??,

Potential microenvironmental contributions to brain metastasis include the expression of
proteases within the parenchyma and by the invading tumour cells. Transgenic
overexpression of plasminogen activator inhibitor 1 (Serpinel) and tissue inhibitor of
metalloproteinase 1 ( 7imp/) in mouse brains reduced the incidence of brain metastasis?6:27.
Similarly, microRNA-1258 inhibited tumour cell heparanase expression and decreased
experimental brain metastasis®’.

Future investigations will no doubt identify other pathways that are essential for the
colonization of the brain by metastatic cells.

Why chemotherapy usually fails

Poor chemotherapeutic permeability and efficacy.

The clinical data on the responsiveness of brain metastases to standard chemotherapy and
molecularly targeted drugs are unambiguously disappointing, with only a handful of clinical
responses to most standard cytotoxic drugs®®-54. Some clinical responses to temozolomide
have been reported in patients with melanoma brain metastases®®. Capecitabine (Xeloda;
Roche), a nucleotide-based chemotherapeutic, has produced responses alone and in
combination with other drugs in patients with breast cancer brain metastases®6-67.
Disappointing results were also reported when chemotherapy was added to WBRT?SS,

Epidermal growth factor receptor (EGFR) inhibitors produced clinical responses in 10-30%
of patients with brain metastases from NSCLC89.70. However, the concentration of erlotinib
(Tarceva; Genentech) in the CSF was 6% of plasma levels’L. Concerns have also been raised
about a high rate of brain metastases following a systemic response to EGFR inhibitors. For
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example, 43% of patients with a partial response to gefitinib (Iressa; AstraZeneca)
developed brain metastases after a mean follow-up of 27 months’2.

For patients with ERBB2™* breast cancer, the humanized monoclonal antibody trastuzumab
(Herceptin; Genentech) is the standard of care combined with chemotherapy. Considerable
clinical data have accumulated on the incidence of brain metastases and the outcome of
these patients. In one study, 50% of patients with breast cancer who had systemic metastatic
ERBB2* disease were responding to chemotherapy or had stable systemic disease when
brain metastases were diagnosed, and 50% of patients died of progressive brain metastases®.
A meta analysis of trials of trastuzumab in the adjuvant setting showed an increased relative
risk of brain metastasis of 1.57 (REF. 73), indicating that treatment with this drug ahead of
the diagnosis of distant metastatic disease seems unlikely to be able to prevent the
development of brain metastases. Trastuzumab efficacy in the brain is probably diminished
by poor penetration. The ratio of trastuzumab levels in the CSF and serum was 1/420 when
tested at baseline, and rose to 1/49-1/76 post-radiation treatment: these levels are still
considered sanctuary site levels’4. Lapatinib (Tykerb; GlaxoSmithKline) was approved in
combination with capecitabine in patients with ERBB2* metastatic breast cancer who have
progressed on trastuzumab and chemotherapy. Lapatinib shows restricted but improved brain
uptake compared with that of trastuzumab, reaching levels of up to one-quarter of those in
plasma’®. In a Phase Il trial, the shrinkage of ERBB2* brain metastases was minimal with
lapatinib or lapatinib and capecitabine (6% and 20% partial response rates, respectively),
with additional patients experiencing stable disease®4. The fact that brain metastases are less
frequent in patients with ER* breast cancer might reflect the fact that tamoxifen, a selective
ER modifier, can cross the BBBS.

A recombinant humanized monoclonal antibody against VEGF, bevacizumab (Avastin;
Genentech/Roche), was administered to patients with NSCLC brain metastases. Among 106
evaluable patients, two Grade 5 pulmonary haemorrhages were reported, 24.5% of
participants discontinued the study owing to an adverse event and 34.9% discontinued owing
to disease progression’’. Inhibitors of VEGFR (and other receptor tyrosine kinases) have
been tested in patients with brain metastases from renal cancer. In the US Food and Drug
Administration expanded access programme, 4% of the patients treated with sorafenib
(Nexavar; Bayer) showed a clinical response in the brain’8.

The blood-tumour barrier (BTB).

