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Abstract

Brain metastasis is a common and devastating complication of cancer that affects over 50% of HER2-positive (HER2")
breast cancer patients. The lack of effective long-term treatment options for brain metastasis significantly increases mor-
bidity and mortality among these patients. Therefore, understanding the underlying mechanisms that drive brain metas-
tasis is critically important for developing new strategies to treat it effectively. Genetically engineered mouse models
(GEMMs) of HER2" breast cancer have been instrumental in understanding the development and progression of HER2"
breast cancer. However, the GEMM models for HER2" breast cancer do not develop brain metastasis and are not suitable
for the study of brain metastasis. We therefore developed a fully immunocompetent mouse model of experimental brain
metastasis in HER2" breast cancer by injecting a murine HER2/neu-expressing mammary-tumor-cell line into the arterial
circulation of syngeneic FVB/N mice followed by isolation of brain-metastatic derivatives through in-vivo selection. By
this in-vivo serial passaging process, we selected highly brain-metastatic (BrM) derivatives known as neu-BrM. Notably,
after intracardiac injection, neu-BrM cells generated brain metastasis in 100% of the mice, allowing us to study the later
stages of metastatic progression, including cancer-cell extravasation and outgrowth in the brain. Analogous to human
brain metastasis, we observed reactive gliosis and significant immune infiltration in the brain tissue of mice injected with
neu-BrM cells. We further confirmed that brain-metastatic lesions in the neu-BrM model express HER2. Consistently, we
found that the brain-metastatic burden in these mice can be significantly reduced but not eliminated with tucatinib, an
FDA-approved, blood-brain-barrier-penetrant HER2 inhibitor. Therefore, the neu-BrM HER2" breast cancer model can be
used to investigate the roles of innate and adaptive immune-system components during brain-metastatic progression and
the mechanisms of HER2-therapy response and resistance.
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Introduction

Brain metastasis represents a major clinical challenge that
is associated with poor patient prognosis and limited thera-
peutic options. The incidence of brain metastasis in cancer
patients is the highest in lung cancer, breast cancer and mel-
anoma [1, 2]. Among breast-cancer subtypes, patients with
triple-negative and HER2" breast cancers have the highest
frequency of brain metastasis (30-50%) [3—5]. In the case
of HER2" breast cancers, although new brain-penetrant
HER2-targeted therapies have delayed brain-metastasis pro-
gression, clinical responses are often not durable and result
in fatal relapses [6, 7]. Therefore, it is important to under-
stand the underlying biological mechanisms that drive brain
metastasis in HER2" breast cancer so that more effective
and durable therapeutic solutions can emerge.

Genetically engineered mouse models (GEMMs) of
HER2" breast cancer have provided invaluable insights into
the process of breast tumorigenesis; yet, the usefulness of
GEMMs for studying breast cancer metastasis is limited
since they do not generate metastases in the brain [8—11].
The brain-metastasis field has attempted to overcome this
challenge by injecting human HER2" breast-cancer cell
lines or by implanting tumor tissues into immunodeficient
mice that lack an intact adaptive immune system [12—-14].
However, since interactions of cancer cells with compo-
nents of the innate and adaptive immune system are critical
for brain-metastasis development [15—-17], these xenograft-
based mouse models fail to adequately recapitulate the pro-
cess of brain metastasis in humans. It is therefore imperative
to generate tractable models of HER2" breast cancer that
develop brain metastasis with high penetrance in immuno-
competent mice in order to model the key aspects of brain
metastasis that are observed in human patients. The devel-
opment of such models can (i) provide valuable insights into
important immune interactions in the brain microenviron-
ment, (ii) accelerate the discovery of new immune-based
therapies against brain metastasis, and (iii) be used to study
HER2-therapy response and the subsequent development
of resistance to HER2-targeting agents in breast-cancer
brain metastases. In this study, we report the generation and
validation of a new, experimental brain-metastatic model of
HER2" breast cancer, which develops in a fully immuno-
competent host.
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Results

Generation of a HER2* brain-metastasis model in
immunocompetent mice by in-vivo selection

