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Brain metastases occur in more than one-third of metastatic breast cancer patients whose tumors over-
express HER2 or are triple negative. Brain colonization of cancer cells occurs in a unique environment,
containing microglia, oligodendrocytes, astrocytes, and neurons. Although a neuroinflammatory response
has been documented in brain metastasis, its contribution to cancer progression and therapy remains
poorly understood. Using an experimental brain metastasis model, we characterized the brain metastatic
microenvironment of brain tropic, HER2-transfected MDA-MB-231 human breast carcinoma cells (231-BR-
HER2). A previously unidentified subpopulation of metastasis-associated astrocytes expressing phos-
phorylated platelet-derived growth factor receptor B (at tyrosine 751; p751-PDGFRB) was identified
around perivascular brain micrometastases. p751-PDGFRB™ astrocytes were also identified in human brain
metastases from eight craniotomy specimens and in primary cultures of astrocyte-enriched glial cells.
Previously, we reported that pazopanib, a multispecific tyrosine kinase inhibitor, prevented the outgrowth
of 231-BR-HER2 large brain metastases by 73%. Here, we evaluated the effect of pazopanib on the brain
neuroinflammatory microenvironment. Pazopanib treatment resulted in 70% (P = 0.023) decrease of the
p751-PDGFRB™ astrocyte population, at the lowest dose of 30 mg/kg, twice daily. Collectively, the data
identify a subpopulation of activated astrocytes in the subclinical perivascular stage of brain metastases
and show that they are inhibitable by pazopanib, suggesting its potential to prevent the development of
brain micrometastases in breast cancer patients. (Am J Pathol 2013, 182: 2368—2379; http://dx.doi.org/
10.1016/j.ajpath.2013.02.043)

Breast cancer is the second most common cause of brain
metastasis after lung cancer, occurring in 10% to 15% of
advanced patients and in approximately 30% of autopsies.'*
Risk factors for the development of brain metastases include
young patient age, large primary tumors, multiple positive
lymph nodes, and hormone receptor negativity.? In addition,
the incidence of brain metastasis appears to be increasing
because of the introduction of more sensitive diagnostic
methods and improved therapies, the latter particularly in
patients with HER2-overexpressing metastatic breast cancer.*
The standard of care for brain metastases is palliative, and in
most cases chemotherapy is ineffective.”® New drugs that are
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both brain permeable and prevent specific pathogenic mech-
anisms of the brain metastasis process have been identified in
preclinical experiments but await appropriate clinical trials.” !
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PDGFRB™ Astrocytes and Brain Metastasis

The cancer microenvironment is of crucial importance
for a complete understanding of the disease'> ' because it
is the interface between cancer cells and pathophysiology
of the patient.'® The brain represents a unique microenvi-
ronment for epithelial cancers that remains to be further
investigated. Salient features include the blood-brain bar-
rier that surrounds the vasculature and protects the brain
from unwanted substances and leukocyte infiltration, and
a rich cellular milieu, including neurons, pericytes, and
glial cells. Because the brain is critical for both cognitive
and physical function, microenvironmental changes during
cancer metastasis may adversely affect the patient. A better
understanding of the brain microenvironment during me-
tastasis may contribute to development of more effective
therapeutics.

Relatively little is known about the microenvironment of
brain metastases of breast or other cancers. Most of our
information comes from experimental models of brain
metastasis in which brain tropic lines are introduced into the
circulation of mice via the left cardiac ventricle or carotid
artery and then colonize the brain over a several-week peri-
0d."”?° In the 231-BR model system, cancer cells extrava-
sate the circulatory system and bind to the surrounding
basement membrane through B1 integrin; in this microenvi-
ronment, cancer cells move and proliferate along the outside
of the blood vessels.”! During the subclinical stage of the
brain metastasis process, where injury is subtle but consis-
tent, a continuous neuroinflammatory response involves
activation of astrocytes and microglia, identified by expres-
sion of glial fibrillary acidic protein (GFAP) and F4/80 or
CD11b/CD45, respectively.?' > This neuroinflammatory
response is also observed in clinical samples from resected
human brain metastases in which reactive astrocytes and
microglia both surround and infiltrate the metastatic lesion,
validating experimental observations.”> In coculture
experiments, glial cells increased the number of colonies
formed in soft agar by 231-BR cells by fivefold,** and
astrocytes also increased cancer cell proliferation and up-
regulated the expression of survival genes,”**> suggesting
mechanistic contributions of microenvironmental cells to
brain metastasis.

Consistent with what has been reported for other organs,
platelet-derived growth factor (PDGF)-B is also a key
protective factor in noncancerous brain damage,’®*’ con-
tributing to blood-brain barrier stability, angiogenesis, and
vascular remodeling through the activation of PDGF
receptor B (PDGFR fB)-expressing brain pericytes and neuro-
glial progenitor cells.”** During cancer progression
PDGFRP expression has long been associated with tumor-
associated stromagenic and angiogenic activities.”® However,
its role during brain metastasis development is unknown.