Although metastatic disease is generally considered incurable, responses in the brain seem to
be even lower than those at systemic sites. At least two theories may explain the
disappointing chemotherapy clinical data. First, metastatic tumour cells in the brain are more
resistant to chemotherapy than systemic metastases. Resistance may result from their late
development after multiple rounds of prior chemotherapies, and could reflect accumulated
mutations. Second, the remnants of the BBB prohibit adequate amounts of chemotherapy
from reaching the metastases. The BBB consists of the brain vasculature and the
surrounding architecture, which severely limits the access of many molecules to the brain
(FIG. 2a). The endothelial cells of the BBB express a plethora of active transporters.
Together, these transporters act as efflux pumps to send substances out of endothelial cells
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and back into the circulation, away from the brain parenchyma. Under normal conditions,
the molecules that most readily pass from blood into the brain are small and lipophillic and
are not recognized by the active efflux pumps’®. These compounds diffuse across the
multiple cell membranes of the BBB into the brain parenchyma. Other necessary substances,
such as glucose, amino acids, vitamins, nucleic acid precursors and some hormones, are
moved into the brain by facilitated diffusion80. Most standard chemotherapeutics have been
shown to be substrates of one or more of the active efflux transporters®1.82 (TABLE 1).

The brain metastasis research field has debated the extent to which metastasis disrupts the
BBB, forming a BTB. Imaging studies showing a greater uptake of contrast agents in brain
metastases compared with surrounding brain tissue have suggested that the barrier is open,
whereas chemotherapeutic efficacy data suggest that, if the barrier is open, it is not open
enough to permit sufficient drug accumulation. It is also not clear whether the
pharmacokinetics of drug uptake into primary brain tumours are identical to those of brain
metastases. Recent pharmacokinetic studies of two experimental brain metastasis models
revealed that, although most metastases have some increased permeability compared with
normal brain, heterogeneous uptake levels can occur (FIG. 2b) and only 10% had sufficient
permeability to show a cytotoxic response to chemotherapy®. Median drug levels in
experimental brain metastases remained a log lower than those achieved in systemic
metastases. In agreement with these data, neither paclitaxel nor doxorubicin significantly
decreased experimental brain metastasis in a mouse model of breast cancer. These data
strongly support the conclusion that brain-permeable drugs are needed if chemotherapy is to
have a prominent role in the prevention or treatment of brain metastases?.

Drug efflux pumps markedly contribute to the observed lack of brain permeability (TABLE
1). Using knockout mice for AbcbI and Abcg2, uptake of axitinib, dasatinib (Sprycel;
Bristol-Myers Squibb), erlotinib, gefitinib, imatinib (Glivec; Novartis), lapatinib, sorafenib,
sunitinib (Sutent; Pfizer) and tandutinib in the normal brain was substantially increased, with
Abcb1 having a dominant role for most agents except sorafenib. Elacridar, an inhibitor of
both pumps, was almost as efficacious in increasing brain sorafenib concentration as the
double transporter Abcb1,;,Abcg2 knockout, whereas it was less potent at increasing the
concentrations of gefitinib in the brain83:84, Roles of other BBB and BTB efflux pumps
remain incompletely characterized and may contribute to inadequate drug permeation of
brain metastases.

The rate of uptake of a dextran marker compared with a chemotherapeutic drug in
experimental brain metastases was closely correlated!®, suggesting that the overall
architecture of the BTB contributes to altered permeability along with drug-specific
transporters. Using immunofluorescence, the vasculature of permeable experimental brain
metastases was surrounded by greater numbers of pericytes, as shown by desmin staining,
whereas a drug transporter protein, P-glycoprotein (ABCB1) was comparably expressed in
permeable and nonpermeable lesions!®. The correlation of increased pericyte coverage and
permeability was unexpected, as pericytes contribute to the BBB-protective function8:86,
However, under hypoxic conditions pericytes can collaborate with astrocytes to exacerbate
BBB disruption8”. Another role for astrocytes in chemotherapeutic permeability was also
suggested by the adhesion of astrocytes to tumour cells /7 vitro, thus protecting them from
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chemotherapeutic compounds by altering gap junctions and so resulting in calcium
sequestration34.

