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Brain metastases are difficult to treat and mostly de-
velop late during progressive metastatic disease. Pa-
tients at risk would benefit from the development of
prevention and improved treatments. This requires
knowledge of the initial events that lead to brain
metastasis. The present study reveals cellular events
during the initiation of brain metastasis by breast
cancer cells and documents the earliest host re-
sponses to incoming cancer cells after carotid artery
injection in immunodeficient and immunocompetent
mouse models. Our findings capture and chara-
cterize heterogeneous astrocytic and microglial reac-
tions to the arrest and extravasation of cancer cells in
the brain, showing immediate and drastic changes in
the brain microenvironment on arrival of individual
cancer cells. We identified reactive astrocytes as the
most active host cell population that immediately lo-
calizes to individual invading tumor cells and contin-
uously associates with growing metastatic lesions. Up-
regulation of matrix metalloproteinase-9 associated
with astrocyte activation in the immediate vicinity of
extravasating cancer cells might support their pro-
gression. Early involvement of different host cell
types indicates environmental clues that might code-
termine whether a single cancer cell progresses to
macrometastasis or remains dormant. Thus, informa-
tion on the initial interplay between brain homing
tumor cells and reactive host cells may help develop
strategies for prevention and treatment of symptom-
atic breast cancer brain metastases. (4m_J Pathol 2010,
176:2958-2971; DOI: 10.2353/ajpath.2010.090838)

Brain metastases are diagnosed in 10 to 40% of all can-
cer patients, and the incidence is rising as patients live
longer due to improved treatments for extracranial me-
tastases."? Brain lesions are most frequently associated
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with lung cancer, breast cancer, and melanoma."? Un-
fortunately, brain metastases are still very difficult to treat
and the mechanisms underlying their establishment and
progression are poorly understood. Thus, information in
this direction and models for analysis are a prerequisite
for the development of new, efficient therapies.

The essential role of the tumor microenvironment in
cancer progression has been well documented for ex-
tracranial malignancies, and recent findings indicate that
the tumor microenvironment might be a suitable target in
anticancer therapies, as well as a valuable biomarker for
prognostic purposes.®® The brain provides a unique
environment with paracrine growth factors that differ from
most other organs.®” The involvement of brain-resident
cells including brain endothelial cells, microglia, and as-
trocytes in the pathology of primary and metastatic brain
tumors is only partially understood. Brain endothelial cells
are the first host cell type that circulating cancer cells
encounter when they arrest within the brain microvascu-
lature. In addition to posing the initial barrier for brain
invasion, endothelial cells and their basement membrane
seem to play important roles in supporting the growth of
brain metastases as well as brain tumor stem cells.®~°
So far, only a few studies documented cancer cell arrest
and extravasation in the brain in vivo''~'3. Once incoming
cancer cells begin to infiltrate the brain tissue, they en-
counter a number of host cell types that may respond to
their arrival. Microglia constitute the tissue macrophages
of the central nervous system and are the main respond-
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ers to primary brain tumors. Activated microglia can be
frequently found in the vicinity of brain lesions,’*'® and
the inhibition of microglial activation has been shown to
significantly reduce glioma proliferation.™ Microglia se-
crete multiple cytokines, growth factors, and enzymes
that can directly or indirectly lead to immunosuppression,
angiogenesis, tumor proliferation, and invasion. ®:17:19:20
In contrast to these cancer promoting effects, however,
microglia has also been reported to elicit cytotoxicity
toward lung cancer brain metastases.?’ Thus, micro-
glial cells seem to play diverse roles in cancer progres-
sion, which might be related to their heterogeneity and
distinct stages of activation. In addition to microglia,
reactive astrocytes have been frequently observed in
the vicinity of primary and metastatic brain tumors in
animal models as well as in human patients.® 522 As-
trocytes were shown to support brain tumor growth by
secretion of cytokines, heparanase, and neurotrophic
factors such as transforming growth factor-a, Stromal
cell-derived factor 1 (SDF-1) Sphingosin-1 phosphate,
and Glial cell line-derived neurotrophic factor.'”23725
Furthermore, an immortalized astrocyte cell line has
been recently shown to promote cell division and sur-
vival in lung adenocarcinoma cells in vitro.?®

Although the microenvironment of established brain
tumors has been intensively studied, the induction of
changes in the brain during the initial steps of cancer cell
invasion from the bloodstream has not been described
previously. This is probably due to challenges in the
establishment of specialized animal models and tech-
niques that allow efficient and detailed analysis of these
early time points. However, an understanding of early
events in particular is essential for the development of
preventive therapies, which are urgently needed. Breast
cancer brain metastases are thought to develop at a late
stage of progressive metastatic disease and ultimately
fail to respond to treatment. Therefore, effective therapies
for prevention could be lifesaving for patients who are at
risk for developing brain lesions.

In the present study, we analyzed the brain microen-
vironment during the initiation of hematogenous breast
cancer brain metastasis, using animal models that al-
lowed us to capture the involvement of different brain-
resident cells in this process. We found that cancer cells
extravasated exclusively from capillaries. In some cell
lines, this step preceded their proliferation and establish-
ment of metastatic foci, whereas other cell lines began to
proliferate within the brain microvasculature. However,
the timing between tumor cell arrest and extravasation
was always the same and required several days. Thus,
survival of arrested cancer cells within brain capillaries
might be a rate-limiting step in metastatic progression.
This might be true specifically for the brain, because
cancer cell penetration of the vessel wall in the brain is
much slower than in other organs.'®27 Strikingly, arrest of
individual tumor cells in brain capillaries induced diverse
astrocytic and microglial responses, even before the tu-
mor cells extravasated. These responses resulted in het-
erogeneous local changes of the initial tumor microenviron-
ment. We speculate that these changes might influence the
fate of individual cancer cells, promoting or restricting their
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progression into macrometastases. In the future, our
models should enable detailed in vivo analyses of these
early interactions and contribute to the development of
preventive therapeutic approaches that target early host
responses within the brain microenvironment. Such strat-
egies may hold particular promise because cancer cells
may constantly change their phenotype due to genetic
instability, in contrast to the more stable host microenvi-
ronment. Thus, microenvironment-based therapies might
find broader application for different cancer types and
affect different stages of progression.