To address the need for tractable immunocompetent mod-
els of brain metastasis in HER2" breast cancer, we used
a murine estrogen receptor (ER)-negative, progesterone
receptor (PR)-negative, murine HER2/neu-positive cell
line (NT2.5) derived from a mammary tumor of the neu
transgenic GEMM model originally isolated by the Sgou-
ros laboratory [18]. We engineered the murine NT2.5 cell
line to constitutively express both the luciferase gene for
imaging and an antibiotic (blasticidin S) resistance gene.
The luciferase-labeled NT2.5 cell line is denoted hereaf-
ter as the “neu-parental” line. To validate that these lucif-
erase-labeled neu-parental cells maintained their ability to
grow at the orthotopic site, we injected luciferase-labeled
neu-parental cells into the mammary gland of syngeneic
FVB/N mice. Once the tumors grew to a volume of 250
mm?®, we isolated, dissociated, and cultured the mammary
tumors. We then purified cancer cells by antibiotic selection
to eliminate the non-cancer cells of the tumor microenvi-
ronment. We subsequently injected the purified mammary
cancer cells (denoted hereafter as “neu-primary” cells) into
the arterial circulation of immunocompetent, syngeneic
FVB/N mice via intracardiac injection (see schematic in
Fig. 1A), which generated brain metastasis in 50% (3/6) of
mice and extra-cranial metastases in 100% (6/6) of mice.
Extra-cranial metastatic sites included liver, lung, and bone.
To further enrich for highly brain-metastatic derivatives, we
used the well-established serial passaging technique known
as in-vivo selection [19]. To this end, we dissociated brain
tissues from mice injected with neu-primary cells, purified
the cancer cells by antibiotic selection, and re-injected them
into new recipient FVB/N mice (Fig. 1A). By repeating this
selection process five times, we obtained highly metastatic
derivatives (denoted hereafter as “neu-BrM” cells) that
efficiently metastasized to the brain in 12/12 (100%) mice
upon intracardiac injection. In addition to brain metastasis,
we observed extra-cranial metastasis to the liver in 10/12
mice, lung in 3/12 mice, and bone in 9/12 mice (Supplemen-
tary Fig. 1). For this study, we focused on brain metastasis,
which was further confirmed both by ex-vivo biolumines-
cence imaging of the brain (Supplementary Fig. 1) and
histological analysis of H&E-stained brain-tissue sections
(Fig. 1B). Therefore, we have developed a tractable HER2"
breast-cancer-metastasis mouse model by in-vivo selection,
which efficiently grows in the brain in the presence of an
intact immune system.
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Fig. 1 Generation of a murine
HER2" brain-metastasis model in
immunocompetent mice by the
process of in-vivo selection. (A)
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Brain-metastatic cancer cells from the neu-BrM
model maintain HER2 expression

Since HER2 expression levels in breast cancer cells are
heterogeneous and varies during cancer progression [20],
we next examined ERBB2 (murine HER2) expression in
brain-metastatic lesions in the neu-BrM model. Immuno-
histochemical (IHC) analysis showed high HER2 expres-
sion in the brain-metastatic lesions from mice injected with
neu-BrM cells (Fig. 2), although expression levels varied
between cancer cells within the lesions. Similar to the neu-
parental and neu-primary cell lines, neu-BrM cells lacked
ER and PR expression and showed high Erbb2 expression
by gRT-PCR analysis (Supplementary Fig. 2). These results
suggest that brain-metastatic lesions in the neu-BrM model
maintain HER2 expression.

Prominent gliosis surrounding brain metastatic
lesions in the neu-BrM model

A characteristic feature of human brain metastasis is
reactive gliosis, in which astrocytes and microglial cells
are activated in response to cancer cells in the brain [15,

21-24]. Analogous to human brain metastasis [21, 23], we
observed prominent peritumoral gliosis around the brain
metastatic lesions in the neu-BrM model (Fig. 3). Immu-
nohistochemical analysis revealed a significant increase in
the number of both GFAP-positive astrocytes and IBAI1-
positive microglia in the brain tissues of mice injected with
neu-BrM cells compared to healthy control mice (Fig. 3A-
B). Since the luciferase antigen can provoke an immune
response in immunocompetent mice [25], we investigated
whether the gliosis resulted from an increased immune reac-
tion to the luciferase antigen expressed in cancer cells or
from the growth of metastatic lesions in the brain. Our find-
ings indicate that gliosis occurs in the brain tissues of mice
injected with both luciferase-labeled and unlabeled neu-
BrM (Fig. 3). This suggests that the gliosis is driven by the
presence of tumor tissue rather than by an immune reaction
to the luciferase antigen. Thus, similar to human patients
with HER2 +breast cancer, brain metastasis in the neu-BrM
mouse model generates reactive gliosis due to outgrowth of
cancer cells in the brain microenvironment.