of brain-permeable compounds

It is expected that continued mechanistic insight into the brain metastatic process will
identify additional druggable targets. Multiple new approaches to prevent and treat brain
metastases are now underway (TABLE 2). For drug-related approaches, preclinical data
using brain-tropic model systems have addressed three general questions. First, can brain
metastasis-permeable drugs be identified? Increasingly, the pharmaceutical industry is now
considering brain permeability when choosing a lead compound. In general, brain
permeability is optimal in a compound with a low molecular mass (<450 Da), moderate
lipophilicity (calculated logP<5), a limited number of hydrogen bond donors (less than
three) and acceptors (less than seven), neutral or basic pK, (7.5-10.5) and limited polar
surface area (<60-79 A)79. Second, do brain-permeable drugs have efficacy as a treatment
for established brain metastases, as assessed in ongoing clinical trials, or in the prevention of
the colonization of the brain by metastatic cells? Third, can brain-permeable drugs synergize
with radiation therapy?

\orinostat (Zolinza; Merck) is a histone deacetylase inhibitor and has been approved for the
treatment of recurrent cutaneous T cell lymphoma. It modulates gene expression by altering
histone-dependent chromatin conformation, and also affects the acetylation of other proteins.
When injected into mice with breast cancer brain metastases, vorinostat crossed the normal
BBB and exhibited heterogeneous twofold to three-fold greater uptake in metastases relative
to normal brain (FIG. 2c). Administration of vorinostat on day 3 of a 25-day experiment
reduced the formation of large metastases by 62%, and micrometastases by 28%, which is
consistent with its brain permeability. The efficacy of vorinostat sequentially decreased to
insignificant levels as the delay lengthened for administration; if the drug was started on day
14, when micrometastases and occasional large metastases had formed, it had no significant
inhibitory effect88. These data highlight a disconnection between the prevention and the
treatment of a brain metastasis (discussed below). Another issue is the advancement of a
drug into trials for treating brain metastases when its clinical history in the systemic
metastatic setting is mixed. Vorinostat showed disappointing clinical activity against
metastatic breast cancer8?, and in patients with advanced lung cancer few responses were
observed using vorinostat as monotherapy. However, vorinostat synergized with
carboplatinum and paclitaxel to increase response rates, with a trend towards improved
progression-free survival®C.

We observed an additional activity of vorinostat as an inducer of DNA damage. Vorinostat
induced DNA double-strand breaks in brain-tropic breast cancer cells /n vitro and /n vivo,
with reduced expression of the DNA repair protein RAD52 (REF. 88), suggesting a potential
synergy with radiation. Mouse survival was increased using the combination of vorinostat
and 5 Gy radiation following intracerebral implantation of brain-tropic breast cancer cells®1.
The combination of vorinostat and radiation has progressed to a Phase |1 trial (clinical trial
number; NCT00838929; see ClinicalTrials.gov(see Further information)).
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Lapatinib, an ERBB2 and EGFR kinase inhibitor, prevented the formation of metastases by
brain-tropic breast cancer cells that were transfected with £RBB2by 53% (REF 92). Like
vorinostat, lapatinib administration began soon after tumour cell injection and continued
throughout the experiment. Phospho-ERBB?2 staining of brain metastases was significantly
reduced in lapatinib-treated animals, confirming that the drug hit its target /n vivo.
JNJ-28871063, another ERBB2 kinase inhibitor, has been reported to accumulate in the
brain at higher levels than in plasma and to improve the survival of mice with intracranially
implanted tumour cells®3,

A brain-permeable STAT3 inhibitor, WP1066, was tested in mice with intracerebrally
inoculated melanoma metastases. The overall survival of these mice increased from 15 days
to over 78 days. The drug affected the interaction of the tumour cells with the brain
microenvironment, reducing tumour cell production of TGFB, VEGF and other chemokines.
It also inhibited the proliferation of regulatory T (Tyeg) cells and increased cytotoxic T cell
responses®. The effect of the compound on the inhibition of STAT3 activation in the tumour
has not been reported.

Sagipilone is a BBB-permeable epothilone with a long half-life in the brain. It inhibited the
intracerebral growth of MDA-MB-435 cancer cells approximately five-fold in contrast to the
nonsignificant effect of paclitaxel. Sagipilone also significantly inhibited the intracerebral
growth of Lu7187/7,466 NSCLC cells compared with the nonsignificant effects of
temozolomide®®.