In this article, we characterize the neuroinflammatory
microenvironment of a breast cancer experimental brain
metastasis model system (231-BR cells transfected with
HER2; 231-BR-HER2) and identify a novel subpopulation
of metastasis-activated astrocytes that express an active
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(phosphorylated) form of PDGFRp (p-PDGFR). The exis-
tence of this novel subset of astrocytes was confirmed in
resected specimens of human brain metastasis from five
patients with HER-2—overexpressing breast cancer, two
patients with lung cancer, and one patient with colorectal
cancer. Importantly, we demonstrate that primary cultured
human astrocytes expressed (activated) p-PDGFRp in res-
ponse to tumor-derived soluble factors. We previously re-
ported that pazopanib, an inhibitor of vascular endothelial
growth factor receptors, PDGFRs, c-kit,>! and B-Raf!®*?
prevented brain metastasis formation in the 231-BR-HER2
model by 73%, targeting B-Raf activation in the tumor cells."”
Herein, we show that pazopanib also inhibited the activation
of p-PDGFRp—expressing astrocytes in the experimental
brain metastasis model and in tumor-activated astrocytes
in vitro. Our results indicate that brain-permeable drugs can
target both tumor cells and the neuroinflammatory microen-
vironment in the brain metastatic process.

Materials and Methods
Drugs

Pazopanib was provided by GlaxoSmithKline (London,
United Kingdom) through a Material Collaborative Research
and Development Agreement with NIH. For in vitro exper-
iments, pazopanib was reconstituted in dimethyl sulfoxide
(DMSO) and stored at —80°C.

Cell Lines and in Vitro Culture Conditions

The human MDA-MB-231-BR brain-tropic line (231-BR)
transfected with HER2 (231-BR-HER2) was previously
described.'” Conditioned medium from 231-BR-HER2 cells
was prepared as follows: 5 x 10° subconfluent-growing
231-BR-HER2 cancer cells were incubated in 10 mL of
serum-free RPMI 1640 medium, in a 75-cm’ flask, for
12 hours. Supernatant fluids were then collected, centrifuged
at 2500 x g for 3 minutes, supplemented with 50% fresh
serum-free medium, and run through a 0.22-um filter before
being used. A human immortalized astrocyte line®® was
kindly provided by Drs. Jayne Stommel (National Cancer
Institute, Bethesda, MD) and Russell O. Pieper (University of
California, San Francisco, CA) and maintained in Dulbecco’s
modified Eagle’s medium (Invitrogen, Carlsbad, CA) sup-
plemented with 10% fetal bovine serum.

Tumor Tissue

All tumor specimens used in this study were obtained from
patients with cancer undergoing medically indicated neuro-
surgical treatment after written consent in accordance with
the appropriate clinical protocol. Tissue collection was
approved by the Institutional Review Board/Comité Etico de
Investigacién Clinica of the Hospital of Madrid Scientific
Foundation (Madrid, Spain). In total, eight tissue samples
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from brain metastases (five from breast cancer, two from lung
cancer, and one from rectal cancer) were used. The diagnosis
was histopathologically verified, and their clinicopatholog-
ical information is reported as Supplemental Table S1. The
material obtained was snap-frozen in liquid nitrogen and kept
at —80°C. Five micron-thick tissue sections were cut, dried
for 5 minutes, and then fixed in ice-cold acetone for
10 minutes. The sections were then dried for 15 minutes and
stored at —20°C. Before staining, the sections were thawed
and rinsed in phosphate buffered saline (PBS).

Isolation and Primary Culture of Human Glial Cells

Brain tissue from a tumor-unaffected area obtained during the
neurosurgical procedure of brain tumor removal was dis-
aggregated mechanically by cutting the tumor into small
pieces and enzymatically with Accumax (Millipore, Billerica,
MA). Dissociated cells were resuspended in Neurobasal
media (Life Technologies, Carlsbad, CA) supplemented with
10% heat-inactivated fetal bovine serum, L-glutamine, anti-
biotics (100 U/mL penicillin; 0.1 mg/mL streptomycin), and
plated into 25-cm® culture flasks. During the initial estab-
lishment of cultures, 2.5 pg/mL Fungizone (Gibco-Invitrogen,
Carlsbad, CA) was also added to the culture medium. The
culture medium was replaced every 4 days. Primary cultures
were grown to confluence (70% to 90%), and further astrocyte
enrichment of the glial cell culture was obtained by placing the
flask on a shaker for 12 to 14 hours at 250 rpm; mainly as-
trocytes remained adhered to the flask. The medium with
detached neurons and glial cells was removed. Astrocyte-
enriched glial cell cultures were checked for existing cell
phenotypes with the use of the following markers: Olig2,
neuron/glial antigen 2 (NG2), GFAP, CD11b/CD18.

Cell Viability Assay

The human immortalized astrocytes were plated at a density of
2000 cells/well in 96-well plates and incubated overnight to
allow cells to adhere. Astrocytes were maintained in 10% fetal
bovine serum and treated with increasing concentrations of
pazopanib (0.5, 1,2, 4, 6, 8, and 10 umol/L), or with DMSO as
a control, for 120 hours. The number of viable cells was
determined by adding MTT (Sigma-Aldrich, St. Louis, MO) at
a final concentration of 0.5 mg/mL to each well for 4 hours.
After incubation, MTT was dissolved in DMSO, and absor-
bance was measured at 570 nm. Results are representative of
three independent experiments, each performed in quintuplicate.