Materials and Methods

In Vivo Mouse Models, Bioluminescence
Imaging, and Tissue Preparation

MDA-MB-435, MDA-MB-231, MDA-MB-231/brain,?® 471,
and MCF-7 cells were grown in Eagle’s minimum essen-
tial medium supplemented with nonessential amino ac-
ids, vitamin mix, L-glutamin, pyruvate, and 10% serum.
4T1 cells were stably transduced with lentiviral green
fluorescent protein (GFP)-expressing vector to enable
their detection by immunofluorescence. For in vivo imag-
ing, all tumor cell lines were stably transduced with Firefly
luciferase (F-luc) in a lentiviral construct.?® F-luc-tagged
cancer cells (10%, 2 X 10%, and/or 10°) were injected into
the left internal carotid artery of female BALB/c mice (4T1
cells) or CB17/SCID mice (all other cell lines) in Eagle’s
minimum essential medium without supplements in a total
volume of 50 wl. For surgery, mice were anesthesized
with isofluorane. To detect hypoxia, Hypoxyprobe (Natu-
ral Pharmaceuticals Inc., Burlington, MA) (150 ul of 10
mg/ml i.p.) was injected into the animals 45 minutes
before tissue harvest. The surgery protocol and all animal
work were approved by the institutional animal care and
use committee (American Association for the Accredita-
tion of Laboratory Animal Care accredited).

Tumor cell arrest and growth within the brain tissue
were monitored by repeated noninvasive biolumines-
cence imaging using an VIS 200 system (Xenogen, Al-
ameda, CA) after luciferin injection (i.p.). On day 1, 2, 3,
5,7, 10, and 50 to 70 posttumor cell injection, brain tissue
was harvested after perfusing deeply anesthesized ani-
mals with 20 ml of 0.9% NaCl, followed by 20 ml of 4%
paraformaldehyde in PBS. Isolated brain tissue was post-
fixed in 4% paraformaldehyde for 4 to 8 hours at 4°C,
then incubated in 25% sucrose/0.1 M sodium phosphate
buffer at 4°C overnight, and snap-frozen on dry ice.
Brains were cut entirely into 30-um cryosections, col-
lected in Walter's antifreeze (30% (v/v) ethylenglycol,
30% (v/v) glycerol, and 0.5 M phosphate buffer) and
stored at —20°C.

Immunohistochemistry and Immunofluorescence

Before staining, floating sections were washed three
times in PBS, treated with 3% H,0,/10% methanol in PBS
for 15 minutes, blocked in 10% goat serum/0.3% Triton
X-100 in PBS for 1 hour, and incubated with primary



2960 Lorger and Felding-Habermann
AJP June 2010, Vol. 176, No. 6

antibody (Ab) overnight, followed by incubation with sec-
ondary horseradish peroxidase-, alkaline phosphatase-,
or biotin-conjugated Abs (Jackson ImmunoResearch
Laboratories, West Grove, PA and Vector Laboratories,
Burlingame, CA) for 2 hours. For double and triple stain-
ing, sections were incubated sequentially with one Ab at
a time. Different horseradish peroxidase substrates (dia-
minobenzidine; BD Pharmingen or Vector-SG, Vector
Laboratories) and alkaline phosphatase substrate (Vec-
tor-Red; Vector Laboratories) were used to visualize the
antigens. Signal from biotinylated Abs was amplified us-
ing an avidin-biotin complex kit (Vector Laboratories).
After transferring the sections onto glass slides, nuclei
were stained with Contrast Green (Kirkegaard & Perry
Laboratories, Gaithersburg, MD), and the slides were
washed with isopropanol and briefly incubated in Safe-
Clear Il (Fisher Scientific, Pittsburgh, PA) before mount-
ing in Permount (Fisher Scientific).

For immunofluorescence, secondary Abs conjugated
with Alexa 488, Alexa 549, allophycocyanin (APC) (In-
vitrogen, Carlsbad, CA), tetramethylrhodamine isothio-
cyanate, or fluorescein isothiocyanate (Jackson Immu-
noResearch Laboratories) were used, nuclei visualized
with 4',6'-diamidino-2-phenylindole, and the slides were
mounted in Gel Mount (Biomeda, Foster City, CA).

Primary Abs used were anti-CD34 (Abcam, Cambridge,
MA), anti-mouse-CD31 (BD Pharmingen), anti-human CD44
(monocloncal Ab (mAb) 29.7),%° anti-glial fibrillar acidic pro-
tein (GFAP) (Promega, Madison, WI), anti-mouse Nestin
mAb 353 (Chemicon International, Temecula, CA), anti-
matrix metalloproteinase (MMP)-9 (Ab-7, Oncogene Re-
search Products, San Diego, CA), anti-SDF-1 (Santa Cruz
Biotechnology), anti-Ki-67 (BD Pharmingen), anti-smooth
muscle actin (Sigma-Aldrich, St. Louis, MO), anti-F4/80
(Cederlane Laboratories, Hornby, Ontario, Canada), anti-
platelet-derived growth factor receptor B (eBioscience,
San Diego, CA), anti-human vimentin (DakoCytomation,
Fort Collins, CO), anti-GFP (Chemicon International),
anti-mouse GPIb, (Emfret Analytics, Eibelstadt, Ger-
many), anti-Hypoxyprobe (Natural Pharmaceuticals
Inc., Burlington, MA), and anti-fibrin (murine hybridoma
HB8545; American Type Culture Collection). BS-1 lec-
tin was from Sigma-Aldrich. The TACS TdT kit (R&D
Systems, Minneapolis, MN) was used for terminal de-
oxynucleotidyl transferase-mediated dUTP nick-end la-
beling staining.

Images were acquired with a Zeiss Axio Imager M1m
microscope equipped with a digital camera, using X 10
or X20 air objectives. Digital images were analyzed using
AxioVision 4.6 software (Zeiss, Oberkochen, Germany).
Confocal images were acquired with an Olympus 1X81
microscope equipped with UltraVIEW VoX Confocal Im-
aging System (PerkinElmer, Wellesley, MA), using a x40
water immersion objective. Images were acquired and
analyzed using the Velocity software.

