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Abstract

Purpose: The blood-brain barrier (BBB) is modified to a
blood-tumor barrier (BTB) as a brain metastasis develops from
breast or other cancers. We (i) quantified the permeability of
experimental brain metastases, (ii) determined the composition
of the BTB, and (iii) identified which elements of the BTB
distinguished metastases of lower permeability from those with
higher permeability.

Experimental Design: A SUM190-BR3 experimental inflam-
matory breast cancer brain metastasis subline was established.
Experimental brain metastases from this model system and two
previously reported models (triple-negative MDA-231-BR6,
HER2" JIMT-1-BR3) were serially sectioned; low- and high-
permeability lesions were identified with systemic 3-kDa Texas
Red dextran dye. Adjoining sections were used for quantitative
immunofluorescence to known BBB and neuroinflammatory
components. One-sample comparisons against a hypothesized
value of one were performed with the Wilcoxon signed-rank test.
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Results: When uninvolved brain was compared with any brain
metastasis, alterations in endothelial, pericytic, astrocytic, and
microglial components were observed. When metastases with
relatively low and high permeability were compared, increased
expression of a desmin* subpopulation of pericytes was associ-
ated with higher permeability (231-BR6 P=0.0002; JIMT-1-BR3 P
= 0.004; SUM190-BR3 P = 0.008); desmin™ pericytes were also
identified in human craniotomy specimens. Trends of reduced
CD13™ pericytes (231-BR6 P = 0.014; JIMT-1-BR3 P = 0.002,
SUM190-BR3, NS) and laminin a2 (231-BR6 P = 0.001; JIMT-1-
BR3 P = 0.049; SUM190-BR3 P = 0.023) were also observed with
increased permeability.

Conclusions: We provide the first account of the composition
of the BTB in experimental brain metastasis. Desmin* pericytes
and laminin o2 are potential targets for the development
of novel approaches to increase chemotherapeutic efficacy.
Clin Cancer Res; 22(21); 5287-99. ©2016 AACR.

Introduction

Brain metastases of breast cancer appear to be increasing in
incidence, affecting 37% of patients with metastatic HER2*
breast cancer (1) and a similar percentage of patients with
triple-negative tumors (estrogen and progesterone receptor-
negative, HER2 normal; ref. 2). In the HER2" setting, brain
metastases are commonly an early site of progression in met-
astatic therapy and are often serious complications in otherwise
stable patients (1, 3). For patients with triple-negative tumors,
brain metastases often occur in a setting of uncontrolled
systemic disease (4).

One of the central questions in the brain metastasis field is the
extent of breakdown of the blood-brain barrier (BBB), the pro-
tective lining of blood vessels in the brain, to form a blood-tumor
barrier (BTB). An argument can be made that the BBB is com-
promised once a metastasis forms in the brain, as they are
diagnosed by imaging gadolinium uptake. Injection of Evans
Blue dye into mice harboring experimental brain metastases
turned these lesions variably blue (5). Other evidence contradicts
this conclusion: chemotherapy is almost completely ineffective
for brain metastases (4). This is likely multifactorial, involving
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Translational Relevance

The blood-brain barrier (BBB) is modified to a blood-
tumor barrier (BTB) as a brain metastasis forms from breast
and other cancers. Pharmacokinetic studies indicate that the
BTB is partially "open" but remains a potent obstacle to
chemotherapeutic efficacy. Here, we have used quantitative
immunofluorescence to characterize the BTB in three models
of experimental breast cancer metastasis to the brain. Specif-
ically, we asked what alteration(s) was associated with the
highest levels of BTB permeability. High BTB permeability was
associated with an increase in the desmin™ pericyte subpop-
ulation; desmin® pericytes were also identified in human
craniotomy specimens. Decreases in astrocytic basement
membrane component laminin o2 and the CD13™" pericyte
subpopulation were observed. The data provide the first
account of the BTB composition in experimental brain metas-
tasis. These alterations provide testable hypotheses for the
development of new targeted therapeutic strategies to increase
chemotherapeutic delivery to brain metastatic lesions.

molecular alterations in tumor cells (6) and the integrity of the
BTB. In our own studies using two hematogenous experimental
models of triple-negative breast cancer, heterogeneous and low
levels of metastasis permeability to dyes, o-aminoisobutyric acid
(AIB), and drugs were observed, that was not correlated with
lesion size (7). When compared with systemic metastases, uptake
was approximately a log lower in brain lesions (7, 8). The
heterogeneity and overall poor permeability of the BTB perme-
ability was confirmed using an MRI approach (9). Heterogeneous
drug uptake was observed in brain metastases in a human pre-
surgical study (10). Likely, both answers are correct: brain metas-
tases are generally more permeable than the normal brain, but not
sufficiently or homogeneously permeable to make drug therapy
effective. The differences between the BBB and BTB in brain
metastases are unknown. For the BTB, the distinctions between
lesions that are highly permeable and poorly permeable are also
unknown. These questions can only be systematically answered
using animal models.