Immunostaining of Cultured Glial Cells

Chamber slides (Lab-Tek, Thermo Scientific, Waltham, MA;
ref. 154526) were coated with laminin at 10 pg/mL for 1 hour
at 37°C. Both the human astrocyte-enriched glial cell primary
culture and immortalized astrocytes were seeded in chamber
slides at 0.5 x 10* cells per chamber for 48 hours to allow
cells to adhere. Human immortalized astrocytes were serum-
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starved overnight and subsequently treated with DMSO or
5 pmol/L pazopanib for 24 hours, then retreated for an
additional 24 hours. Human astrocyte-enriched glial cells
were maintained in Neurobasal medium or incubated in
tumor-activated medium with DMSO or pazopanib for
18 hours. Both type of astrocyte cultures were washed twice
with PBS and fixed with 4% cold paraformaldehyde for
10 minutes. After two washes with PBS for 5 minutes, cells
were incubated with blocking buffer (PBS plus 5% goat
serum and 0.2% Triton X-100) for 1 hour, then with anti-
PDGFRp phosphotyrosine 751 (p751-PDGFR; dilution
1/50; Santa Cruz Biotechnology, Santa Cruz, CA) or rabbit
anti-GFAP (dilution 1/300; Dako, Carpinteria, CA) in the
same blocking buffer for 2 hours at room temperature. After
three 5-minute washes with PBS, cells were incubated with
Alexa 488-conjugated secondary antibody (Invitrogen) and
200 pg/mL DAPI for 1 hour at room temperature. Sections
were mounted in Fluorescent Mounting Medium (Dako)
and photographed with an Axioskop microscope with an
Axiocam digital camera (Carl Zeiss Microimaging, Jena,
Germany). AxioVision software version 4 was used for
image acquisition and quantification.

Immunostaining of Brain Tissue from Mouse and from
Patient Brain Metastatic Tissues

The mouse experiments were described previously and were
conducted under an approved animal use agreement with the
National Cancer Institute.'® For the tissues from the mouse
model, immunostaining was performed on 10-um thick
sections of immediately frozen tissue in Optimal Cutting
Temperature compound. Sections were fixed and per-
meabilized in ice-cold methanol or ice-cold acetone or were
fixed with paraformaldehyde 4% (depending on the anti-
body), and the sections were preblocked in PBS containing
goat serum, 5% and 0.2% Triton X-100 for 1 hour to per-
meabilize. Subsequently, the first and the secondary anti-
bodies were incubated in the same PBS solution. The
following antibodies were used: rat anti-mouse CD31 (dilu-
tion 1/500; BD Pharmingen, San Diego, CA), mouse anti-
human cytokeratin MNF116 (dilution 1/50; Dako), rabbit
anti-mouse NG2 (dilution 1/2001 Millipore), rabbit anti-
mouse Collagen type IV (dilution 1/500; Millipore), mouse
anti-human desmin (dilution 1/50; Dako), rat anti-mouse
CDI11b (dilution 1/50; Millipore), rat anti-mouse CD45
(dilution 1/200; Millipore), rabbit anti-human GFAP ready to
use (Dako), mouse anti-human GFAP (dilution 1/100; Milli-
pore), rabbit anti-mouse PDGFRP phosphotyrosine 751
(dilution 1/50; Santa Cruz Biotechnology and Cell Signaling
Technology, Danvers, MA), and rabbit anti-mouse PDGFRf3
phosphotyrosine 1021 (dilution 1/50; Santa Cruz Biotech-
nology). First antibodies were incubated for 2 hours at room
temperature. Alexa 546-conjugated or Alexa 488-conjugated
secondary antibody (Invitrogen) was used; 200 ng/mL DAPI
was added to the secondary antibody mixture and incubated
for 1 hour at room temperature. Sections were mounted in
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Fluorescent Mounting Medium (Dako) and photographed by
using an Axioskop microscope with an Axiocam digital
camera (Carl Zeiss Microimaging). AxioVision software
version 4 was used for image acquisition and quantification.
To quantify p751-PDGFRpB—expressing astrocytes and
CD11b/CD45-expressing microglia, all lesions within one
brain section per mouse, from five to seven mice per group,
were analyzed. Two measures were performed: the number
of positive cells per group of metastases and the percentage of
area covered by the imunostaining.

Flow Cytometry on p751-PDGFRB—Expressing Cells

Astrocyte-enriched glial cell cultures were incubated for
18 hours with either Neurobasal medium or 50%-diluted
tumor-conditioned medium (from 231-BR-HER2 cells cul-
tured in serum-free basal conditions and prepared as described
in Cell Lines and in Vitro Culture Conditions.) in the presence
of 5 pmol/L pazopanib or 0.025% DMSO (vehicle). Cells
were then analyzed by flow cytometry with the use of a FACS
Vantage SE flow cytometer (Becton Dickinson, Madrid,
Spain) by using a wavelength analysis (green-fluorescein iso-
thiocyanate, 530 nm) after excitation with 488-nm light. p751-
PDGFR —expressing intensity was expressed as the logarithm
of the specific green fluorescence. Data were represented as
average intensity values for live cells. Dead cells (<10%) were
excluded from all of the analysis with the use of Viaprobe
(Becton Dickinson).