Quantification of Tumor Cell Extravasation

To detect the tumor cells, tissues were stained with anti-
GFP Ab (4T1), anti-human CD44 (mAb 29.7), or human

vimentin (human cell lines) and costained with anti-CD31
to visualize the vascular endothelium. The position of the
tumor cells inside or outside blood vessels was deter-
mined for each detected tumor cell. For MDA-MB-435
cells, every fourth section throughout the entire brain was
analyzed. At each time point (days 3, 5, and 7), n = 4
brains were examined. On day 3, we found 253, 130, 90,
or 301 tumor cells per brain, respectively, and 15, 16, 48,
or 196 tumor cells on day 5. For MDA-MB-231/brain and
4T1 cells, 60 randomly chosen events in each of two to
three different animals were examined per time point. The
percentage of intravascular versus extravascular tumor
cells was calculated.

The gross quantification was performed using images
acquired with Zeiss Axio Imager M1m microscope, which
allowed for quantification of a large number of events. For
a subset of events, the localization of cancer cells inside
or outside the vasculature was confirmed by confocal
MiCroscopy.

Quantification of Ki-67-Positive Cells

Tissue was costained for Ki-67 and human CD44 (MDA-
MB-435) or human vimentin (MDA-MB-231/brain). Every
fourth section of the entire brain was analyzed in two to
three different animals 30 to 50 days postinjection. The
number of Ki-67-positive and -negative cells was counted
for solitary cancer cells and for metastatic lesions con-
taining >30 cells. For each of these lesion types, the
percentages of Ki-67-positive cells were calculated. SDs
and statistical significance were determined by two-tailed
Student’s t-test.

Quantification of Astrocyte Association with
Cancer Cells

Three days after injection of cancer cells into the carotid
artery, the brain tissue was stained for GFAP to detect
astrocytes and costained for human CD44(435), human
vimentin (231/brain), or GFP (4T1) to detect the cancer
cells. The number of reactive astrocytes located within a
distance of 150 um from the cancer cells (cancer cell
associated) and the number of reactive astrocytes in the
corresponding area of the nonafflicted contralateral
hemisphere (normal control) was counted for 20 ran-
domly chosen events per brain in two to three animals for
each cancer cell line. SDs and statistical significance
were determined by two-tailed Student’s t-test.

Results

Models and Kinetics of Initial Cancer Cell
Colonization of the Brain

To define models suitable for studying the earliest steps
of cancer cell brain colonization, we injected five different
F-luc-tagged breast cancer cell lines into the left internal
carotid artery of female immunodeficient or immunocom-
petent mice and followed cancer cell distribution and
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growth by noninvasive bioluminescence imaging (Figure
1). CB17/SCID mice were used to analyze human tumor
cells and BALB/c mice for syngeneic murine 4T1 breast
cancer cells. Comparing MDA-MB-435, MDA-MB-231,
MDA-MB-231/brain,?® MCF-7, and 4T1 cells, we found
that all five cell lines were detectable within the brain area
15 minutes postinjection. Even though each of these cell
lines initially localized to the brain area, only MDA-MB-
435, MDA-MB-brain/brain, and 4T1 cells produced per-
sistent and increasing signal over time, whereas MDA-
MB-231 parental and MCF-7 signal declined and
eventually disappeared (Figure 1, A and B). Immediately
after carotid artery injection of 10* or 10° MDA-MB-435
cells, strong bioluminescence signal was detected in the
left hemisphere of the brain and the signal persisted
without major change in intensity through days 5 to 7,
before it increased continuously (Figure 1, A and B). Only
live cells produce signal, indicating that the majority of
the initially arrested cancer cells remained and survived

Days post-injection

this step. Just after carotid artery injection of MDA-MB-
435 cells, a weak tumor cell signal was occasionally seen
in the lungs, but this signal disappeared within a few days
and never reappeared (data not shown). The signal for
MDA-MB-231/brain cells initially decreased slightly, indi-
cating that some of the cancer cells were eliminated.
Between days 5 and 10, the remaining signal then began
to increase continuously. 4T1 murine breast cancer cells
colonized the brain much more aggressively than the two
human cell lines. The 4T1 signal started to increase im-
mediately after tumor cell injection and continued to in-
crease at a much faster rate than that of MDA-MB-435
and 231/brain cells.

To investigate the behavior of the bioluminescence
producing tumor cells in more detail, we followed individ-
ual cells by histology on days 3, 5, and 7. We analyzed
the entire brain of each animal by immunohistochemistry
at each of these time points (n = 2—4 mice per time and
cell type). Human tumor cells were detected using two
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independent markers (human CD44 and human vimen-
tin). Murine 4T1 cells were identified by their GFP label
via anti-GFP staining. We found that MDA-MB-231 pa-
rental cells were rapidly cleared from the circulation of
the brain parenchyma and were undetectable inside or
outside the vasculature of the brain tissue on days 3, 5,
and 7 postinjection. Residual bioluminescence signal of
MDA-MB-231 parental cells in the brain area seen
through day 5 (Figure 1) was likely due to tumor cells in
the leptomeninges, which remained attached to the skull
when the brains were removed for histology at these early
time points. In contrast, MDA-MB-435, MDA-MB-231/
brain, and 4T1 cells were readily detected throughout the
brain parenchyma very early (eg, days 1, 2, 3, and 7) as
well as at later time points. After 10 to 50 days, numerous
macrometases were found in 100% of the animals (n =
3-6/group) after injecting 10* to 10° of these tumor cells.
4T1 cells exhibited the most rapid growth in their immu-
nocompetent hosts and produced extensive metastatic
burden already after 10 days. MDA-MB-435 and brain
homing MDA-MB-231/brain cells were previously re-
ported to produce metastatic lesions in the brain when
administered into the bloodstream,?®3" but the early col-
onization steps have not been previously investigated.
MDA-MB-435 cells are aggressively metastatic breast
cancer cells that share some characteristics with mela-
noma,®**® another tumor type that frequently causes
brain metastasis in patients.” The MDA-MB-231/brain cell
line was derived from MDA-MB-231 parental breast can-
cer cells after cardiac injection into immunodeficient mice
and six cycles of isolating brain metastases and reinjec-
tion into the heart.?® Here, we demonstrated that MDA-
MB-231/brain cells, as well as MDA-MB-435 and 4T1
cancer cells, are suitable models for studying cancer cell
interaction with the brain microvasculature even at the
earliest time points, for following the ability of cancer cells
to survive and grow within the brain tissue, and for ana-
lyzing involved host cell responses.