The BBB is a multicellular vascular unit that separates the
central nervous system (CNS) from the peripheral blood circu-
lation (11). Endothelial cells, astrocytes, pericytes, and two base-
ment membranes provide both structural and functional support
to the BBB. Cerebral endothelial cells constitute the inner surface
and core of the BBB, characterized by a lack of fenestrae, contin-
uous tight junctions, low pinocytotic/transcytosis activity, low
levels of leukocyte adhesion molecules, and efflux pump expres-
sion (11, 12). Pericytes are mural cells involved in the stabiliza-
tion of small vessels and neovascularization. Among capillary
beds of the body, the brain is associated with the highest pericyte
coverage (11). The endothelial basement membrane is secreted by
endothelial cells and pericytes, the latter of which are embedded
in this membrane. The parenchymal or astrocytic basement
membrane is secreted by astrocytes (13). Astrocytes are glial
cells with end-feet that cover the basolateral surface of endo-
thelial cells. Cross-talk between astrocytes and endothelial cells
regulates many barrier functions of the endothelia (14).

The neurovascular unit includes the BBB, neurons, microglial
cells, and potentially infiltrating immune cells (15). Microglia
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are resident immunocompetent cells of the brain. Both microglia
and astrocytes are subject to activation in neuroinflammatory
responses, seen in both experimental mouse brain metastases and
human craniotomy specimens (16, 17). In the neuroinflamma-
tory response, astrocytes loosely surround, rather than directly
bind vessels.

Herein, we describe a new model of experimental brain
metastasis of HER2 breast cancer, the SUM190-BR3 line. Brain
metastasis permeability is quantified in three model systems.
Using these tools, we characterize the nature of the BTB and
neuroinflammatory process. Our data identify numerous dif-
ferences between uninvolved brain (no metastases) and brain
metastases. Alterations in two distinct subpopulations of peri-
cytes (desmin® and CD13"), and laminin 2 in the astrocytic
basement membrane, were found to occur with greater metas-
tasis permeability.

Materials and Methods

Animal experiments

All animal experiments were performed under approved NCI
or West Virginia University Animal Use agreements. Derivation
of the SUM190-BR3 subline is described in Supplementary
Methods. To characterize the BBB in experimental brain metas-
tases, three brain-tropic experimental models were investigated,
231-BR6 (18) derived from triple-negative MDA-MB-231 cells,
JIMT-1-BR3 (19) derived from HER2" JIMT-1 cells (20), and
SUM190-BR3 cells, derived from HER2" SUM190 inflamma-
tory breast cancer cells (Supplementary Methods). The three
brain-tropic cell lines have not been authenticated. All cell lines
expressed GFP. The experimental metastasis assays, Texas Red
dextran injections, and perfusion techniques are described in
Supplementary Methods.

Experimental brain metastasis permeability

Quantification of Texas Red dextran uptake was performed as
reported previously (7) and plotted using uninvolved brain as a
reference. For immunofluorescence analysis of BBB and BTB
components, 200 8-um serial brain sections were cut in the
sagittal plane (two sections per slide); every tenth slide was
stained with H&E, and every fifth slide was analyzed microscop-
ically by fluorescence for Texas Red dextran and eGFP to identify
poorly permeable and highly impermeable parenchymal (but
not olfactory) metastases. The slides in between the serial mea-
surements of Texas Red dextran permeability were used for
quantitative immunofluorescence (Supplementary Methods,
Supplementary Tables S1 and S2 for the list of markers investi-
gated by immunofluorescence).

Immunofluorescence of human craniotomy specimens

Anonymized snap-frozen human craniotomy specimens were
obtained by IRB approval from Massachusetts General Hospital
(Boston, MA) and the Military Institute of Medicine (Warsaw,
Poland). Tissues were embedded in OCT, stained, and photo-
graphed as described in Supplementary Methods.

Image analysis

Images from all distinctly highly permeable and poorly
permeable metastases in a section, and brain devoid of metas-
tases (uninvolved brain), were acquired with the Zeiss Axios-
kop. Axiovision4 software was used to calculate percent area
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stained by each immunofluorescence marker (Supplementary
Methods).

Statistical analysis

Ratios (brain metastases to uninvolved brain or of highly
permeable to poorly permeable metastases) were tested against
a hypothetical value of one using the Wilcoxon signed-rank test
(Supplementary Methods, Supplementary Table S3 for the sum-
mary of the statistical analysis of brain metastases vs. uninvolved
brain and Supplementary Table S4 for the summary of the
statistical analysis of highly permeable vs. poorly permeable brain
metastases).

Results

SUM190-BR3 model system
To provide an additional experimental brain metastasis model
that was HER2 ", the SUM 190 human inflammatory breast cancer
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Figure 1.

Uninvolved brain

Pericyte Alterations in CNS Metastases Blood-Tumor Barrier

cell line was subjected to three rounds of intracardiac injection,
sterile harvest of brain metastases 8 to 10 weeks later, and ex vivo
culture, generating SUM190-BR3. HER?2 staining was confirmed
by immunofluorescence and was homogeneous (Supplementary
Fig. S1).

Texas Red dextran permeability of three experimental brain
metastasis model systems

The hypotheses to be tested are that experimental brain
metastases of breast cancer exhibit consistent changes in their
BTB and/or neuroinflammatory response (i) as metastases
develop (in comparison with the BBB of the uninvolved
brain) and (ii) as metastases change from lower permeability
to higher permeability. Figure 1A presents representative hema-
toxylin and eosin (H&E)-stained images of lesions produced
by triple-negative 231-BR6 cells, HER2" JIMT-1-BR3 cells, and
HER2" SUM190-BR3 cells. The morphologies of the 231-BR6
and JIMT-1-BR3 lesions were similar, infiltrating small clusters

SUM190-BR3

Brain metastases:
Poorly Permeable Highly permeable
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Heterogeneous permeability of three experimental brain metastasis model systems of breast cancer to 3 kDa Texas Red dextran. Tumor cells from three human brain-
tropic cell lines were each injected into the left cardiac ventricle of immunocompromised mice; just before necropsy mice were injected with 3 kDa Texas Red
dextran. At necropsy, mice were perfused with saline such that the only Texas Red dextran remaining would be that permeable into tissue. A, Representative
H&E-stained sections of the triple negative 231-BR6, HER2" JIMT-1-BR3, and inflammatory breast cancer SUM190-BR3 brain lesions. Scale bar, 300 um.