Statistical Analysis

We performed either a two-factor factorial or weighted
mixed model analysis of variance on the data as appropriate.
For the ratio of p751-PDGFRB to DAPI intensity data, we
performed a two-factor (experiment, treatment) analysis of
variance (ANOVA) on transformed data (4/y as indicated by
the Box-Cox transformation). The experiment by treatment
interaction effect was dropped from the model if P > 0.05. For
the percentage of cells expressing p751-PDGFRB data, we
compared distributions with the use of the exact version of the
Wilcoxon rank sum test. For the number of p751-PDGFR*
astrocytes and percentage of p751-PDGFR™ astrocytes cov-
erage data, we performed a weighted mixed model ANOVA
on transformed data [\/y and log;(y), respectively, per Box-
Cox transformation]. The total surface area was used as the
weight for each observation, mice were specified as the random
effect, and dose was the fixed effect. ANOV A-based two-tailed
t-test P values were adjusted with Dunnett methods. For
the number of CD11b/CD45" microglia and percentage of
CD11b/CD45" microglia coverage data, we used the same
methods as described in this paragraph for the p751-PDGFR
astrocytes data. For the percentage of GFAP' astrocyte
coverage data, we compared distributions with the use of the
exact version of the Wilcoxon rank sum test. For all ANOVAs,
residuals were examined for normality and homogeneity and
were partitioned if found to be heterogeneous.

The American Journal of Pathology m ajp.amjpathol.org

Results

Architectural and Microenvironmental Features of the
Brain Colonization Process of 231-BR-HER2 Breast
Cancer Cells

Brain micrometastases were studied on day 21 after left cardiac
ventricular injection of 231-BR-HER?2 cells. In Figure 1, A and
B, 231-BR-HER?2 cells were stained with anti-human cytoker-
atin antibody (green) to verify the human origin of cytokeratin-
expressing perivascular cells, and the brain microvasculature
was stained with anti-murine CD31 antibody (red). Metastatic
cancer cells almost exclusively located and grew around brain
microvasculature from gray matter but some deposition also
occurred at the interface of gray and white matter as well.
Interestingly, micrometastases did not develop as pushing-type
growth nodules. Instead, they formed a widespread microvas-
cular ensheathment that progressively expanded as a layer
around and along brain microvessels, without any evidence of
parenchymal infiltration and neoangiogenesis, which altered
normal brain microvascular architecture.

In Figure 1, C—M, DAPI was used to study the perivascular
growth pattern of 231-BR-HER2 cells in combination with
markers for the main components of the normal blood-brain
barrier, including endothelial cells (anti-CD31), basement
membrane (anti-collagen IV), pericytes, and progenitor glial
cells (anti-NG2), smooth muscle cells (anti-desmin) and
astrocyte branching and feet (anti-GFAP). As shown in
Figure 1, C—E, perivascular development of metastatic cells
remarkably altered the blood-brain barrier structure. NG2
(nerve/glia antigen, chondroitin sulfate proteoglycan), which is
expressed by immature pericytes’ and oligodentrocyte
progenitors™ was associated with CD31-expressing vessels,
and their number remarkably increased at microvascular
segments surrounded by cancer cells. Moreover, as shown in
Figure 1C, brain microvessels costained by NG2 and CD31
were smaller and thinner in tumor-unaffected areas compared
with intrametastatic microvascular segments. The muscle cell-
specific class IIT intermediate filament®* desmin, usually used
as a marker of mature pericytes, appeared to follow the same
distribution as the CD31 and NG2 staining (Figure 1D). Some
of the NG2-expressing pericytes also coexpressed desmin
(Figure 1E), confirming the mesenchymal nature of those cells.

Collagen IV distribution (Figure 1, F and G, and
Supplemental Figure S1) in this brain metastasis model was
colocalized with CD31-expressing vessels from both tumor-
unaffected and -metastasized areas, suggesting that basement
membrane collagen was preserved around any brain capillary.
However, collagen IV also formed a well-defined layer around
perivascular metastases, in the limit between cancer cells and
normal brain parenchyma (Figure 1, F and G). Therefore,
collagen IV delineated the cancer cell territory between an
inner layer at intrametastatic capillaries and an outer layer
around metastatic tissue between cancer and normal brain
parenchyma. In larger metastases, residual collagen IV can be
observed (Figure 1F and Supplemental Figure S1).
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Figure 1

Characterization of the microenvironment of the 231-BR-HER2 brain micrometastases. Brain sections were immunostained with different markers to analyze

the microenvironmental structure around micrometastases. A and B: Metastatic 231-BR-HER2 cells (human cytokeratin; green) grew along brain microvessels (CD31, red).
B: Higher magnification of boxed area in A. C—M: Clusters of cells stained with DAPI (blue) underwent 231-BR-HER2 micrometastases. Individual dots are neuronal nuclei.
C: Brain microvessel (CD31, red) coverage by NG2-expressing pericytes (green), surrounded by 231-BR-HER2 cancer cells (large white arrow). The thin white arrow
indicates NG2-covered blood vessels in normal brain area. D: Micrometastases grew along desmin-expressing pericytes (green). E: NG2-expressing pericytes (green) and
desmin-expressing pericytes (red) showed the same localization pattern. F and G: Collagen type IV-expressing basement membranes (green) around both brain microvessels
(CD31, red) and perivascular cancer cells, forming the inner and outer limits (Large white arrows) of brain micrometastases. The thin white arrow indicates residual collagen
1IV. H: CD11b and CD45 double-staining for reactive microglia/macrophages (red) located around metastases. I: Some CD3-expressing lymphocytes (green; white arrows)
were observed near micrometastatic clusters (CD31, red). J: Hypertrophic reactive GFAP-expressing astrocytes (green). K: 231-BR-HER2 metastases (DAPI) grew around
pericytes from brain microvessel (NG2, green) and was surrounded by GFAP-expressing astrocytes (red). L: Microvessel-associated NG2-expressing pericytes (green) sur-
rounded by GFAP-expressing astrocytes (red). M: p751-PDGFRB—expressing cells localized only around micrometastases (cluster of DAPI-stained cells). Brain microvessels