Pazopanib (Armala; GlaxoSmithKline), an inhibitor of VEGFR1-3, a-type platelet-derived
growth factor (PDGFRA), PDGFRB and KIT, has anti-angiogenic activity and is approved
for the treatment of renal cancer. Recent experiments indicate that pazopanib also inhibits
the serine/threonine protein kinase activity of BRAF, particularly wild-type BRAF that is
activated by ERBB2 overexpression8. Pazopanib prevented the development of brain
metastases in ERBBZ-transfected 231-BR breast cancer cells by 73% and the size of brain-
tropic ERBB2-transfected MCF-7 breast cancer brain metastases by twofold1®. Interestingly,
immunohistochemistry indicated that the phosphorylation levels of ERK and MEK were
reduced in the pazopanib-treated brain metastases, suggesting that the inhibition of BRAF
signalling was a contributing factor, but vascular density was unchanged.

Could brain-tropic viruses have a role in the treatment of brain metastases? Vesicular
stomatitus virus attacked an intracranially implanted mouse mammary tumour, as well as a
primary glioma, with the port of entry being a disrupted BTB%. Reovirus type 3 is a
naturally occurring replication-competent virus that usurps the RAS signalling pathway of
tumour cells with cytotoxic effects. /n vivo, reovirus inoculation into intra- cerebrally
implanted breast tumour metastases reduced their size and extended survival. Side effects
included a mild local inflammation and mild hydrocephalus®’.

Successful chemotherapy for brain metastasis

Most clinical trials for brain metastases enrol patients with diagnosed brain lesions and
either test an experimental therapeutic in patients who have progressed after WBRT
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treatment, or test the therapeutic in combination with WBRT. Trial end points include
shrinkage or stabilization of the metastases and compatibility with systemic therapy. Little
effect on patient survival has been achieved. Measurements of cognition are only
infrequently attempted and even fewer trials use a comprehensive battery of tests to establish
cognitive side effects. Often, patients with brain metastasis are enrolled into a single trial
and are not enrolled on the basis of tumour type, despite the fact that clinical and molecular
features separate these diseases. The emerging pharmacokinetic data suggest two avenues
for future chemotherapeutic development: first, the identification of BBB-permeable drugs
with preventive or cytotoxic activity; and second, methods to increase BBB permeability to
permit brain penetration of less permeable but effective therapeutics.

Is the prevention of brain metastases a better drug target?

Although arguments rage that preclinical models fail to predict clinical trial results, the data
for brain metastases are currently compatible. Simply, the shrinkage of established lesions
with standard cytotoxic drugs or molecularly targeted drugs has not been achieved pre-
clinically, or clinically in most cases. The lack of a therapeutic benefit makes intuitive sense
when considering the at-best partial brain permeability of most drugs, the partial
permeability of the BTB, the fact that many molecular therapeutics are cytostatic not
cytotoxic, the number of tumour cells in a several-millimetre lesion that must be killed to
achieve a clinical response and the increased hydrostatic interstitial fluid pressure from
oedema that can limit drug uptake. The most profound preclinical observation that has been
reported, however, is that prevention of the outgrowth of brain metastases is partially
achievable. In a prevention scenario, a brain- permeable drug could potentially reach and
control the outgrowth of a more limited number of micrometastatic tumour cells. This
hypothesis is supported by the time course data for vorinostat (as discussed above)88.
Almost all of the preclinical compounds that have been reported to date were tested in a
prevention setting. Limited clinical trial data also support the hypothesis that prevention of
brain metastases is more achievable than shrinkage of an established lesion — a
retrospective analysis of the clinical trial data from sorafenib in patients with renal cancer
brain metastases’® revealed a 75% prevention of brain metastasis development®8 (compared
with a 4% clinical response rate on established metastases’8, as discussed above). Lapatinib
exhibited low response rates in trials enrolling patients with breast cancer who had
established brain metastases that expressed ERBB2. However, although direct comparisons
cannot be made, long-term follow-up from the metastatic breast cancer (MBC) trial of
lapatinib plus capecitabine versus capecitabine alone indicated a significant reduction in the
brain as the first site of relapse®9, which is a preventive effect. A retrospective review of
patients with advanced NSCLC who were initially treated with gefitinib showed a 25%
incidence of development of brain metastases over a median of 42 months, which is
considered low by historical estimates and is superior to traditional response rates for
established lesions00,