B, Texas Red dextran diffusion of 143-256 metastases/model system was determined by quantitative immunofluorescence (see Materials and Methods and
Supplementary Methods) and plotted as a ratio of metastasis to the BBB in uninvolved brain (set at 1.0). Lines, median; bars, upper and lower quartiles. Each dot
represents a single metastasis (n = 5 to 6 mice per group). C, For quantitative immunofluorescence analysis of BBB and neuroinflammatory response markers,
highly and poorly permeable lesions within a single brain (tumor cells, green) were selected visually based on Texas Red diffusion. A representative
photomicrograph of each is shown, along with uninvolved brain as a control. Scale bar, 200 um (red, Texas red dextran; green, tumor cells). High permeability
appeared as a diffuse cloud of red staining or areas of diffusion around vessels.

www.aacrjournals.org Clin Cancer Res; 22(21) November 1, 2016

220z 1snBny Gz uo 1senb Aq Jpd-1825/8260€61/2825/1.2/2Z/Pd-0[01E/Sa1190UEdUIID/B10"S|BUINCLIOEE//:dNY WOI) PapEOUMOQ

5289



Lyle et al.

of tumor cells that may eventually coalesce, whereas SUM190-
BR3 lesions were larger, roughly spherical, and occasionally
centrally necrotic.

Texas Red dextran (3 kDa) was used as a permeability marker, as
its exudation was well correlated with the permeability of AIB and
drugs into experimental metastases (7, 8). Mice harboring exper-
imental metastases were injected with Texas Red dextran and
subsequently perfused to eliminate the dye from the vasculature
just prior to necropsy. Figure 1B plots the range of Texas Red
dextran permeability in 143-256 metastases per model system,
compared with the permeability of uninvolved brain, which was
uniformly negative and set at 1.0. The median permeabilities of
the 231-BR6, JIMT-1-BR3, and SUM190-BR3 lesions were 1.1, 1.4,
and 1.4-fold, respectively (n = 5 to 6 mice per group). Occasional
lesions exhibited higher permeability, up to fourfold over unin-
volved brain. Thus, although the histologies and sizes of the
experimental brain metastases varied, their permeabilities exhib-
ited similar ranges.

Within these ranges, the most permeable and impermeable
metastases within a single mouse brain were selected visually (Fig.
1C). The pattern of Texas Red dextran exudation also varied by
model system: high 231-BR6 metastasis permeability appeared as
acloud of red fluorescent staining as previously reported (7). High
JIMT-1-BR3 metastasis permeability was evident around large
intratumoral vessels. High SUM190-BR3 permeability was evi-
dent around large intratumoral vessels and/or peritumorally. The
relative expression levels of BBB and neuroinflammatory compo-
nents were then correlated with permeability.

Experimental schema for quantitative immunofluorescence of
neuroinflammatory and BBB/BTB proteins

Brains from experimental metastasis assays were serially sec-
tioned; every tenth slide was H&E stained to identify uninvolved
brain and metastases, and every fifth slide examined for Texas Red
dextran exudation to identify poorly and highly permeable metas-
tases. The brain sections in between these benchmarks were used
for quantitation. BBB and neuroinflammatory components were
identified by immunofluorescence staining. The expression level
of each marker was quantified and normalized to microscopic
field area (for uninvolved brain), metastasis area (for markers in
the microenvironment), or endothelial CD31 area (for proteins
surrounding endothelial cells in the BBB). Two comparisons were
made: the medians of all brain metastases versus uninvolved
brain and within brain metastases, the medians of those that were
distinctly highly permeable versus poorly permeable. Each dis-
tribution of ratios is shown as a box-and-whisker plot (whiskers
extend to the minimum and maximum values) presenting the
combined data for all quantified lesions within a single mouse
brain as a dot.

The neuroinflammatory response

Sections of brains from the three model systems were
stained for GFAP in activated astrocytes and CD11b/CD45 in
activated microglia. Representative immunofluorescent images
of activated astrocytes are shown in Fig. 2A. Virtually absent
from the normal brain, overexpression of GFAP by astrocytes
was a hallmark of the metastatic microenvironment, within
and around lesions (Fig. 2A), as previously reported in human
brain metastasis craniotomy specimens (16). When quantified
as a percentage of lesion area and compared with uninvolved
brain, GFAP staining increased 43.3-fold in the 231-BR6
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model system (P = 0.002, n = 10), 41.3-fold in the JIMT-
1-BR3 model system (P = 0.002, n = 10), and 10.02-fold in
the SUM190-BR3 model system (P = 0.008, n = 8; Fig. 2B).
Among the metastases, however, no difference was observed in
the GFAP staining of highly permeable versus poorly perme-
able metastases (Fig. 2C; all P > 0.25).