@ Springer
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Fig. 2 Brain-metastatic cancer cells in the neu-BrM model maintain
HER2 expression. Representative immunostained images using an
antibody against HER2 on brain-tissue sections from four different
mice at 3 weeks following neu-BrM-tumor-cell injection. Data rep-
resentative of three independent experiments with n = 4-5 mice per
group. Left images: scale bars, 200 pm. Images with zoomed inset on
the right: scale bars, 50 pm

Increased infiltration of myeloid and CD4* T cells in
neu-BrM-generated brain metastases

Since cancer-cell/immune interactions in the brain micro-
environment play an important role in brain-metastasis
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development [15-17], we analyzed the immune-cell com-
position in brain-tissue sections from either mice bearing
neu-BrM-derived brain metastasis or healthy controls by
immunohistochemistry (Fig. 4). We observed a statistically
significant increase in the number of F4/80" macrophages,
S100A9" neutrophils, and CD4" T cells in the brain tissues
of mice bearing brain metastases compared to those from
control mice (Fig. 4A-B), which was reproducibly observed
across different levels of brain tissue (Supplementary
Fig. 3A-B). The infiltration of CD8" T cells and B220" B
cells appeared to be modestly increased in the brain-meta-
static lesions, although the data was not statistically signifi-
cant (Supplementary Fig. 3C-D). Thus, analogous to human
brain metastasis [26, 27], there is an increase in the num-
ber of infiltrating myeloid and CD4" T cells in the brains of
mice bearing neu-BrM-induced brain metastases.

Pharmacological Inhibition of HER2 signaling by
Tucatinib significantly reduces brain metastasis in
the neu-BrM model

We next tested whether inhibiting HER2 signaling pharma-
cologically reduces brain-metastatic burden in the neu-BrM
model. To this end, we utilized tucatinib, an FDA-approved
HER2-targeting tyrosine kinase inhibitor. Tucatinib is used
to treat unresectable or metastatic HER2-positive breast
cancer and shows efficient blood-brain-barrier penetration
[28-31]. We injected luciferase-labeled neu-BrM tumor
cells into the arterial circulation of immunocompetent
FVB/N mice via intra-cardiac injection. One week after the
injection, mice were randomized and treated five days/week
with either vehicle or tucatinib (100 mg/kg body weight/day
by oral gavage) (see schematic in Fig. 5A). Compared to
the vehicle-treated group, we observed a striking reduction
in metastatic lesions in the brains of the tucatinib-treated
group, although residual cancer cells persisted after the
treatment period as potential seeds of relapse (Fig. 5B-C).
To determine the impact of tucatinib treatment on the
immune cell composition in the neu-BrM model, we next
analyzed brain-tissue sections from neu-BrM-injected mice
treated with either vehicle or tucatinib and immunostained
with F4/80, S100A9, or CD4 antibodies (Supplementary
Fig. 4). We observed a statistically significant increase in
the number of F4/80" macrophages in the tucatinib-treated
group compared to the vehicle-treated group. However, we
did not observe any significant changes in the number of
S100A9" neutrophils or CD4" T cells in the brain tissues
between the vehicle-treated and tucatinib-treated mice.
Together, these results indicate that tucatinib treatment
significantly reduces but does not eliminate brain metas-
tasis in the neu-BrM model. Moreover, tucatinib treatment
alters the number of specific immune subpopulation such
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Fig. 3 Increased gliosis in neu-BrM-injected mouse brains compared
to healthy mice. (A) Representative immunostained images using the
indicated antibody on brain tissue sections from healthy, uninjected
control (“Con”), or from mice at 3 weeks following tumor-cell injec-
tion with either neu-BrM expressing luciferase and an antibiotic
marker (“neu-BrM Luc”), or neu-BrM expressing only an antibiotic
marker and no luciferase (“neu-BrM unlab”). Scale bars = 50 pm.
(B) Immunostained brain-tissue sections from (A) were quantified

as macrophages, which could be linked to their therapeutic
responses. Therefore, these studies indicate that the neu-
BrM model can serve as a useful resource for the metastasis
community to study HER2-therapy response and resistance
mechanisms and to identify drugs that can enhance the effi-
cacy of HER?2 therapy.