For many primary prevention trials, brain metastases are quantified only when they are the
first site of recurrence and later brain events are ignored, allowing conclusions to be drawn
on the basis of partial data. Moreover, such trials are expensive and require years of patient
follow-up. This underlines the need to identify patients at the highest risk of developing
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brain metastases for enrolment. Several methods for identifying patients who are most likely
to develop brain metastases have been reported, including a WNT gene pathway signature>6
and a three-protein immunohistochemical signal1%? in lung cancer and a clinical nomogram

for breast cancerl92, but none is in common use.

Secondary prevention trials represent an as yet untried method for examining the efficacy of
drugs at preventing brain metastases. This trial design would enrol patients who have been
diagnosed with and treated (excluding WBRT) for brain metastases who are therefore at a
high risk of developing further brain metastases. Patients would receive systemic therapy
and would be randomized to placebo or an investigational agent. The relevant end point
would be time to the development of a new brain metastasis rather than shrinkage of the
existing lesion. Other end points would include compatibility with systemic treatment,
patient survival and cognitive function. A graded prognostic assessment for patients with
breast cancer brain metastases separated patients into groups with survival ranging from 4.2
months to 32.3 months193, The 32.3-month group, defined on the basis of performance
status, ERBB2 and hormone receptor expression, and number of brain metastases, could
enable the selection of longer term survivors who would be ideal candidates for secondary
prevention trials. It remains to be determined whether drugs passing through the BBB will
cause greater cognitive losses.

Bypassing the BBB.

Improving

Several interesting preclinical leads have emerged that can push non-brain-permeable drugs
past the BBB. Some use the existing structure of the BBB, such as angiopep 2, a 19-amino
acid peptide that binds the low-density lipoprotein receptor-related protein (LRP) receptors
at the BBB, resulting in facilitated transport across the BBB194, Initial work with angiopep
2-conjugated paclitaxel demonstrated >50-fold enhanced delivery across the BBB1%4, and
this agent has entered clinical trials. The role of pathological signalling in the BBB
compartment is also under investigation. Phosphodiesterase 5 inhibitors, such as vardenafil
(Levitra; Bayer), alter the endocytic pathway of endothelial cells. /n vivo, vardenafil
increased trastuzumab uptake in intracranially implanted ERBB2* breast tumour cells by
twofold105, Radiation is the best studied BBB permeabilizer, although it has not yet been
studied in a brain metastasis model1%. Multiple pathways may mediate the radiation
permeabilization of the BBB, including endothelial cell loss, reduced P-glycoprotein
expression, VEGF production by activated astrocytes and binding of leukocytes to the
damaged endothelia. Finally, BBB disruption is achieved by intracarotid infusion of a
hyperosmotic agent to reversibly shrink brain endothelial cells and open their tight junctions;
this strategy has been used most successfully for primary central nervous system
lymphomal®7.

radiotherapy for brain metastases

Radiation therapy is the most commonly used procedure for the treatment of brain
metastases. Overall goals for future research include optimizing the efficacy of radiation
therapy against metastatic tumour cells compared with normal brain cells, and preventing the
cognitive losses that a proportion of patients suffer.

Nat Rev Cancer. Author manuscript; available in PMC 2020 July 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Steeg et al. Page 13

Radiosensitizers.

Radiosensitizers are chemicals or biological agents that increase the lethal effects of
radiation on the tumour without causing additional damage to normal tissue. Multiple drugs
have been tested for radiation sensitization, including pyrimidine analogues, hypoxic cell
sensitizers, traditional chemotherapeutic agents, kinase inhibitors and anti-angiogenic
agents108.109 Qverall, these studies have produced mixed results — some have shown a
slight survival benefit but most have not shown a difference in survival — and have not been
strong enough to bring any of these agents into routine clinical care. Multiple molecular
therapeutics have been preclinically tested /in vitroand /n vivo on a variety of cancer cell
types for the sensitization of radiation with promising results, including inhibitors of MAPK,
poly(ADP ribose) polymerase (PARP), and serine/threonine protein kinases PLK1, CHK1
and CHK2 (REFS 110-113) (FIG. 3). Although it is hoped that these newer molecular
therapeutics may be a long-awaited clinical advance in radiosensitization, it is also important
to question why promising preclinical data on radiosensitizers have so far failed to translate
to the clinic. One possible clue emanates from a gene expression analysis of a glioblastoma
cell line grown /n vitro, as a subcutaneous tumour or intracranially. Gene expression after
radiation therapy was dramatically different between these situations, confirming the
importance of the appropriate microenvironment!14, Testing of potential radiosensitizers in
more relevant brain metastatic models is needed.