Cancer Cell Extravasation, Growth in the Brain,
and Types of Blood Vessels Involved

To analyze the mode and timing of cancer cell extrav-
asation, their initial proliferation in the brain paren-
chyma, and the types of blood vessels involved in
extravasation and lesion growth, we followed the cancer
cellsondays 1, 2, 3, 5, and 7 after carotid artery injection
by immunohistochemistry.

The localization of cancer cells and blood vessels was
determined by staining the human cancer cells with anti-
human CD44 (mAb 29.7)*° or anti-human vimentin,
mouse 4T1 cells with anti-GFP, and the vasculature with
anti-CD31 (Figure 2, A-G, and Supplemental Figure 1,
see http.//ajp.amjpathol.org). During the first 2 days after
inoculation, all cancer cells were found inside blood ves-
sels and displayed an elongated shape to fit into the
narrow capillaries (Figure 2A). On day 3 postinoculation,
for all three cell lines examined, the majority of cancer
cells were still localized within the microvasculature (Fig-
ure 2, B, H, and |, and Supplemental Figure 1, see http.//

ajp.amjpathol.org). Only a small percentage was extrava-
sating (Figure 2, C, H, and |, and Supplemental Figure 1,
see http://ajp.amjpathol.org) or already located in the ex-
travascular space, staying close to the vessels from
which the cells had emerged (Figure 2D and Supplemen-
tal Figure 1, see http://ajp.amjpathol.org). Before or during
extravasation, the cancer cells rounded up inside the
vascular lumen and formed cytoplasmic protrusions,
which apparently expanded the vessel wall that sur-
rounded them (Figure 2B; also see Figure 5C, day 3, blue
arrowheads). Intravascular cancer cells penetrating the
blood vessel wall with their cytoplasmic protrusions were
also detected (Figure 2I, middle panel, and Supplemen-
tal Figure 1, see http.//ajp.amjpathol.org). Extravasation of
individual cancer cells seemed to at least occasionally
involve larger interruptions of the vessel wall (Figure 2,
C-F). However, we could not detect any apoptosis or
hypoxia associated with the endothelium at sites of can-
cer cell extravasation by terminal deoxynucleotidyl trans-
ferase-mediated dUTP nick-end labeling staining or hy-
poxyprobe, respectively. This suggests that the
extravasation events were not associated with significant
destruction of the vessel wall (data not shown). However,
fibrin formation and platelet aggregation were detected
at sites of 4T1 cell extravasation in BALB/c mouse brain
on days 3, 5, and 7 posttumor cell injection (Figure 2J
and data not shown). On day 5 postinoculation, 20 to
40% of the cancer cells were still intravascular (Figure
2H). On day 7, all MDA-MB-435 and 4T1 tumor cells were
found in the extravascular space, whereas ~15% of
MDA-MB-231/brain cells were still intravascular, suggest-
ing a slightly slower extravasation kinetics (Figure 2, E-I,
and Supplemental Figure 1, see http://ajp.amjpathol.org).
At this time, for all three cell lines, small groups of cancer
cells were detected close to capillaries or lined up along
the vessel wall at the parenchymal side, indicating initial
cancer cell growth (Figure 2, F and G, and Supplemental
Figure 1, see http://ajp.amjpathol.org). Notably, for MDA-
MB-435 cells, extravasation always preceded cancer cell
proliferation, because groups of two or more cancer cells
were seen only in the extravascular space and never
inside blood vessels (Figure 2, C-G). In contrast, groups
of cancer cells within the vasculature were found for 4T1
cells, suggesting that these cells might proliferate even
before extravasating. This is in line with the immediate
increase in bioluminescence signal for this cell line from
day 1 on (Figure 1B).

By days 30 to 70, all mice injected with MDA-MB-435
or MDA-MB-231/brain cells harbored large metastatic
lesions within the brain parenchyma and leptomeninges.
At this stage, leptomeningeal metastases remained at-
tached to the brain surface when the brains were har-
vested, allowing us to analyze these lesions in detail and
to compare them to lesions within the brain tissue. Al-
though metastases in the brain parenchyma grew pref-
erentially around capillaries, forming elongated clusters
around these small vessels (Figures 2K and 3C), lepto-
meningeal lesions were compact nodules and contained
capillaries as well as larger vessels (Figure 3C).

Because of the rapid intracranial growth of 4T1 cells,
these experiments were terminated after 10 to 14 days.
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Figure 2. Cancer cell extravasation and growth in the brain. A-G: MDA-MB-435 cells were visualized by anti-human CD44 (mAb 29.7) and blood vessels by CD31
staining using immunohistochemistry. A: An elongated cancer cell within a capillary on day two postinjection. B: Rounding of intravascular cancer cells on day
three. C: Cancer cell on day three breaking through the vessel wall during extravasation. D: Extravasated cancer cell on day three. E-G: Extravascular cancer cells
on day seven. Scale bars: 50 um (A-D); 25 um (E-G). H: Percentage of cancer cells located inside versus outside blood vessels. The quantification was performed
for three different cells lines: MDA-MB-435, MDA-MB-231/brain, and 4T1. I: Analysis of early cell location by confocal microscopy. Cancer cells were stained for
human CD44 (green) and blood vessels for CD31 (red). An intravascular cell (left panel), a cell in the process of extravasation (middle panel), and extravascular
cells (right panel) are shown. J: Association of intravascular 4T1 cancer cells with fibrin and platelets (GPIb,, staining) on day three. Scale bar: 25 um. K: Day
50: Long-term fate of MDA-MB-435 cells was monitored by immunohistochemistry. Intraparenchymal macrometastases grew preferentially around co-opted blood
vessels. Scale bar: 200 wm. L: Solitary tumor cells outside blood vessels on day 50 (top panel), detected by anti-human CD44 (mAb 29.7), are mostly negative
for Ki-67 (middle panel). In contrast, most cells within lesions as shown in K are Ki-67 positive (bottom panel). Scale bars: 50 um. M: Quantification of
Ki-67-positive cells within the solitary cancer cell population and within the macrometastatic lesions for MDA-MB-435 and MDA-MB-231/brain cells 30 to 50 days
postinjection.