were visualized with anti-CD31 antibody (red). Scale bars: 200 pum (A and B); 50 um (C—J, L, and M).

Consistent with our previous observations,”> we also
detected CD11b-CD45 coexpressing cells around, but not
inside, micrometastases, indicating reactive microglia recruit-
ment to the vicinity of cancer cells (Figure 1H). However,
few single CD3" lymphocytes were observed (Figure 1I),
suggesting limited lymphocyte infiltration in the metasta-
sized brain at this early stage.

Another remarkable glial cell type that surrounded, but not
infiltrated, metastatic tissue was represented by GFAP-
expressing cells (Figure 1J). These cells were most probably
of astrocyte nature and also delineated an outer layer of
tumor cell growth from the microvessels (Figure 1K).
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Compared with highly stellated phenotype of astrocytes from
tumor-unaffected brain areas (Figure 1L), perimetastatic
astrocytes were low stellated (Figure 1K). These GFAP-
expressing cells were NG2 negative and unrelated to axonal
fibers, discarding their oligodendroglial nature.

A Subpopulation of Brain Metastasis
Microenvironment-Associated Astrocytes Express
Activated PDGFRp

With the use of an antibody to p751-PDGFRf we noticed
a previously undescribed population of neuroinflammatory cells

ajp.amjpathol.org m The American Journal of Pathology
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with a structure indicative of astrocytes, but positive staining
for this activated growth factor receptor (Figures 1M and 2A).
To confirm the astrocytic lineage of these cells, dual staining
with anti—p751-PDGFRB and GFAP was conducted
(Figure 2B). In addition, the p751-PDGFRfB—expressing
astrocytic cells were negative for microglial and pericyte
markers in other coimmunoflourescence studies (Figure 2, C
and D, respectively). To eliminate the possibility that astro-
cytic p751-PDGFRf expression was an artifact of an
antibody cross reactivity, the staining obtained with the p751-
PDGFRP antibody initially used (Figure 2E) was compared
with the staining obtained with two other antibodies: an
independent polyclonal antibody against the same phospho-
tyrosine 751 of PDGFRp (Figure 2F) and a polyclonal
antibody against the phosphotyrosine 1021 of PDGFRf
(Figure 2G). The three antibodies gave the same pattern of
staining, exclusively in the vicinity of metastatic cells, further
supporting that phosphorylated PDGFRp expression was
a specific feature of the astrocyte neuroinflammatory response
around perivascular brain micrometastases.

We next asked whether a subpopulation of p751-PDGFRB ™"
astrocytes is found in human brain metastases. Sections from
eight craniotomy specimens were stained with p751-PDGFRf3
and GFAP antibodies. Five brain metastatic tissues were from
patients with stage IV HER-2—overexpressing breast cancer,
with estrogen receptor— and progesterone receptor—negative

The American Journal of Pathology m ajp.amjpathol.org

Figure 2 Identification of metastasis-associated astro-
cytes expressing p751-PDGFRB. A: p751-PDGFRB—expressing
cells are located near 231-BR-HER2 experimental micro-
metastases. B: Brain tissue sections were costained with GFAP
(red) to detect reactive astrocytes with p751-PDGFRp (green).
C: p751-PDGFRB—expressing cells (green) were distinct from
reactive microglia (CD11b/CD45, red). D: p751-PDGFRB™ cells
(green) were distinct from desmin-expressing cells (red).
E: p751-PDGFRB—expressing cells (green) (antibody from
Santa Cruz Biotechnology) and GFAP-expressing astrocytes
(red). F: p751-PDGFRB—expressing cells (green) (antibody
from Cell Signaling Technology). G: p1021-PDGFRB—expressing
cells (green). H—K: Immunostaining of a brain metastasis
tissue section from a biopsy of a patient with stage IV breast
cancer. Same antibodies were used as above. DAPI staining in
blue (H). Some p751-PDGFRB—expressing cells in green (I)
and GFAP-expressing cells in red (J) are colocalized in
vellow (K). Scale bars: 100 um (A, B, and D); 50 um (C);
20 um (E—G); 40 um (H—K).

invasive ductal breast cancers. To determine whether the
presence of this p751-PDGFRB™ astrocyte population was
generalizable to different brain metastases, craniotomy speci-
mens from two patients with small cell lung adenocarcinoma
and one with a colorectal adenocarcinoma were also stained
and analyzed (Supplemental Table S1). In all cases, metastatic
lesions showed undefined boundaries and tended to invade
the surrounding parenchyma as single cancer cells. An
extensive GFAP staining around metastatic lesions was also
observed in all cases, which was indicative of reactive gliosis.
In addition, some GFAP-expressing cells also expressed p751-
PDGFR@, particularly near intrametastatic microvessels. A
representative brain metastasis from breast cancer is shown in
Figure 2, H—K. Most GFAP-expressing astrocytes that
decorated the tumor cells coexpressed p751-PDGFR. The
data indicate that, in both an experimental model system and
human craniotomy specimens, PDGFR activation is a feature
of tumor-activated astrocytes.