Radioprotectors for WBRT.

A proportion of patients receiving WBRT suffer from progressive, permanent cognitive
impairment. A recent clinical trial demonstrated a reduction in cognitive function in patients
with NSCLC who were treated with WBRT, as assessed by a specific memory test!1°, The
deleterious effects of WBRT on cognition have limited its use, particularly in cancer patients
who have stable systemic disease and an expected prolonged survival period. However,
WBRT-induced cognitive decline is difficult to measure as it involves patient function at
baseline (already deteriorated by the contributions of brain metastases and ‘chemobrain’
from systemic therapy), the adequacy of testing methods and the variety of drugs
administered to patients.

A growing body of evidence suggests that chronic oxidative stress and inflammation have a
role in cognitive declinel18. Irradiating the adult rodent brain leads to neuroinflammation,
increased oxidative stress!17:118 activation of microgliall®-121 and a chronic, progressive
loss of both hippocampal-dependent and non-hippocampal-dependent cognitive function. A
stem cell population in the vicinity of the hippocampus could be responsible for producing
mature neurons, and, following radiation injury, the inflammatory process may alter the
neurogenic fate of these stem cells to a more gliogenic fate, thereby also causing memory
deficits122. The cognitive effects of WBRT have been modelled in non-cancer-bearing
animals. Adult rats were treated with WBRT, and cognitive function was quantified over the
next year using a battery of tests, including regular and water mazes, as well as novel object
recognition tests.
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Relative cognitive function was 73 +6% at 12 weeks post-WBRT and decreased to 45 +4%
and 14 +4% at 26 and 52 weeks post-WBRT, respectively, which is indicative of late,
chronic and progressive cognitive impairment123,

Anti-inflammatory-based interventions have been hypothesized to prevent or ameliorate
radiation-induced cognitive impairment. In non-tumour-bearing animals, the administration
of pioglitazone (Actos; Takeda) (a peroxisome proliferator-activated receptor-y (PPARY)
agonist that is prescribed for diabetes'24), fenofibrate (Lipantil; Abbott Laboratories) (a
PPARa agonist that is prescribed for hypercholesterolaemia and hypertriglyceridaemial25)
or the angiotensin type 1 receptor (AGTR1) antagonist (AT;RA) L-158809 (an angiotensin-
converting enzyme (ACE) inhibitor that is typically used to treat hypertension) significantly
ameliorated WBRT-induced cognitive impairment126-128 These and similar studies suggest
the intriguing hypothesis that some of the cognitive impairment that is associated with
WBRT can be prevented using radioprotectors. Other potential radioprotectors tested in non-
cancer brain diseases include melanocortins, erythropoietin, statins and antibiotics of the
tetracycline and fluoroquinolone classes!?®. Studies in brain metastatic models are awaited
in order to demonstrate the preservation of cognition, as well as the effects of the drug on
metastatic colonization. Most animal models have been developed to produce brain lesions
quickly, and this field will require new models permitting time for cognitive dysfunction to
appear. Radiation-protection clinical trials would enrol newly diagnosed patients with brain
metastasis who had an expected survival long enough to permit the development of cognitive
sequelae; patients would be randomized to a protracted course of placebo or the
investigational agent combined with WBRT. End points would be a decline in performance
based on regularly administered cognitive tests, as well as quality of life, radiographic
changes in brain lesions and patient survival.