Representative immunofluorescent images of activated micro-
glia are shown in Fig. 2D. Activated microglia were increased
over uninvolved brain 13.9-fold in the 231-BR6 model system
(P=0.016,n=7), 619-fold in the JIMT-1-BR3 model system (P =
0.002, n = 10), and 15.1-fold in the SUM190-BR3 model system
(P=0.016, n = 7; Fig. 2E). No consistent differences were noted
when poorly permeable and highly permeable metastases were
compared (Fig. 2F). Activated microglia staining was 2.18-fold
higher in highly permeable metastases in the 231-BR6 model
(compared with poorly permeable metastases, P = 0.016, n = 7)
but no statistically significant trend was observed in the JIMT-1-
BR3 and SUM190-BR3 models [P = 0.084 (n = 10) and 0.47
(n = 7), respectively|. Other potential contributors to the neu-
roinflammatory response, such as infiltrating lymphocytes, were
not assessed, as the experiments were performed in nude mice.
Thus, alterations in the cellular expression of microglia and
GFAP" astrocytes appear to be fundamental to the BTB but do
not vary with higher versus lower lesion permeability.

BBB alterations in experimental brain metastases

A number of BBB components exhibited altered expression
trends between uninvolved brain and brain metastases but did
not vary between poorly and more highly permeable metastases
(Fig. 3). CD31" endothelial capillaries were numerous and widely
distributed throughout the uninvolved brain, and became much
larger but less dense in metastatic lesions, in agreement with
previous reports (7). CD31 expression was increased in brain
metastases by 1.94-fold in 231-BR6 (P = 0.0005, n = 12), 2.04-
fold in JIMT-1-BR3 (P=0.002, n = 10), and 1.39-fold in SUM190-
BR3 (P = not significant, n = 8) models (Fig. 3B). When highly
permeable to poorly permeable metastases were compared,
expression ratios varied from 1.04 to 1.14 among the three models
and were statistically insignificant (Fig. 3C, all P> 0.10). Claudin-
5, an endothelial cell tight junction protein, demonstrated incon-
sistent trends when brain metastases were compared with unin-
volved brain, and no trend was observed when poorly permeable
and highly permeable metastases were compared (Supplemen-
tary Fig. S2).

VEGF is a proliferative factor for endothelia and has been
implicated in brain metastasis formation in model systems
(21-24) and in imaging (25). VEGF was overexpressed in
brain metastases as compared with the uninvolved brain,
1.08 x 10°-fold in the 231-BR6 (P = 0.002, n = 10), 358-fold
in JIMT-1-BR3 (P = 0.002, n = 10), and 47.2-fold in SUM190-
BR3 (P = 0.016, n = 7; Fig. 3D, top, and Supplementary
Fig. S3). VEGF staining was 4.61-fold higher in highly perme-
able metastases in the JIMT-1-BR model (compared with poorly
permeable metastases P = 0.010, n = 10), but no statistically
significant trend was observed in the 231-BR6 or SUM190-BR3
models (Fig. 3D, bottom, both P > 0.60).

Both the tight junction adaptor protein (ZO-1) in endothelia
and the aquaporin (AQP4) water channel in astrocyte end-feet
were decreased in the BTB as compared with uninvolved brain
(Fig. 3E and F, top, respectively, and Supplementary Figs. S4 and
S5). In metastases, AQP4 was not uniformly localized to the
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Figure 2.

Activated astrocytes and microglia in the neuroinflammatory response are quantitatively increased in experimental brain metastases. For the three model systems
described in Fig. 1, metastases with distinctly high and low permeability to Texas Red dextran were identified within each animal brain, and adjoining tissue sections
were stained for GFAP in activated astrocytes (A-C) or CD11b/CD45 in activated microglia (D-F). Staining was quantified using Axiovision4 software, normalizing to
the area of the metastasis. For uninvolved brain, staining was quantified in the entire microscopic field. A and D, GFAP (A) Staining is shown as red in all three
model systems and counterstained with DAPI (blue). Scale bar, 50 um (231-BR6 and JIMT-1-BR3) and 100 um (SUM190-BR3). CD11b/CD45 (D) Staining is red
for all model systems. Scale bar, 50 um. B and E, Expression of GFAP (B) and CD11b/CD45 (E) In all metastatic lesions in an animal was compared with that of
uninvolved brain, with the compiled data from each animal shown as a dot. 1.0 (red line) indicates unity with uninvolved brain. P values are shown above each
model and indicate that expression was increased in metastatic lesions (compared with uninvolved brain) in all three models. C and F, distinctly poorly

and highly permeable metastases from a single mouse brain were compared, as described above, for GFAP (C) and CD11b/CD45 (F). n.s., not significant. All
distributions overlapped the 1.0 unity line and did not demonstrate a statistical trend, with the exception of 231-BR6 cells for activated microglial staining.
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Widespread alterations in the BTB. For the model systems described in Fig. 1, quantitative immunofluorescence was conducted for the CD31 area of endothelial cells
(A and B), VEGF (D, top), zona occludens-1 tight junction protein (ZO-1, E, top), and the aquaporin 4 water channel in astrocyte end-feet (AQP4, F, top; see