Discussion

The development of brain metastasis significantly shortens
survival and reduces quality of life for HER2" breast cancer
patients [32, 33]. Since available treatments fail to cure most
patients with brain metastasis, disease progression continues
to represent a major clinical challenge. Moreover, the dis-
covery of new therapies for breast-cancer brain metastasis

using automated QuPath software to identify cells that were positively
stained with the indicated antibodies. n=4 for both Con and neu-
BrM unlab groups. n=8 for neu-BrM Luc group. Data are presented
as mean values+SEM. P-values were determined by a two-tailed,
unpaired, Mann—Whitney test. ** indicates P = 0.0087, * indicates P =
0.0286, and ns indicates not significant. Data is representative of three
independent experiments with n = 4-8 mice per group

has been hindered by the lack of appropriate mouse mod-
els that reproducibly develop brain metastasis in the con-
text of an intact immune system. The neu-BrM model that
we present here addresses this experimental limitation and
could serve as a valuable resource for the discovery of more
effective and durable treatment regimens for HER2" breast
cancer patients with brain metastasis.

Brain-metastasis development is a complex process that
involves interactions between cancer cells and the cells of
the brain microenvironment [1]. Consistent with human
studies [21, 23], we observed reactive gliosis around neu-
BrM-derived brain-metastatic lesions, with increased
numbers of astrocytes and microglia. Since astrocytes and
microglia have both pro- and anti-tumor functions [24,
34, 35], future studies can leverage the neu-BrM model

@ Springer
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to interrogate the contribution of these cells during brain-
metastasis progression.

One of the key advantages of using a fully immunocom-
petent mouse model for the study of brain metastasis is the
presence of both innate and adaptive immune systems. Since
B and T cells can impact brain-metastasis development
[36], the neu-BrM model will be instrumental for exploring
these processes. In the present study, we observed increased
immune-cell infiltration in the brain of mice bearing neu-
BrM metastases. In particular, the abundance of F4/80"
macrophages, S100A9" neutrophils, and CD4" T cells
increased compared to healthy brain, which is consistent

@ Springer

with human studies [26, 27]. Interestingly, we also observed
a trend toward increased infiltration of CD8™ T cells in the
brains of mice bearing neu-BrM metastases, which is gen-
erally associated with a good prognosis in human patients
[27]. Therefore, it remains possible that the CD8" T cells
are suppressed by myeloid cells in the milieu and are there-
fore unable to eliminate the cancer cells. Future studies will
be needed to investigate the spatial localization, activation
status, and function of the CD8" T cells in the context of
the other immunosuppressive myeloid cells within the brain
microenvironment.
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Fig. 5 Pharmacological inhibition of HER2 signaling by tucatinib sig-
nificantly reduces brain metastasis in the neu-BrM model. (A) Sche-
matic representation of the treatment regimen to examine the efficacy
of tucatinib in reducing brain-metastatic lesions in the neu-BrM model.
FVB/N mice were injected with luciferase-labeled neu-BrM tumor
cells via intracardiac injection. Upon detection of brain-metastasis
signal at 1 week post tumor-cell injection via bioluminescence imag-
ing, mice were randomized to receive treatment by oral gavage with
either vehicle (““Veh”) or tucatinib (“Tuc”) at 100 mg/kg body weight/