Pazopanib Inhibits PDGFRB Phosphorylation in Human
Astrocytes in Vitro and ex Vivo

We previously reported that pazopanib, an inhibitor of
vascular endothelial growth factor receptor, PDGFR, c-kit,
and B-Raf activities, prevented the formation of experi-
mental brain metastases by 231-BR-HER?2 cells by 73% and
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of MCF7-HER2-BR3 cells by 55%."° The major target for
pazopanib in the tumor cells appeared to be B-Raf, based on
a reduction in tumor cell pErk but not microvessel density
in vivo. Given the presence of activated PDGFRp in the
astrocytic neuroinflammatory response, we asked whether
pazopanib modulated PDGFR activation in these cells.

In vitro studies were conducted with human immortalized
astrocytes (immortalized by expression of the protein E6 and
E7 form the human papillomavirus®>). These cells uniformly
expressed p751-PDGFRP under basal culture conditions.
The addition of 5 pmol/L pazopanib to the culture medium for
48 hours decreased p751-PDGFRf by 71.2% (difference
between medians) compared with DMSO control culture
(P <0.0001) (Figure 3, A—C). Using MTT viability assays, the
concentration that inhibited 50% of pazopanib activity was 9
pmol/L after 120 hours of incubation (data not shown). This
concentration compared favorably to its concentration that
inhibited 50% of tumor cells in vitro.”> The data suggest that
pazopanib can deactivate and inhibit the proliferation of acti-
vated PDGFR B-expressing astrocytes.

To extend these observations past an immortalized astrocyte
cell line, short-term primary cultures of astrocyte-enriched glial
cells were prepared from fresh craniotomy specimens from
five different patients. Figure 3, D—G, presents representative
immunofluorescence staining of these cultures, showing col-
ocalization of p751-PDGFRp and GFAP. PDGFR activation
was stable through short-term culture. Medium from 231-BR-
HER2 cell cultures was harvested as a tumor-conditioned
medium, mimicking the brain metastasis microenvironment,
and added to the primary astrocyte cultures. Four different
conditions were performed: incubation with Neurobasal
medium containing pazopanib or DMSO, or incubation with
tumor-conditioned medium containing either pazopanib or
DMSO, for 18 hours (Figure 3H). The tumor-conditioned
medium increased the median number of p751-PDGFRB—
expressing primary astrocytes by 23.2% compared with Neu-
robasal medium culture (Figure 3H). The data outline a tumor
cell—microenvironmental interaction in the brain where tumor-
derived soluble factors induced p751-PDGFRB—expressing
astrocytes. Pazopanib decreased the basal level of p751-
PDGFRp expression in normal medium from a median of
21.98% to 12.47%, or a43.4% decrease. A greater decrease was
observed in tumor-activated cultures, with pazopanib inducing
54.6% reduction in the intensity of p751-PDGFR}.

Prevention of 231-BR-HER2 Brain Metastasis
Formation Is Associated with Pazaponib Inhibition of
p751-PDGFRB™ Astrocytes in Vivo

In previously reported studies, the 231-BR-HER?2 cell line
was injected into the left cardiac ventricle of immunocom-
promised mice, and, beginning 3 days after injection, mice
were treated twice daily by oral gavage for 21 days with
vehicle or with 30 or 100 mg/kg pazopanib. To determine the
effect of pazopanib on the neuroinflammatory response,
sections of brains from five mice per treatment group
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were examined for p751-PDGFRp—expressing astrocytes
(Figure 4). Pazopanib significantly inhibited the number of
p751-PDGFRp—expressing astrocytes from a median of
324.6 positive cells in vehicle-treated mice to 98.1 and 101.3,
producing 69.8% and 68.8% decrease at 30 and 100 mg/kg,
respectively (P = 0.023 and P = 0.022, respectively)
(Figure 4A). The surface area covered by p751-PDGFRB™"
astrocytes was also measured by image analysis, and pazo-
panib treatment resulted in a 64.9% and 75.2% decline in the
percentage of p751-PDGFRB—expressing astrocytes, at 30
and 100 mg/kg, respectively [a median 4.44% of the area
covered by p751-PDGFRB™ astrocytes in vehicle-treated
mice compared with 1.56% (P = 0.13) and 1.10% (P =
0.070) for 30 and 100 mg/kg pazopanib, respectively].
Figure 4, C—E, shows representative images of p751-
PDGFRp—expressing astrocytes in the vicinity of metas-
tases at the three different treatments (vehicle, 30 mg/kg, and
100 mg/kg, respectively). Serial tissue sections from the
same mice used to quantify p751-PDGFRp—expressing
astrocytes were immunostained with a GFAP antibody to
evaluate the effect of pazopanib on the general population of
astrocytes. Virtually all of the astrocytes expressed GFAP,
but an increase in expression was observed in the astrocytes
near the metastases. Pazopanib induced only a minor
decrease in the number for GFAP™ astrocytes (Supplemental
Figure S2). Because the GFAP-overexpressing astrocyte
population was not significantly decreased by pazopanib, this
observation suggests that pazopanib might not kill astrocytes
but rather prevent their activation. As a control, microglial
activation was analyzed and quantified in the same manner.
Pazopanib treatment did not result in any effect on the
reactive microglia (Figure 4, F—J), confirming its specificity
to metastasis-associated astrocytes. The median numbers of
CD11b/CD45" microglia cells per section were 111, 113,
and 84.7 for vehicle, 30-mg/kg, and 100-mg/kg pazopanib
treatment groups, respectively (Figure 4F). Collectively, the
data establish the existence of a previously unknown
PDGFRp p751-expressing population of astrocytes in the
cancer metastasis neuroinflammatory response in the brain,
which is inhibitable by pazopanib.