Materials and Methods and Supplementary Methods). Data were plotted as described in Fig. 2, with each dot representing the combined lesions of a single mouse
brain and the red line indicating unity. Median fold change is listed below, and P values are listed above the plots. All markers demonstrated a statistically significant
alteration in expression, when compared with uninvolved brain, in at least two of the model systems. A similar comparison of more permeable to less permeable
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astrocytic end-feet immediately surrounding the blood vessels,
but occurred more distally, suggesting a loss of polarization of
astrocyte end-feet (Supplementary Fig. S5B). No significant dif-
ferences were observed when highly permeable and poorly per-
meable metastases were compared (Fig. 3E and F, bottom, all P>
0.05). Type IV collagen is a constituent of the endothelial
and astrocytic basement membranes in the BBB. Representative
photomicrographs and quantification of staining demonstrate
heterogeneous trends of collagen IV/CD31 ratio in uninvolved
brain versus brain metastases, with an increase in the 231-BR6
(P =0.02, n = 10), whereas the other models tended to show a
decrease but remained nonsignificant (Supplementary Fig. S6).
No trend was observed between highly permeable and poorly
permeable brain metastases in all three models. In summary, the
BTB involves consistent changes in multiple cell components of
the BBB, which do not appear to be further altered between poorly
and more highly permeable metastases.

Decreases in the parenchymal basement membrane
component laminin «2 correlates with an increase in BTB
permeability

Staining for laminin o2, a component of the astrocytic base-
ment membrane, is shown in Fig. 4A. Diffuse staining along
vessels was apparent in uninvolved brain. When laminin o2/
CD31 staining was quantified, it was consistently decreased in the
BTB as compared with uninvolved brain: 58% in 231-BR6 metas-
tases (P = 0.001, n = 11), 47% in JIMT-1-BR3 metastases (P =
0.002,n=10), and 68% in SUM190-BR3 metastases (P =0.008, n
= 8; Fig. 4B). When highly permeable metastases were compared

A Brain metastases:

Pericyte Alterations in CNS Metastases Blood-Tumor Barrier

with poorly permeable metastases in the same brain, a further
reduction in laminin o2 staining was observed. Laminin o2
staining in highly permeable lesions was reduced by 26% in
231-BR6 lesions (P = 0.001, n = 12), by 21% in JIMT-1-BR3
lesions (P = 0.049, n = 10), and by 40% in SUM190-BR3 (P =
0.023, n = 8) lesions compared with visually less permeable
lesions (Fig. 4C). These data stand in contrast to the basement
membrane component type IV collagen as described previously.

Altered metastasis permeability is associated with pericyte
subpopulations

Platelet-derived growth factor (PDGF) receptor-f§ (PDGFR-B) is
the best described marker for pericytes, and PDGFR knockout or
hypomorphic mice exhibit BBB leakiness (26, 27). PDGFR-
staining normalized to CD31 in the three model systems is shown
in Fig. 5A-C. PDGFR-B™ pericytes decreased in expression in the
BTB as compared with uninvolved brain by 75% in the 231-BR6
(P=0.016,n = 7) and 69% in the JIMT-1-BR3 (P = 0.016, n = 7)
models, while no significant changes were observed in the
SUM190-BR3 model (Fig. 5B). No trends in expression were
observed between highly and poorly permeable metastases in all
the three models (Fig. 5C, all P > 0.45).

To more precisely capture the dynamic role of pericyte sub-
populations in the context of brain metastases, we stained for two
reported subpopulation markers, desmin and CD13. Desmin is a
type III intermediate filament structural protein that identifies a
subpopulation of pericytes in the CNS, skeletal muscle, and heart
(15). Figure 5D-F quantifies desmin expression normalized to
CD31. Desmin™ pericytes faintly surrounded the vessels of the
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Figure 4.

Loss of laminin a2 in the astrocytic basement membrane is indicative of both the BTB and of higher metastasis permeability. A, Laminin o2 staining of brain sections
from the three model systems was conducted as described in the Fig. 2 legend; laminin a2 staining is shown as red against blue DAPI nuclei. CD31 staining

for normalization in tumor specimens was conducted on the adjacent tissue section due to a requirement for the same secondary antibody. Scale bar, 50 um (231-BR6
and JIMT-1-BR3) and 100 um (SUM190-BR3). B, Quantification of laminin o2/CD31 ratio in brain metastases compared with uninvolved brain, conducted as described
in Fig. 2, showed a statistically significant reduction in expression in the BTB of all model systems. C, Comparison of laminin «2/CD31 ratio in distinctly

poorly and highly permeable metastases within the same mouse brain, as described in Fig. 2, showed a reduction in laminin o2 expression in the most
permeable metastases of all three model systems, statistically significant in the 231-BR6 model and strong trends in the others.
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uninvolved brain. For all three models, desmin/CD31 was
increased in brain metastases as compared with uninvolved brain,
2.45-fold in the 231-BR6 model (P = 0.001, n=11), 2.62-fold in
the JIMT-1-BR3 model (P = 0.002, n = 10), and 2.18-fold in the
SUM190-BR3 model (P = 0.008, n = 8). When metastases poorly
and highly permeable to Texas Red dextran were compared, highly
permeable lesions exhibited a greater amount of desmin/CD31,
1.37-fold in the 231-BR6 model (P = 0.0002,n = 13), 1.81-fold in
the JIMT-1-BR3 model (P = 0.004, n = 10), and 1.50-fold in the
SUM190-BR3 model (P = 0.008, n = 8). Using confocal micros-
copy, costaining for desmin and PDGFR-B in JIMT-1-BR3 brain
metastases showed a median overlap of 74.1%, with a wide range,
from 14.5% to 98.5% among individual lesions (Supplementary
Fig. §7).