The engineering of tumor cells to express luciferase has
enabled the visualization of metastasis by longitudinal bio-
luminescence imaging in mice [37]. However, one of the
limitations of using tumor-cell lines expressing luciferase
in an immunocompetent murine host is the increased risk
of immune-cell-mediated rejection of luciferase-expressing
cancer cells [25]. Indeed, in the study by Song et al. [18], the
luciferase-labeled NT2.5 cell line was rejected by immuno-
competent neu-N transgenic mice, necessitating the use of
immunocompromised nude mice to generate tumors from
these cells. However, in our study, the luciferase-labeled
neu-BrM brain metastasis cells were not rejected by the
adaptive immune system, which enabled us to monitor
both brain and extra-cranial metastasis over time. The dif-
ference in immune system response to the NT2.5 cell line
between these two studies could be explained by differing
mouse strains (neu-N transgenic mice in [18] versus FVB/N
mice in our current study) and/or the threshold of luciferase
expression [38] in these tumor cell lines.

A notable similarity between our immunocompetent neu-
BrM model and the NT2.5-derived immunocompromised
model generated by Song et al. [18] is that following a
single intracardiac injection of NT2.5 cells without further
selection, both models gave rise to a heavy burden of bone
and liver metastasis and a relatively smaller burden of brain
metastasis. However, through serial passaging of the NT2.5
cell line, we were able to select for increased severity and
100% penetrance of brain metastasis in the neu-BrM model.
Therefore, the neu-BrM model could be utilized for under-
standing biological mechanisms of brain metastasis and for
evaluating new targeting strategies against brain metastasis.

day. At 3 weeks post tumor-cell injection, mice were euthanized, and
brain tissues were harvested. (B) Representative H&E images of brain-
tissue sections from the Veh-treated and Tuc-treated groups in (A). (C)
Quantitative analysis of the percentage of metastasis area covered in
the brain sections from (B). n = 6 for both Veh-treated brains and Tuc-
treated brains. Data are presented as mean values = SEM. P-values
were determined by a two-tailed, unpaired Mann-Whitney test. **
indicates P =0.0087. Data is representative of two independent experi-
ments with n = 4-5 mice per group

The experimental brain-metastasis models recapitulate
the later steps of the brain-metastasis cascade that occur
after cancer cells are in circulation. These crucial steps
during brain-metastasis development include extravasa-
tion, survival, and outgrowth of cancer cells in the brain.
Experimental brain-metastatic models of triple-negative
breast cancer derived from 4T1-BRS5 and firefly-luciferase-
and GFP-labeled 4T1 cell lines have provided important
insights into the colonization and growth of cancer cells in
the brains of immunocompetent mice [39, 40]. Of relevance
here, the Pouliot laboratory generated a single cell clone
known as Primary Translational Breast Cancer Program-1
(TBCP-1) from a spontaneously arising murine mammary
tumor cell line (called SMT-1) that was isolated by Judy
Harmey’s group [41]. The TBCP-1 clonal cell line was iso-
lated using flow cytometry followed by long-term in-vitro
culture. Importantly, TBCP-1 cells lack ER and PR expres-
sion and express high levels of ERBB2/HER2. Injection of
the TBCP-1 cell lines led to the development of multi-organ
metastasis in experimental metastasis assays in BALB/c
mice [41]. Metastases arose in the bone and adrenal glands
(90% incidence), kidneys and brain (80% incidence), and
ovaries and liver (70% incidence). In contrast to the in-vitro
single-cell clone isolation used to generate the TBCP-1
clone, the neu-BrM model described in our current study
was created using the in-vivo selection (serial-passaging)
strategy in mice, and intracardiac injection of the neu-BrM
tumor cells generated brain metastases in 100% of FVB/N
mice. Similar to the TBCP-1 model, the neu-BrM-injected
mice also developed extra-cranial metastases (in the liver of
83% of mice, in the lungs of 25% of mice, and in the bones
of 75% of mice). Therefore, the TBCP-1 metastasis model

@ Springer
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developed by in-vitro clonal selection in BALB/c mice
and our neu-BrM model developed by in-vivo selection in
FVB/N mice are complementary and can be leveraged for
mechanistic studies on metastasis and drug-efficacy studies
in syngeneic mice.