Discussion

The brain metastatic process is known to alter the
surrounding microenvironment, changing gene expression,*®
producing a neuroinflammatory response,”>**>’ and in-
creasing the permeability of the blood-brain barrier to
a limited extent.>8™*! However, the molecular characteristics
of these changes, their functional contributions to brain
metastatic colonization, and their effect on therapeutic effi-
cacy remain to be fully understood. With the use of the 231-
BR-HER?2 experimental brain metastasis model system, we
find that perivascular cancer cell growth involved a remark-
able perturbation of the neurovascular unit, including
increased density of NG2/desmin coexpressing pericytes in
specific brain microvessels ensheathed by metastatic cells
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Pazopanib inhibited PDGFRB phosphorylation from human immortalized astrocytes and tumor-activated primary cultured human glial in vitro.

A: Microfluorimetric image analysis of pazopanib effect on p751-PDGFRB immunostaining (in green) by immortalized human astrocytes cultured in basal
conditions overnight and treated with 5 pmol/L pazopanib (added every 24 hours) or DMSO for 48 hours. p751-PDGFRp staining intensity was quantified and
normalized to DAPI staining. Data represent average values from five or seven images per well from three independent experiments (n = 17 per group). Box-
and-whisker plots of the raw data are shown, but the statistical analysis was performed on transformed data. *P < 0.0001. B and C: Representative images of
p751-PDGFRB staining after DMSO (B) or pazopanib (C) treatments. D—G: Identification of PDGFRB phosphorylation in GFAP-expressing cells from a primary
culture of astrocyte-enriched human glial cells. Glial cells were isolated by mechanical cell separation, enzyme digestion, and differential plating, from
a tumor-unaffected area in human brain tissue obtained by neurosurgery from a patient with a metastatic brain tumor. Same antibodies were used as above.
DAPI staining in blue (D). Some p751-PDGFRB—expressing cells in green (E) and GFAP-expressing cells in red (F) are colocalized in yellow (G). H: Same
enriched glial cell cultures were exposed to basal medium (untreated astrocytes) or the conditioned medium from serum-free and basal condition-cultured
231-BR-HER2 cells (tumor-activated astrocytes) for 18 hours in the presence of 5 pumol/L pazopanib or DMSO. The number of cells expressing p751-
PDGFRB was quantified by flow cytometry after immunostaining with the same antibody as above. Three independent experiments, using primary culture
from three different patients (n = 3 per group), are shown in the dot plots. The bars represent the median. Scale bars: 100 pm (B and C); 10 um (D—G).

and perimetastatic accumulation of collagen IV in 40% of
lesions and of reactive glial cells in virtually all metastases.
Reactive glia included microglia coexpressing CD11b/CD45
and astrocytes expressing GFAP. An increase in pericyte
coverage is generally consistent with our previous unantici-
pated observation that more permeable experimental brain
metastases contained vessels decorated with greater
numbers of pericytes.* In addition to type IV collagen,
perimetastatic deposition of laminin has also been reported
in brain metastases,*> suggesting the deposition of at least
elements of a basement membrane. Type IV collagen
ensheathment of metastases was also heterogeneously re-
ported in a limited study of human tissues.*’