All animals harbored numerous macrometastases, tightly
lined up along blood vessels within the brain paren-
chyma. No obvious leptomeningeal lesions were ob-
served for this cell model.

During the initial steps of brain colonization within
the parenchyma, cancer cells exclusively arrested

within and extravasated from capillaries and/or post-
capillary venules. These vessels were identified by
immunohistochemistry based on their size and lack of
smooth muscle cells (Figure 3A). The vessels were pos-
itive for CD31 as well as for CD34 and were surrounded
by platelet-derived growth factor receptor B-positive peri-
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Figure 3. Blood vessel types involved in cancer cell extravasation and growth. Blood vessel types were analyzed by immunofluorescence. Representative images
for MDA-MB-435 cells are shown. A: Day seven: in the brain parenchyma, cancer cells (white, arrows) arrest and extravasate exclusively from capillaries or
postcapillary venules positive for CD34 and lacking smooth muscle cells (no smooth muscle actin (SMA) signal). Scale bars: 100 wm. B: Day seven: blood vessels
from which cancer cells (gray) extravasate are surrounded by platelet-derived growth factor receptor B (PDGFRb)-positive pericytes. Top panel: BS-1 lectin;
middle panel: anti-PDGFRb; and bottom panel: merge. Scale bar: 20 um. C: Day 50: intraparenchymal metastases grow around co-opted capillaries lacking
smooth muscle cells. Leptomeningeal metastases contain capillaries as well as larger, smooth muscle cell-positive vessels. Scale bars: 100 wm.

cytes (Figure 3B). This indicates that parenchymal le-
sions stayed associated with the vessel type from which
they initially emerged.

In addition to successfully growing large metastatic
lesions, we detected many single cancer cells scattered
throughout the brain at late time points for MDA-MB-435
and 231/brain cell models (days 30 to 70 postinjection).
These cells were localized within the brain parenchyma
next to capillaries (Figure 2L, top panel). The majority of
the solitary MDA-MB-435 cancer cells were not prolifer-
ating, as only 12% of these cells were positive for cell
cycle marker Ki-67 (Figure 2, L, middle panel, and M).
Thus, these solitary cancer cells were arrested in G, of
the cell cycle and remained dormant after extravasation,
whereas the majority of cancer cells within larger lesions
(63%) were Ki-67 positive and proliferated actively (Fig-
ure 2, L, bottom panel, and M). In contrast, there was no
significant difference in the percentage of Ki-67-positive
cells between the solitary cancer cell population and
macroscopic lesions for MDA-MB-231/brain cells (Figure
2M). Notably, no solitary cancer cell population was de-
tected for the aggressive murine 4T1 breast cancer cell
line in their syngeneic BALB/c host model. All observed
4T1 cells grew in tight clusters around blood vessels 10
days after carotid artery injection (data not shown).

Cancer Cell Arrest and Extravasation in the
Brain Induce Diverse Microglial and Astrocyte
Responses

It is well established that the host microenvironment af-
fects tumor growth and metastatic progression and im-

pacts the success of tumor cells to survive and grow
within the brain.®2%:34-36 Therefore, we investigated the
earliest responses of brain residing cells to incoming
cancer cells during the initial steps of hematogenous
brain metastasis. A major cell type of the brain known to
respond to invading cells from the immune system during
inflammatory brain disease and development of primary
brain tumors is microglia.'*~'® We therefore investigated
an involvement of microglia in the earliest steps of cancer
cell brain colonization. F4/80 was used as a marker for
microglia and macrophages. Our analysis revealed a
varying accumulation of F4/80-positive cells with strongly
increased F4/80 expression, indicative of microglial acti-
vation, around extravasated cancer cells on day 7 in all
three cancer cell models (MDA-MB-435: Figure 4A-G;
4T1: Figure 4H-K; MDA-MB-231/brain: data not shown).
Similar microglial responses were observed in immuno-
suppressed SCID mice and immunocompetent BALB/c
mice. Some cancer cells that had left the vasculature
recruited large amounts of activated microglia, whereas
only few or no activated microglial cells could be de-
tected in the vicinity of other cancer cells (Figure 4, A and
H, left panel). However, the microglial responses ob-
served were specifically induced by the cancer cells, and
were not a consequence of the surgical manipulation
since activated microglial cells were never detected in
the same brain regions of animals injected with medium
alone (Figure 4H, right panel). Microglia associated with
the initial micrometastases presented either as activated
microglia displaying characteristic stellate morphology
with thick cellular processes (Figure 4, D and J) or as
reactive microglia with typical amoeboid morphology®’
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Figure 4. Microglial cell responses to invading cancer cells are heterogeneous. Microglial activation in response to cancer cell invasion varies at early as well as
late stages, as detected by immunofluorescence analysis. A—G: MDA-MB-435 cells in immunosuppressed mice; diverse microglial responses (green) to incoming
cancer cells (red) on day seven (A). Responses include absence of microglial cells (B), presence of hypertrophic stellate activated (D), or amoeboid reactive
microglial cells (F). Similarly, on day 50, some macrometastases show no microglial involvement (C) or contain stellate (E) or amoeboid microglia (G). Scale bars:
100 wm (A); 50 um (B-G). H-K: 4T1 cells in immunocompetent mice; H: distribution of activated microglia (red) in the mouse brain seven days after carotid artery
injection of cancer cells (left panel) or medium alone (right panel). White arrowheads mark the GFP-labeled cancer cells (green). Diverse microglial responses
to cancer cells include absence of microglial cells (I), presence of hypertrophic stellate (J), or reactive amoeboid microglial cells (K). Scale bar: 50 wm.