Spontaneous metastasis models can be instrumental for
studying the early stages of tumor-cell dissemination from
the primary tumor. Although spontaneous metastasis from
primary tumor models is often observed in visceral organs
such as the lung and liver, metastasis to the brain using these
models is rare. Consistently, Baugh et al. [42] developed a
syngeneic metastatic model using the HER2/neu-express-
ing NT2.5 cell line (known as “NT2.5-LM”) that metas-
tasizes to the lung, liver, and bones (but not to the brain)
after orthotopic mammary implantation in immunocompe-
tent NeuN mice [42]. The Pouliot laboratory successfully
created a brain-metastatic model by implanting TBCP-1
cells in the mammary gland and then resecting the tumor
when it reached ~400 mm? [41], a strategy they successfully
applied previously using the 4T1 Br4 murine TNBC model
[43]. After surgical resection of the primary tumor, TBCP-1
tumor cells spontaneously metastasized to the lung and
adrenal glands in 80% of mice, to the liver and ovary in 70%
of mice, to the bone in 50% of the mice, and to the brain in
60% of mice where it grew as a single lesion. Future studies
using the neu-BrM model will investigate whether, similar
to the TBCP-1 study, (i) the neu-BrM model can spontane-
ously metastasize to the brain from the primary site, (ii) the
incidence of brain metastasis increases after surgical resec-
tion of the primary tumors, and (iii) the metastasis pattern is
altered by HER2-targeted therapies. The neu-BrM model is
ultimately expected to serve as a useful resource for study-
ing mechanisms of HER2" breast cancer brain metastasis
that can be therapeutically exploited.

A recent advancement in HER2-targeted therapeutics is
the development of blood-brain-barrier-(BBB)-penetrant
treatments such as tucatinib [44]. Tucatinib has been FDA-
approved for the management of HER2" metastatic breast
cancer, including cases with brain metastasis [44, 45].
Although tucatinib has extended both progression-free and
overall survival for patients with HER2" brain metastasis
[45], drug resistance eventually arises followed by lethal
relapses [46, 47]. Therefore, it is imperative to study and
effectively target HER2-therapy-resistance mechanisms to
prolong patient survival. Our studies demonstrate that, simi-
lar to human patients, brain-metastatic lesions in neu-BrM
mice are sensitive to tucatinib inhibition; however, residual
cancer cells still persist in the brain as potential seeds of
relapse. The neu-BrM model can therefore serve as a useful
tool for studying HER2-therapy response and resistance so
that more effective therapeutics can emerge.
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Methods
Cell culture

The neu-parental (NT2.5) cell line (unlabeled) was obtained
from George Sgouros’s lab [18] and was authenticated
by PCR analysis for Erbb2 overexpression and tested for
mycoplasma contamination. STR profiling and interspecies
contamination tests were performed at IDEXX. The neu-
parental, neu-primary, and associated derivative brain-met-
astatic cell lines used in this study were cultured in DMEM
media supplemented with 10% FBS and grown at 37 °C in
a humidified 5% CO2 incubator. All media were supple-
mented with 100 IU/mL penicillin and 100 pg/mL strepto-
mycin (Life Technologies).

Animal studies

All mouse protocols in this study were approved by the
Columbia University Institutional Animal Care and Use
Committee (IACUC) and were performed in compliance
with the institutional guidelines of the Columbia University
Irving Medical Center (CUIMC) Institute of Comparative
Medicine. Treatments were conducted according to the ethi-
cal regulations and standards of the U.S. National Research
Council’s Guide for the Care and Use of Laboratory Ani-
mals and the U.S. Public Health Service’s Policy on Humane
Care and Use of Laboratory Animals. Mice were housed in
the CUIMC Institute of Comparative Medicine barrier facil-
ity under conventional conditions with constant temperature
and humidity and were provided with a standard diet (Lab-
diet 5053). In accordance with the IACUC guidelines from
Columbia University, mice exhibiting a weight loss of 20%
or more, a body-conditioning score (BCS) of 2 or less, or
signs of hunched posture from cachexia, impaired loco-
motion, or respiratory distress were promptly euthanized.
Euthanasia was performed by carbon-dioxide inhalation
with a secondary method of cervical dislocation.