CD13 encodes alanyl membrane aminopeptidase, which
stains a subpopulation of pericytes as well as vascular smooth
muscle cells, myeloid cells, and kidney/gut epithelial cells
(15). Figure 5G-I quantifies CD13 expression as a percentage
of CD317" vessel area. For all three models, CD13/CD31 was
decreased in brain metastases as compared with uninvolved
brain, 71% in the 231-BR6 model (P = 0.002, n = 10), 87%
in the JIMT-1-BR3 model (P = 0.002, n = 10), and 87% in
the SUM190-BR3 model (P = 0.016, n = 7). When metastases
poorly and highly permeable to Texas Red dextran were
compared, permeable lesions exhibited a lower amount of
CD13/CD31 in two model systems, 63% in the 231-BR6
model (P = 0.014, n = 11) and 76% in the JIMT-1-BR3
model (P = 0.002, n = 10). For SUM190-BR3 metastases, a
moderate 29% decrease was observed but was not significant
(P =0.29, n = 7). Vessels from JIMT-1-BR3 brain metastasis
were costained for CD13 and PDGFR-B and analyzed by
confocal microscopy to determine the extent in overlap in
expression. The median overlap of CD13 and PDGFR- stain-
ing in JIMT-1-BR3 metastases was 56.8%, with a wide range,
from 21.5% to 84.5% among individual lesions (Supplemen-
tary Fig. S7). In summary, although PDGFR-f identified a
broad pericyte population, including both desmin® pericyte
and CD13" pericyte populations, desmin and CD13 markers
unmasked two distinct pericyte populations, with only 12%
colocalization and with opposite patterns of expression relat-
ed to metastasis permeability.

Human craniotomy specimens

We asked whether desmin™ pericytes, the subpopulation asso-
ciated with increased permeability in mouse models, occur in
human brain metastases. As immunofluorescence with this anti-
body required snap-frozen tissue, relatively few craniotomy speci-

Pericyte Alterations in CNS Metastases Blood-Tumor Barrier

mens from patients with breast and lung cancer were available.
Nine of 14 specimens collected were well preserved, and seven
among 13 antibodies tried gave a specific staining (Supplemen-
tary Table S5 for the list of antibodies that could not be quantified
and Supplementary Table S6 for the analysis of human brain
metastasis specimens with specific antibodies). Among the nine
specimens, one was devoid of tumor cells (specimen #6, Supple-
mentary Table S6). Comparing this specimen with other speci-
mens with high tumor cell contents, a comparison of CD13" and
desmin™ pericytes in uninvolved brain versus metastatic lesions
was feasible (Fig. 6A). Vessels, identified by collagen IV staining,
were covered primarily by CD13™ pericytes in the uninvolved
brain. In brain metastases, desmin™ pericytes covered the vessels.
Desmin™ pericytes covered the vessels in characteristic patterns in
seven of nine craniotomy specimens (Supplementary Table S6;
Supplementary Fig. $8). Additional components of the BTB and
neuroinflammatory response that were identified are shown in
Supplementary Fig. S9 and tabulated on Supplementary Table S6.

Discussion

Of the model systems used, the triple-negative 231-BR6 model
has been widely reported (18) and a HER2" JIMT-1-BR3 model
was recently developed (19). A new SUM190-BR3 model provides
an independent HER2" brain metastasis model and is from
inflammatory breast cancer (IBC). IBC constitutes approximately
1% to 6% of breast cancer cases. Brain metastasis is estimated
to affect 16% of patients with IBC within 20 months of a meta-
static diagnosis and was associated with a median survival of
6 months (28). A proportion of SUM190-BR3 brain metastases
have central necrosis, a feature of some human brain metastases
not yet seen in the models developed to date.

The debate on the "openness" of the BTB, once a brain metas-
tasis has formed, continues. Despite the facts that brain metastases
image with gadolinium and turn variably blue in mice injected
with dye (5), most of the data indicate that the BTB is not open
"enough" for therapy to be effective. Many chemo- and molecular
therapy trials for brain metastases have been uniformly disap-
pointing even when the agents had systemic activity in the
extracranial metastatic setting (e.g., refs. 29-32). Using two tri-
ple-negative experimental brain metastasis model systems,
uptake of two markers (AIB and Texas Red dextran) or radiola-
beled paclitaxel was heterogeneous, with approximately 87% of
metastases more permeable than normal brain, but only 10% of
lesions showing high enough paclitaxel permeability to elicit a
cytotoxic response. Similar heterogeneous uptake of doxorubicin
and lapatinib was also reported (7, 8). Texas Red dextran

Figure 5.