(Figure 4, F and K). The heterogeneity in microglial re-
sponses persisted throughout metastatic lesion develop-
ment. Even macrometastases on day 50 posttumor cell
injection were either completely free of microglial cells
(Figure 4C) or found associated with activated stellate
(Figure 4E) or reactive amoeboid microglia (Figure 4G).
Thus, microglial responses to brain invading cancer cells
can generate a variety of local microenvironments that
may affect lesion growth. These responses could be
dynamically regulated, potentially explaining their spo-
radic detection.

In addition to the variable microglial responses, as-
trocytes and their activation were consistently found

associated with invading cancer cells from the earliest
intravascular arrest steps on (Figure 5). In addition to
pericytes, brain capillaries are supported by astro-
cytes, which contribute to the tightness and functions
of the blood-brain barrier.38~° After interacting with en-
dothelial cells, pericytes and astrocytes are the first host
cell types that extravasating cancer cells encounter.
Strikingly, in all three cancer cell models, arrest and
extravasation of cancer cells consistently resulted in a
strong local activation of astrocytes, detected by the
up-regulation of GFAP as well as by the hyperdilation of
astrocyte processes (MDA-MB-435: Figure 5, A and C;
4T1: Figure 5D; MDA-MB-231/brain: data not shown).
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Figure 5. Cancer cell invasion induces strong astrocytic responses. Astrocytes were investigated by immunofluorescence staining. A: Left, On day three after
cancer cell injection into the left carotid artery, GFAP in astrocytes is already up-regulated strongly in the vicinity of intravascular arrested cancer cells
(MDA-MB-435, red arrows). Astrocyte activation can be detected in the left hemisphere in brain overview sections, whereas the corresponding area of the
contralateral hemisphere is devoid of GFAP reactivity. Right, Also, no GFAP activity was found in the brain of control animals injected with medium alone. B:
Number of reactive astrocytes three days after carotid artery injection of cancer cells, quantified within the 150-um distance from cancer cells (cancer cell
associated) and within the corresponding region of the contralateral hemisphere that lacks cancer cells (normal control). C: Activated astrocytes with thick
processes and up-regulated expression of GFAP are detected next to MDA-MB-435 cancer cells that are still intravascular. Note the cytoplasmic protrusions of
cancer cells on day three postinoculation that apparently cause stretching of the vessel wall (blue arrowheads) (day three, upper left panel). GFAP-positive
astrocytes stay close to extravasated tumor cells (day seven, lower left panel). Reactive astrocytes persist close to cancer cells throughout their development into
macrometastases (day 50, right panel). Scale bars: 20 um. D: Activated astrocytes are also present in the vicinity of 4T1 breast cancer cells injected into the
carotid artery of syngeneic BALB/c mice. Scale bars: 20 um. E: In addition to GFAP up-regulation, some reactive astrocytes simultaneously express nestin.
Merged images are shown on the left. Human vimentin or GFP (light blue), nestin (green), GFAP (red), and 4',6'-diamidino-2-phenylindole (DAPI) (dark
blue). Scale bar: 20 wm. F: Strong up-regulation of MMP-9 is detected in reactive astrocytes located in the immediate vicinity of extravasated MDA-MB-435
tumor cell. Scale bar: 20 um.



Astrocyte activation was always and exclusively seen in
close proximity of cancer cells. In many cases, the astro-
cyte response was so strong that it could be detected in
overviews of whole brain sections, even on day 3 post-
cancer cell injection (Figure 5A). At this stage, reactive
astrocytes were present in close proximity of individual
cancer cells, even before those extravasated (Figure 5C,
day 3). Reactive astrocytes persisted throughout the ex-
travasation process (Figure 5, C and D, day 7) and es-
tablishment of large metastatic lesions (Figure 5C, day
50). Early astrocyte activation on day 3 was a specific
response to the presence of cancer cells, because the
injection of medium alone in sham operated animals
did not result in any detectable astrocyte activation
(Figure 5A). Furthermore, no increase in reactive as-
trocytes was observed for the corresponding brain
area in the contralateral brain hemisphere (Figure 5A).
Notably, injection of breast cancer cells into the left
internal carotid artery resulted in tumor cell coloniza-
tion of only the left hemisphere of the brain, whereas
the right hemisphere remained unaffected. We there-
fore used the right tumor cell-free hemisphere as a
control to quantify the number of reactive astrocytes
associated with cancer cells in the left hemisphere.
The results demonstrate a significant and specific in-
crease in reactive astrocytes in the proximity of cancer
cells on day 3 postinjection for all three breast cancer
cell models (Figure 5B).

In addition to elevated expression of GFAP, some can-
cer cell-associated astrocytes simultaneously up-regu-
lated expression of nestin, another marker of reactive
astrocytes®’ (Figure 5E). We confirmed that nestin stain-
ing was truly associated with astrocytes by costaining
blood vessels and microglia with nestin (Supplemental
Figure 2, see http.//ajp.amjpathol.org). This result reflects
a diversity of atrocytic responses to tumor cells.

An important consequence of astrocyte activation is
their ability to secrete factors such as MMP-9.424% MMP-9
can directly impact cancer cell invasion and has known
proangiogenic and growth-promoting functions in brain
tumors through release of growth factors from the extra-
cellular matrix.®* We found a strong expression of MMP-9
by MDA-MB-435 cells as well as a strong up-regulation of
MMP-9 protein in the immediate vicinity of extravasating
cancer cells, associated with activated astrocytes that
surrounded the tumor cells (Figure 5F). Another factor
also known to be released by reactive astrocytes is
SDF-1,*~47 but we did not detect SDF-1 in the context of
astrocyte responses to cancer cell invasion (data not
shown). Taken together, astrocytes might provide early
and continuous proangiogenic and/or survival signals
that support cancer cell growth. The mechanism might
involve release of MMP-9 into the immediate proximity of
the cancer cells. Because of their consistent and very
early response to arriving cancer cells in the brain and
the persistence of their association with proliferating tu-
mor cells, astrocytes might provide a supportive micro-
environment for the development of brain metastatic
lesions.
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Discussion

The present study provides detailed in vivo analyzes of
breast cancer cell arrest and extravasation into the brain
parenchyma. Furthermore, it captures the diversity of
early host responses within the brain microenvironment
during the initial steps of cancer cell invasion. Information
on the first interaction between brain-homing tumor cells
and reactive host cell types will contribute to a better
understanding of critical early events in brain metastasis.
This insight may help develop strategies for prevention
and treatment of symptomatic brain lesions.