Conclusions

Brain metastases cause physical and cognitive morbidities and limit the survival of cancer
patients, particularly those with advanced melanoma, lung cancer and breast cancer. As
chemotherapy improves for other cancer types, the incidence of brain metastases is likely to
rise as a sanctuary site. WBRT has efficacy as a brain metastasis-preventive therapy. New
leads into the radioprotection of the normal brain to prevent cognitive loss from WBRT, and
radiosensitization of tumour kill by SRS, may bring radiation therapy into safer, more
effective use. Drug development can attack the problem of brain metastasis by identifying
mechanistic molecular pathways, validating brain-permeable inhibitors and clinically testing
them in combination with systemic therapy and/or radiation. The currently available
preclinical data suggest that chemotherapeutic drugs may be most effective in the prevention
of brain metastases rather than the shrinkage of established lesions, which will require new
trial designs. Comprehensive evaluations of patient cognition and quality of life will be
essential to meaningfully progress.
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At a glance

. Brain metastases are most common in patients with lung cancers, breast
cancers or melanoma.

. Treatment includes surgery and radiation therapy. Whole-brain radiation
therapy (WBRT) has been shown to prevent lung cancer brain metastases, but
causes cognitive decline.

. In animal models of brain metastasis, tumour cells crawl outside the blood
vessels and interact with an inflamed neural microenvironment to colonize the
brain.

. Alterations in the expression of several genes, including ERBBZ,

ST6GALNACS, TCF, transforming growth factor-g ( 7GFB), vascular
endothelial growth factor (VEGF), Serpinel and Timpl, have modulated
brain metastasis.

. Chemotherapeutic efficacy for brain metastases remains disappointing.

. In experimental models, brain metastases opened the blood—brain barrier
(BBB) several-fold over the normal brain, but only 10% of lesions exhibited
sufficient drug permeability to mount an apoptotic response to chemotherapy.

. BBB-permeable drugs are needed to improve chemotherapeutic efficacy.

. Prevention of brain metastasis formation in mice has been observed in
response to lapatinib, vorinostat, pazopanib, signal transducer and activator of
transcription 3 (STAT3) inhibitors and VEGF receptor (VEGFR) inhibitors.

. New trial designs could test drugs for the prevention of brain metastases.
Secondary prevention trials would determine the time to the development of a
new brain metastasis in patients with either one or several existing lesions.

. Radiosensitizers may improve the efficacy of radiation therapy while sparing
normaltissue.

. Inhibition of the neuroinflammatory response is hypothesized to protect the
brain from WBRT-induced cognitive decline.

Leptomeningeal metastases

Also known as carcinomatous meningitis, leptomeningeal metastases develop in the
microenvionment containing the cerebrospinal fluid (CSF) and the linings of the brain.
This environment is not static; with metastasis it may be altered by immune cell
infiltration, increased protein concentrations and reduced glucose concentrations!30,
When cultured with leptomeningeal tissues, metastatic melanoma and lung cancer cells
invade into and degrade the leptomeninges, in contrast to glioma cells that sit on top of
the tissue3. Thus, leptomeningeal metastases are distinct from primary brain tumours.
In patients, spread to the leptomeninges can be accomplished by several routes, including
the blood, direct extension from the brain, the venous plexus and nerves, perineural and
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perivascular lymphatics, and the choroid plexus. Clinically, leptomeningeal metastases
confer a dismal prognosis. Leptomeningeal metastases simultaneously occur with
parenchymal brain metastases in more than 50% of patients with melanoma or lung
cancer. They can develop from primary lung cancer over a median of 1 year, but require
more than 3 years to develop in patients with breast cancer and melanomal32,
Haematological malignancies also develop leptomeningeal metastases32. Intrathecal
(delivered to the CSF) chemotherapy produced responses in patients with leptomeningeal
metastasis, but patient survival remained poor30. Several of the experimental brain
metastasis model systems produce leptomeningeal lesions, offering hope that new
pathways and therapeutics will be discovered.

Radiation therapy for brain metastases

Whole-brain radiation therapy (WBRT) consists of a series of treatments (fractions) of
low-dose (2—-3 Gy) radiation delivered to the entire brain, for patients with either one or
multiple metastases. WBRT was initially validated in trials that demonstrated an
improvement in patient survival from 1-2 months with supportive care versus 4—6
months when treated with radiotherapy134135, WBRT has been tested in several clinical
scenarios. No significant difference in overall patient survival was observed between
WBRT versus WBRT plus stereotactic radiosurgery (SRS)136. Addition of WBRT after
surgery decreased relapses at the surgical site37,