Desmin™ pericytes identify highly permeable brain metastases. For the three model systems described in Fig. 1, metastases with distinctly high and low
permeability to Texas Red dextran were identified within each animal brain, and adjoining tissue sections were stained for three markers of pericytes: PDGFR-f (A-C),
desmin (D-F), and CD13 (G-1). Quantitative immunofluorescence of each marker in uninvolved brain versus metastasis and poorly versus highly permeable
metastases was plotted as described in Fig. 2. A-C, PDGFR-B" pericytes (green) normalized to CD31 (A). PDGFR-B™ pericyte coverage was decreased in
metastases as compared with uninvolved brain in the 231-BR6 and JIMT-1-BR3 model systems (B) but was unrelated to metastasis permeability in all three
models (C). n.s., not significant. Scale bar, 50 um. D-F, expression of the desmin™ subpopulation of pericytes (green) normalized to CD31 (D) by the same

methods (yellow, costain). The data show both a significant increase in desmin™ pericyte expression when brain metastases were compared with uninvolved
brain (E) as well as increased expression in more permeable metastases as compared with less permeable metastases in the same brain (F). Scale bar, 50 um (231-BR6
and JIMT-1-BR3) and 100 um (SUM190-BR3). G-I, Expression of the CD13" subpopulation of pericytes (G) normalized to CD31 (in an adjacent section) by

the same methods. The data demonstrate both a decrease in CD13™ pericyte expression when brain metastases were compared with uninvolved brain (H), as
well as a strong trend of further decreased expression in more permeable metastases as compared with less permeable metastases in the same brain in the
231-BR6 and JIMT-1-BR3 models (I). Scale bar, 50 um (231-BR6 and JIMT-1-BR3) and 100 um (SUM190-BR3).
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Figure 6.

Identification of pericyte desmin expression in human craniotomy specimens and data summary in a graphic model. A, In uninvolved brain [i.e., devoid of human
cytokeratin-positive tumor cells (green; top row)] from a human craniotomy specimen, small caliber vessels are identified by collagen IV staining (gray). CD13" (red)
pericytes are observed while desmin™ pericytes (green) are virtually absent. In a human specimen with a high tumor cell content (identified with cytokeratin
in green; bottom row), dilated blood vessels are identified by collagen IV (gray). There is increased expression of desmin™ pericytes (green), and CD13™ pericytes
(red) are absent. B, Model of the BBB and BTB in experimental brain metastases of breast cancer. Left, the BBB components studied are shown. Endothelial cell (pink)
with ZO-1 tight junction adaptor protein and VEGF within the lumen. Adjacent endothelial basement membrane (light green) and adjoining astrocytic
basement membrane (teal), both containing type IV collagen (arc lines); laminin o2 as dotted line in the astrocytic basement membrane. Astrocyte end-feet (blue)
with aquaporin 4 (AQP4) water channels, white. Right, the BTB under conditions of relatively low (top) and high (bottom) permeability to Texas Red dextran.
Consistent changes in the formation of a BTB include dilation of endothelial cells, increased desmin™ pericytes, abundant VEGF, and decreases in ZO-1, laminin a2,
AQP4, and CD13" pericytes. A prominent neuroinflammatory response of activated astrocytes (purple) and microglia (orange) surrounds the BTB. Higher BTB
permeability is associated with further increased desmin™ pericytes, decreased CD13™" pericytes, and laminin o2 in the parenchymal basement membrane.
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permeability was directly correlated with peptide, paclitaxel, and
doxorubicin permeability in the mouse models (all P < 0.0001;
ref. 7), validating its use herein as a general marker. The leakiness
of experimental brain metastases in the three model systems
confirms and extends these trends, showing median fold changes
over uninvolved brain from 1.1- to 1.4-fold, with occasional more
permeable metastases up to fourfold.

Our central hypothesis is that an understanding of the cellular
and molecular changes inherent in the transformation of the BBB
to a BTB, and then from a poorly permeable to a more highly
permeable BTB, may identify targetable pathways to improve drug
therapy. Prior studies in this field reported that 11- to 13-nm
"pores” open in the BTB (33), that TNF-TNFR1 pathway induces
BTB permeabilization (34) and that angiopoietin-2 destabilized
endothelial tight junctions (35). The BBB is often studied in
models of brain injury or neurodegenerative disorders, such as
stroke, multiple sclerosis, or Alzheimer disease, where the overall
goal is to reinstate BBB function. Fluorescent microscopy is the
primary tool used to ascertain which proteins are present and
bound to what structure, with blood protein or dye penetration as
a readout of permeability. Taking this cue, we quantitated the
expression of multiple BBB markers in the most and least Texas
Red dextran-positive lesions within a single brain.

The data indicate that the formation of a BTB from a BBB is
not a random breakdown of the BBB, but a series of consistent
alterations, with some facets increasing in expression while
others are diminished (Fig. 6B). Briefly, the formation of a BTB
involves dilation of vessels (increased CD31 area), increased
levels of VEGF, and a prominent neuroinflammatory response
(increased GFAP-overexpressing astrocytes and CD11b/CD45-
activated microglia). Decreased expression of the endothelial
ZO-1 tight junction adaptor protein and the AQP4 water
channel in astrocyte end-feet was observed. Each of the changes
noted in the BTB may also contribute to limited BTB perme-
ability, lower than the permeability levels associated with
paclitaxel cytotoxicity (7).