Our results show that breast cancer cells arrest exclu-
sively in brain capillaries and/or postcapillary venules.
Comparing five different breast cancer cell models, we
identified three as suitable models for detailed studies of
the earliest critical events of breast cancer cell extrava-
sation and initial brain colonization. Importantly, only
these tumor cells consistently developed metastatic le-
sions. Reports in the literature differ on the time course of
cancer cell extravasation, likely because of the use of
different cancer cell types, routes of inoculation, and
primarily because of distinct microvascular structures
within the target organs examined. In general, it takes
significantly longer for cancer cells to extravasate into the
brain parenchyma than into other organ tissues. For ex-
ample, extravasation of lung cancer cells in the brain was
reported to take 48 hours, whereas the same tumor cells
extravasated into the liver within only 6 hours.™ In an-
other study, prostate cancer cells derived from brain
metastases apparently remained inside brain capillaries
for up to 5 days.?” In our approach, breast cancer cells
were injected into the left internal carotid artery of immu-
nosuppressed SCID mice or immunocompetent BALB/c
mice. Importantly, we found that regardless of the host
immune state, the timing of tumor cell arrest within the
vasculature and extravasation was the same for all tumor
cell models examined. We found the tumor cells arrested
within the brain microvasculature and in the process of
extravasation from day 3 on. Extravasation was com-
pleted on day 7, except for MDA-MB-231/brain cells,
where a small percentage of cells was still intravascular.
Thus, arrested cancer cells apparently have to survive
within the brain vasculature for a significantly longer pe-
riod of time than in other organs. Cancer cell survival in
the vasculature is likely a critical step that limits the
success rate of brain metastasis. This step is probably
influenced by the ability of cancer cells to specifically
interact with components of the vessel wall on arrest. In
line with this concept, it was recently reported®” that the
majority of DU145/RasB1 prostate cancer cells, which
arrested in the brain vasculature, were eliminated before
they could extravasate, pointing at intravascular survival
as a rate limiting step. These studies were performed in
immunodeficient mice. The presence of a fully competent
immune system, especially natural killer cells,*® is ex-
pected to pose additional survival pressure on cancer
cells that remain arrested within the vasculature for ex-
tended periods of time. However, our results indicate that
arrested breast cancer cells can survive for several days
within the cerebral microvasculature in the presence of a



2968 Lorger and Felding-Habermann
AJP June 2010, Vol. 176, No. 6

fully functional immune system. We found that 4T1 cells
injected into BALB/c mice initiated growth very rapidly
without any signs of cancer cell death by terminal deoxy-
nucleotidyl transferase-mediated dUTP nick-end labeling
staining (data not shown). In this model, we observed
platelet accumulation and fibrin formation associated
with intravascular cancer cells, potentially protecting
them from the immune system.

Compared with the brain, intravascular survival may be
less critical in other organs because of significantly
shorter extravasation times. Recently, Bos et al*® identi-
fied genes that promote breast cancer brain metastasis
through a gene profiling analysis. Importantly, these
genes make up a group of mediators of cancer cell
extravasation in an in vitro model of the blood-brain bar-
rier. Notably, the duration of transendothelial migration by
cancer cells in vitro is significantly shorter (6 to 18 hours)
than that required for extravasation into brain tissue in vivo
(3 to 5 days). Furthermore, conditions in the vasculature
are much more complex than can be recapitulated in
vitro. Although one can envision extravasation as a rate-
limiting step for cancer types that are able to survive after
arresting within the cerebral microcirculation, our results
indicate that survival factors—in addition to mediators of
extravasation—Iikely play a decisive role in the establish-
ment of brain metastases.

Different modes of cancer cell extravasation have been
described. These include extravasation of individual tumor
cells without observable disruption of the microvasculature
as well as intravascular cancer cell proliferation, followed by
eventual vessel rupture, as reported for lung metasta-
sis.5975% In the MDA-MB-435 model, we observed individual
cancer cells within brain capillaries that initially assumed
an elongated shape to fit into the significantly smaller
vessels. Three days later, the tumor cells regained a
round shape, thereby stretching the vessel wall. In some
cases, the vessels appeared disrupted on extravasation.
However, the absence of any detectable apoptosis or
hypoxia associated with the vascular endothelium at
these sites suggests that no significant damage of blood
vessels occurs during the extravasation process. Nota-
bly, we also observed cancer cell protrusions stretching
through the vessel wall, indicating that crossing of the
blood-brain barrier is an active, specific process initiated
by the tumor cells. For MDA-MB-435 cells, we did not
observe any intravascular proliferation. Groups of two or
more cells appeared only in the extravascular space from
day 5 on. Consistent with the histology, bioluminescence
signal intensity reflecting the number of F-luc-tagged
cancer cells started to increase between days 5 and 7
when all of the cells had extravasated. In contrast, we
observed intravascular groups of cells for both MDA-MB-
231/brain and 4T1 cells, indicating that these might pro-
liferate before extravasation. This finding correlates with
the strong, immediate increase in bioluminescence sig-
nal for both MDA-MB-231/brain and 4T1 cells within the
first day after injection. For MDA-MB-231/brain cells, the
signal intensity decreased after day 1, before it began to
increase continuously between days 5 and 10, indicating
that cancer cells were eliminated from the brain vascu-
lature between days 2 and 5. Exit of cancer cells from

capillaries or postcapillary venules may involve mechanical
forces caused by rounding of the cancer cells, formation of
cytoplasmic protrusions, and most likely secretion of dis-
ruptive enzymes such as MMP-9 and heparanase or their
combinations.® 23654 To our knowledge, only one study
previously captured cancer cells in the process of extrav-
asation into the brain, using a rat hepatoma cell line as a
model."? In that model, extravasation apparently involved
breaching or destruction of the endothelium. The results
from our study with breast cancer cells suggest that
different modes of extravasation for cancer cells in the
brain might exist.