WBRT also has a role in preventing brain metastases (prophylactic cranial irradiation
(PCI)). In patients with small-cell lung cancer (SCLC), PCI reduced brain metastases by
73%, increased survival from 5.4 to 6.7 months, and caused no decrease in cognitive
function or emotional behaviour!38. A review of randomized trials in patients with non-
small-cell lung cancer (NSCLC) showed a reduction in the incidence of brain metastases,
without any survival benefit139,

SRS is an alternative to surgery in which multiple convergent beams of high energy X-
rays, y-rays or protons are delivered to a discrete mass. Thus, SRS irradiates a brain
metastasis but does not treat the remaining brain. SRS can be used to treat single or
multiple lesions, including deep-seated surgically inaccessible lesions40:141, |n
retrospective analyses, SRS has an equivalent outcome to surgery140.141,
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Figure 1|. Steps in the development of brain metastases in an animal model.
Brain metastatic cancer cells traverse the vascular system and use the outside of vessels as a

site of adhesion and migration320, Later, the tumour cells use the inflamed brain
microenvironment as a niche. Tumour cells interact with activated microglia (macrophage-

like cells, shown in yellow) and astrocytes

(shown in orange), which provide support for

neuronal function. As the metastasis expands, neuronal damage ensues. The brain
microenvironment also contains damaged axons, oedema (white halo) and vascular changes
(such as the disruption of the blood-brain barrier, indicated by dashed black lines). Both
vessel co-option and angiogenesis have been reported in brain metastasis. Dormant solitary

tumour cells can also reside in the brain3?,
development of additional metastases.

constituting a potential source for the
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Figure 2|. The blood-brain barrier (BBB) and its role in drug uptake.
a | The BBB protects the normal brain by permitting access to only select substances.

Endothelial cells are surrounded by pericytes, a basement membrane and the feet of
astrocytes, all of which function as a barrier. Endothelial cells in the normal brain are tightly
connected by continuous tight junctions and express multiple efflux pumps to push
unwanted substances back into the bloodstream%7. b | The results in mice harbouring brain
metastases that were given an intravenous injection of radiolabelled drug (paclitaxel or
doxorubicin) are illustrated. Drug uptake into normal brain and brain metastases was
quantified by autoradiography of tissue sections. Although most brain metastases
accumulated a higher concentration of the drug than cells in the normal brain, heterogeneous
levels of drug uptake were observed and the highest concentration was only observed in
~10% of the lesions?®. ¢ | Vorinostat, a histone deacetylase inhibitor, was administered to
mice with brain metastases (as described in part b). Drug uptake throughout the brain is
evident, as well as heterogeneous increased uptake in metastases.

Endothelial cell
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Figure 3|. Pathways mediating radiation sensitization.
Within irradiated turn our cells the most lethal DNA damage is that which results in DNA

double-strand breaks (DNA DSBs). Unrepaired DNA DSBs lead to cell cycle arrest, which
if prolonged can lead to cell death. Numerous putative radiation sensitizers affect multiple
aspects of this cascade, including DNA repair enzymes, cell cycle checkpoints and cellular
proliferation. The inhibition of targets within the tumour stroma can also sensitize tumour
cells to radiation142. For example, the inhibition of growth factor receptors on blood vessels
can increase radiation sensitivity in tumour cells. BUDR, bromodeoxyuridine; HDAC,
histone deacetylase; IUDR, 5-iodo-2’deoxyuridine; TK, tyrosine kinase; UCN-01, 7-
hydroxystaurosporine.
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Table 2|

New approaches to prevent or treat brain metastases

BBB-permeable and effective \orinostat, lapatinib, pazopanib,
therapeutics JNJ-2887-1063, WP1066 and epothilones
Brain-tropic viruses Vesicular stomatitus virus

Increase the permeability of the BBB Angiopep 2, phosphodiesterase 5 inhibitors,
radiation and BBB disruption

Radiation sensitization of tumour cells ~ Multiple kinase inhibitors, vorinostat and
DNA damage response inhibitors

Protection of normal brain from Fenofibrate, pioglitazone and ACE
WBRT-induced neurocognitive deficits  inhibitors

ACE, angiotensin-converting enzyme; BBB, blood-brain barrier; WBRT, whole-brain radiotherapy.
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