Herein, we report that a population of astrocytes in the
neuroinflammatory response to 231-BR-HER?2 brain metas-
tases expressed p-PDGFRB. The p-PDGFRB' neuro-
inflammatory cells coexpressed GFAP but not NG2, desmin,
or CD11b/CD45. This finding was confirmed in eight human
craniotomy specimens and in short-term cultures of primary
craniotomy-derived human astrocytes. PDGF and its o and
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B receptors are well known in the central nervous system but
are mainly characterized in pericyte function in normal
and diseased states”***> and in gliomas.*® A population of
oligodendroglia and their precursors (which can give
rise to astrocyte populations) have been reported to be
PRGDFRo.™7*® and PDGFRB".** Although we cannot
formally rule out that the cells identified in the metastasis-
associated neuroinflammatory response are oligodendroglia,
their predominance in the gray matter and lack of NG2 pos-
itivity argues against this presumption. The literature about
astrocyte expression of PDGFRs is limited and unclear. In
human brain specimens from patients with ischemic stroke,
PDGRFR mRNA detected by in sifu hybridization was robust
in the penumbral astrocytes, although the subtype of receptor
was not detemlinedso; in a mouse staining study, PDGFRf
was undetectable on normal brain astrocytes.” Astrocytes
and their precursor cells respond to PDGF with a variety of
proliferative and invasive phenotypes,”'>* although it is
impossible to determine whether these responses are direct or
indirect through other cell types present. Together with our
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Figure 4 Pazopanib induces a decrease in the p751-
Tt PDGFRB—expressing astrocyte population but does not alter
reactive microglia. Brains, from necropsies of athymic nude
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mouse that received 231-BR-HER2 cells and vehicle or 30 mg/kg
or 100 mg/kg pazopanib for 21 days, were fixed, sectioned, and
stained. A: Number of p751-PDGFRB™ astrocytes per high power
field. *P = 0.023 for vehicle-treated versus 30 mg/kg;
**P = 0.022 for vehicle-treated versus 100 mg/kg.
B: Percentage of area occupied by p751-PDGFRB™ astrocytes.
P = 0.13 for vehicle-treated versus 30 mg/kg; 1P = 0.070 for
vehicle-treated versus 100 mg/kg. Data in A and B were both
determined by photographic analysis of p751-PDGFRp staining.
Raw data are presented, but statistical analysis was performed
on square root transformed data in A and on logy, transformed
data in B. Each dot represents one mouse and is the average of
up to nine groups of metastases. C—E: Representative images
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data, we hypothesize that p-PDGFRf3 expression by astrocytes
is a hallmark of their aberrant activation in disease states.
Epidermal growth factor receptor has also been found to be
induced in optic nerve astrocytes after injury,”*>> suggesting
that additional molecular alterations may occur as well.

Our experiments suggest the exciting hypothesis that
p-PDGFRf expression by activated astrocytes in brain
metastasis contributes to functional phenotypes. In short-
term primary cultures, astrocyte p-PDGFRf} expression was
inducible by tumor-derived soluble factors, suggesting that it
results from a tumor—microenvironment cross talk similar to
that previously characterized for bone metastasis.’® Pazopa-
nib is a drug with inhibitory activity to vascular endothelial
growth factor receptor, PDGFR, c-kit, and B-Raf, approved
by the Food and Drug Administration. It inhibited
p-PDGFRB™ human immortalized astrocyte proliferation by
50% at concentrations comparable with that of many tumor
cell lines.**” In vitro, pazopanib was able to decrease
p-PDGFRJ expression in astrocytes both in normal culture
medium and tumor-activated medium. Our previous work
showed the preventive effect of pazopanib on metastasis
outgrowth, directly targeting the tumor cells. Combining
these two studies, pazopanib’s potent efficacy is most likely
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for ANOVA. Each dot represents one mouse and is the average of
up to three groups of metastases. H—J: Representative images
of CD11b/CD45™ staining: vehicle (H), 30 mg/kg pazopanib (I),
100 mg/kg pazopanib (J). Scale bars: 100 pm (C—E and H—1J).

because of its ability to directly attack the metastatic process
on two fronts: the tumor cells and the microenvironment.
Therefore, the decrease in p-PDGFRB " astrocytes might be
the result of both a direct block of the PDGFR expressed by
the astrocytes and a decrease in tumor-secreted factors
subsequent to the metastatic outgrowth prevention effect. An
inherent limitation in our studies is that pazopanib, as
a multikinase inhibitor, could modify astrocyte activation
through other, currently undetectable pathways. Astrocytes
have been reported to serve multiple functions in brain
metastasis, including the production of heparanase,’® nitric
oxide,59 and other cytokinesZ4; the stimulation of tumor cell
proliferation® and chemotherapeutic resistance”; and the
activation of microglia to further amplify the neuro-
inflammatory response.®' It will be of interest to determine
whether the astrocytic PDGFR pathway mediates these or
other additional phenotypes.

The cancer microenvironment is the interface between
cancer cells and pathophysiology of the patient, and a poten-
tially important trend in cancer research is that functional
pathways in the tumor microenvironment may represent
valuable therapeutic targets for more effective cancer treat-
ment. The recent success of targeting cytotoxic T lymphocyte
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antigen 4 in T lymphocytes in the tumor microenvironment in
metastatic melanoma points to potential clinical success.®>
For brain metastasis, several potential therapeutic targets
have been identified in the microenvironment, including the
heparanase, plasminogen activator, and metalloproteinase
systems.® "% Herein, we demonstrate that pazopanib treat-
ment of mice significantly reduced the percentage of
p-PDGFRB™ astrocytes in the brain in vivo at two doses. In
these same experiments, the development of large brain
metastases was significantly prevented. Of the different
chemotherapeutic and molecular drugs that we have tested to
date in the 231-BR model system, pazopanib has been the
most efficacious in prevention of metastatic coloniza-
tion.”'*%%7 We hypothesize that pazopanib activity resulted
from both tumor and microenvironmental effects. Although
the brain metastasis process in this animal model might
have limitations for a direct clinical translation, our results
show that the newly identified subpopulation of activated
p-PDGFRB™ astrocytes is playing a key role in the mecha-
nism of brain micrometastasis progression. However, this was
inhibited by pazopanib, suggesting it is a specific drug able to
prevent further development of subclinical perivascular
micrometastases.

Supplementary Data

Supplemental material for this article can be found at
http://dx.doi.org/10.1016/j.ajpath.2013.02.043.
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