As lesions progressed, we observed macrometasta-
ses within the brain parenchyma as well as in the lepto-
meninges. These locations represent distinct microenvi-
ronments within the brain,”*® which we found reflected
by strikingly different phenotypes of parenchymal versus
leptomeningeal metastases in our models. Throughout
their development, metastases in the parenchyma grew
mostly around small blood vessels similar to a phenotype
reported previously.® 2755 We identified these vessels
as capillaries or postcapillary venules based on their size
and lack of smooth muscle cells. In contrast, metastases
in the leptomeninges grew into dense solid lesions that
always contained larger vessels surrounded by smooth
muscle cells. Because of the fragility of the leptomenin-
ges and their tendency to stay associated with the skull
when the brains were removed early after cancer cell
injection, our analysis of the initial colonization events
focused on the parenchymal microenvironment. It is pos-
sible that the first steps of cancer cell arrest and extrav-
asation within leptomeninges differ from the events seen
within the brain parenchyma.

The brain is a very specialized environment with a
unique cellular composition. Recent evidence suggests
that adhesion of cancer cells to components of the vas-
cular basement membrane provides essential survival
cues for cancer cells, early during brain colonization.® In
addition to initial signals from tumor cell adhesive inter-
actions with the vessel wall, host cells in the immediate
microenvironment of the tumor cells are most likely to
impact their fate and ability to progress. In our study, we
focused on host cell responses to the invading tumor
cells. For established brain metastases, it has been well
documented that reactive astrocytes and microglia sur-
round the lesions.’®?2 Furthermore, it is known that glial
cells are activated in a response to brain injuries. How-
ever, responses of glial cells and astrocytes to the initial
stages of tumor cell invasion have not been reported
previously. We found that cancer cell arrest, extravasa-
tion, and invasion of the brain parenchyma always in-
duced a strong local activation of astrocytes and activa-
tion of microglia to varying degrees. Astrocytic responses
were heterogeneous in their intensity and cellular com-
position, involving cells with up-regulated expression of
GFAP, nestin, or both. Reactive astrocytes occasionally
strongly up-regulated expression of MMP-9, which is
known to promote growth of primary brain tumors based
on its proangiogenic activity by releasing vascular endo-
thelial growth factor from the surrounding matrix.®* In
addition, vascular endothelial growth factor can also



directly stimulate the proliferation of cancer cells.%®
Furthermore, astrocytes were shown to support brain
metastatic growth by secretion of heparanase®* and neu-
rotrophins.?® Thus, reactive astrocytes may provide initial
cues for extravasating tumor cells to survive and prolifer-
ate within the brain parenchyma.

Some reactive astrocytes in the vicinity of cancer cells
expressed nestin. Nestin is a marker of neuroepithelial
stem cells, radial glia cells, and progenitor cells and is
down-regulated during terminal differentiation to mature
astrocytes. Nestin up-regulation in reactive astrocytes
was found associated with brain injury from different
causes.*'577%9 |t has been long debated whether reac-
tive astrocytes originate from progenitor cells that mi-
grated from the subventricular zone or whether they de-
rive from regional mature astrocytes. Recently, several
groups showed that nestin-positive subventricular zone
progenitors migrate to damaged areas in the brain cor-
tex.6061 Other groups demonstrated that mature astro-
cytes locally resume proliferation and dedifferentiate in
response to brain injury and other stimuli.>”-%2 Thus, both
scenarios can occur. In our study, nestin-positive reac-
tive astrocytes were observed very early during cancer
cell invasion of the brain parenchyma. The origin of these
astrocytes remains to be elucidated.

The reactions of microglia to cancer cells were also
diverse. In the normal brain, resting or ramified microglia
with thin processes are distributed throughout the brain
tissue. On stimulation, ramified microglia can be progres-
sively converted into active microglia via at least two
different and functionally distinct morphological states.
These are termed activated and reactive microglia.®”
Although activated microglia express only major histo-
compatibility complex class |, reactive microglia express
both major histocompatibility complex class | and major
histocompatibility complex class Il and show phagocytic
activity. The microglial population we found associated
with cancer cells was heterogeneous and consisted of
both activated microglia with typical hypertrophic stellate
appearance and reactive microglia with amoeboid cell
morphology. Notably, microglial responses to cancer
cells were similar in immunosuppressed and in immuno-
competent mice. Microglial cells can have protective as
well as cytotoxic functions.?"2? Thus, in addition to as-
trocytes, microglia may influence tumor cell survival and
development into macrometastases.

In addition to macrometastases, we detected many
solitary tumor cells distributed throughout the brain pa-
renchyma, 30 to 70 days after carotid artery injection of
MDA-MB-435 and MDA-MB-231/brain cells. The vast ma-
jority of solitary MDA-MB-435 cells were negative for
Ki-67 antigen, indicating their dormant state. In contrast,
solitary MDA-MB-231/brain cells and macroscopic le-
sions displayed similar Ki-67 expression. These obser-
vations are in line with previous reports demonstrating
that cancer cells have different fates after arresting
within the brain vasculature, as they may proliferate
and progress to macrometastases, survive without
growing (dormancy), or die and become eliminated.®34
In addition to the impact of clonal heterogeneity of cancer
cells, local differences within the brain microenvironment,
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including large molecular diversity between astrocytes in
different regions of the brain,®>®® may influence the tu-
mor cell fate. These parameters are known to affect neu-
rogenesis and impact melanoma brain metastasis.”-3%¢”
Our results demonstrate that in addition to these location-
specific diversities, the invasion of brain tissue by indi-
vidual cancer cells induces a variety of glial responses
that add to the uniqueness of each local microenviron-
ment. Distinct glial responses may help explain why can-
cer cells that arrested in the microvasculature can have
different fates, even if they are located within the same
brain area.®®®* Functional contributions of different astro-
cytic and microglial cell populations to very early steps of
metastatic invasion remain to be elucidated. Unraveling the
underlying mechanisms in vivo might lead to targeted ma-
nipulation of the brain microenvironment for clinical inhibi-
tion of brain metastasis. Similar approaches have already
been used to convert a nonneurogenic into a neurogenic
environment to promote neuron formation in the adult
brain.6”:¢® Thus, in the future, one could envision applica-
tion of these principles for treatment of brain metastasis.
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