The most interesting difference observed in BBB expression
patterns may be those that are correlated with low versus high
permeability (Fig. 6B). High permeability of the BTB to Texas
Red dextran was associated with an increase in desmin™ peri-
cyte coverage of the endothelia, a heterogeneous decrease in
CD13" pericyte coverage, and reduced expression of laminin
a2 in the parenchymal basement membrane. Pericytes are
mural cells found throughout the body. They contribute to
glioblastoma progression and metastasis in systemic models
(36-38). The brain has the highest pericyte coverage (11).
Abnormal pericyte coverage and function has been implicated
in CNS diseases, including diabetic retinopathy, stroke, and
neurodegeneration (39). In the brain, pericytes regulate the
expression of tight and adherens junction components, trans-
cytosis, extracellular matrix production, and vascular stability
to maintain BBB integrity (27, 39). Endothelial cell-derived
PDGF-B, secreted into the basement membrane, attracts
pericytes via their PDGFR- receptors, and PDGFR-B-null or
hypomorphic mice were pericyte deficient with an impaired
BBB (26, 27). Pericytes being a plastic and heterogeneous
population, different markers are required to identify them.
The most frequently used markers are PDGFR-B, NG2 chon-
droitin sulfate proteoglycan, CD13 alanyl membrane amino-
peptidase, the structural protein desmin, and oo smooth muscle
actin (aSMA), each of them being variably expressed depending
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on developmental stage, organs investigated or pathologic
conditions (reviewed in ref. 15). Of these, we were unable to
validate antibodies to NG2 using Texas Red dextran perme-
ability fixation conditions; aSMA was undetectable in unin-
volved brain and metastases using the Sigma (A2547) antibody
in our model systems. Pericyte PDGFR-f expression decreased
in brain metastases as compared with uninvolved brain in the
three models, but there was only a statistical trend in the 231-
BR6 and JIMT-1-BR3 models. No trend was observed compar-
ing high permeability versus low metastasis permeability.

Interestingly, two distinct pericyte subpopulations were
identified with opposite correlations with BTB permeability.
CD13" pericyte coverage of endothelial cells decreased in the
most permeable lesions in two models, 63% in 231-BR6 and
76% in JIMT-1-BR3. In the SUM190-BR3 model system, no
significant change was noted. The magnitude of the decreases in
the 231-BR6 and JIMT-1-BR3 model systems suggests that this
alteration may have potent, although not universal function-
ality. Conversely, desmin™ pericyte coverage of endothelial
cells increased in brain metastases as compared with unin-
volved brain and was further increased in highly permeable
metastases by 1.4-fold in the 231-BR6 model, 1.8-fold in the
JIMT-1-BR3 model, and 1.5-fold in the SUM190-BR3 model as
compared with less permeable lesions. To our knowledge, this
is the first demonstration of altered pericyte subpopulations in
metastatic BTB permeability.

Desmin-positive and negative pericyte subpopulations have
been reported in a mouse model of spinal cord injury (40). The
desmin~ subpopulations exhibited a proliferative and migratory
phenotype in contrast to desmin® pericytes. As the desmin~
pericytes migrated away from the blood vessels, they lost CD13
expression (40). These data illustrate the dynamic phenotype of
pericytes in another pathologic context. Taken together, the data
suggest the hypotheses that pericyte subpopulations are regulated
in distinct manners, potentially have distinct functions, and that
their altered prevalence can functionally alter BTB permeability. It
is tempting to speculate that CD13" pericytes transform into
desmin™ pericytes, although other origins for the increased
desmin™ pericytes include their own expansion, a bone marrow
source, and potentially endothelial origin through endothelial-
mesenchymal transitions (41). Finally, using immunofluores-
cence, we identified desmin* pericytes covering vessels in seven
of nine human craniotomy specimens analyzed.

Another interesting finding is that laminin 02, found in the
parenchymal basement membrane of the BBB, was reduced in the
highly permeable BTB of the three model systems by 21% to 40%
as compared with poorly permeable metastases. Using condition-
al gene knockdown in a mouse model and functional in vitro
experiments, astrocytic laminin was demonstrated to prevent
pericyte differentiation to a contractile stage, thus maintaining
BBB function (42). These data suggest the additional hypothesis
that astrocytic production of laminin a2 controls pericyte differ-
entiation and function in the context of the BTB.

Our work has limitations. Expression was quantified by
immunofluorescence, and the signal depends on antibody spec-
ificity and sensitivity. It remains possible that smaller differ-
ences in antigen expression were not detected and that other cell
types expressing low levels of antigens could contribute to the
trends observed. Other cell types and markers may also play
functional roles in BTB permeability; our work was limited
by the number of antibodies compatible with the fixation
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requirements for Texas Red dextran visualization (Supplemen-
tary Table S2). Notable among this list are the efflux pumps, or
ABC transporters, which play an important role in the BBB
function as they pump out xenobiotics. Two are well described
for their drug resistance property: ABCB1 or P-glycoprotein and
ABCG2 or breast cancer resistance protein. We previously
reported no difference in ABCB1 expression in the 231-BR
model between poorly and highly permeable metastases (7).
We could not confirm this observation in the JIMT-1-BR3
model, as both tumor cells and endothelial cells expressed a
high level of ABCB1. The ABCG2 antibody did not work under
the fixation conditions used to determine permeability and
could not be investigated. Permeability in our model systems
was quantified by Texas Red dextran diffusion, thought to
visualize paracellular extravasation. Although this marker has
been extensively correlated with peptide and drug permeability,
it remains possible that transcellular or other permeability
mechanisms are distinctly regulated. Mechanistic experiments
are required to prove a functional contribution of the alterations
identified herein.

In summary, alterations in pericyte subpopulations and paren-
chymal basement membrane laminin 2 are associated with the
transition of the BTB to higher states of permeability in three
models of brain metastasis of breast cancer. These findings pro-
vide novel insights into the regulation of the BTB and potential
translational approaches to improve chemotherapeutic uptake
into brain metastases.
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