To generate brain-metastatic cell lines from neu-parental
cells, female FVB/N mice aged 8 to 9 weeks (purchased
from Jackson Laboratory) were used. The unlabeled NT2.5
(neu-parental) cells were engineered to express the blastici-
din S antibiotic resistance gene, and the luciferase gene for
bioluminescence imaging. As a non-luciferase control, we
used neu-parental cells that were engineered to express the
blasticidin S antibiotic resistance gene but not luciferase.
The tumor cells were resuspended in Hank’s Balanced Salt
Solution (HBSS) for mammary-fat-pad injection. 5x10°
NT2.5 (neu-parental) cells were injected in the fourth mam-
mary gland in mice (orthotopic implantation) following our
previous studies [48]. Tumor growth was monitored weekly
using an electronic caliper to measure the length and width
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of the tumors in millimeters. The tumor volume was calcu-
lated using the formula (Iength * (width?)) / 2, where length
and width represent the longest and shortest dimensions of
the tumor, respectively. Mammary tumors were collected
when they reached a size of 250 mm®. Tumor tissues were
dissociated with Dispase II (1 unit/mL, Roche) and Collage-
nase Type I (2 mg/mL, Worthington). Since the tumor cells
expressed the blasticidin antibiotic resistance gene, 200 pg/
mL of blasticidin S was added to the culture media to elimi-
nate the non-tumor cells. These tumor cells were abbrevi-
ated as “neu-primary cells”.

The tumor cells were resuspended in HBSS for intracar-
diac injection. The neu-primary cells were injected into new
FVB/N mice (1 x 10° cells per mouse) via intracardiac injec-
tion into the arterial circulation. Metastasis was monitored
weekly with an In Vivo Imaging System (AMI, Spectral
Instruments Imaging). To measure bioluminescence, mice
were anesthetized with 3-4% isoflurane and injected with
150 ng of D-Luciferin (Fisher Scientific) via intraperitoneal
injections. Bioluminescence images were quantitated using
Aura Software (Spectral Instruments Imaging), and total
photon flux was calculated. Mice were weighed weekly and
monitored twice a week.

Mice were euthanized, and metastatic organs with bio-
luminescence signal such as brain, liver, and lung were
dissected. To isolate brain-metastatic cancer cells, the
brain tissue was immediately cut into small pieces and
incubated in 2.5 ml HBSS containing 2 unit/ml Dispase 11
and 2.5 mg/ml collagenase type 1 for 30 min at 37°C with
constant rocking. Subsequently, 10 ml of culture medium
(DMEM+10% FBS+penicillin-streptomycin) was added
to enzyme-digested brain tissue, cells were collected as pel-
let by centrifugation (300xg for 5 minutes at room tempera-
ture), and the supernatant was discarded. After washing the
cell pellet once with 10 ml of culture medium, the cells were
transferred to a T25 cell-culture flask and kept in a CO,-
incubator at 37°C. After 2 days, fresh culture medium con-
taining selection antibiotic (200 pg/mL of blasticidin S) was
added to select cancer cells that were stably transduced with
lentivirus carrying the blasticidin-resistance gene. After 1-2
weeks of selection, the isolated tumor cells were re-injected
into new FVB/N mice via intracardiac injection, a process
that was repeated a total of 5 times to yield “neu-BrM”. For
rigor, we isolated brain-metastatic cancer cells from the
brain tissues of 3—4 mice separately during each selection
cycle. For each round, it took 1-2 weeks (depending on the
size of the metastases) to culture the cells ex vivo with anti-
biotic selection to obtain sufficient brain-metastatic cancer
cells for subsequent injection into mice. For all experiments
involving the characterization and validation of neu-BrM,
1 x 10° cells were injected per mouse via intracardiac injec-
tion. For histological analysis of neu-BrM-tumor-bearing

brain sections, mice were euthanized at 3 weeks post tumor-
cell injection. Brain tissues were collected, fixed in 4%
paraformaldehyde diluted in PBS for 24 h at 4 °C, and then
washed with PBS before histological processing.

For drug experiments with neu-BrM, 1x10° neu-BrM
cancer cells were injected per mouse via intracardiac injec-
tion in FVB/N mice as described above. For drug treat-
ments, mice with neu-BrM were randomized to receive
either vehicle or tucatinib treatment, following previous
studies [47]. Tucatinib (Selleckchem) was diluted in 30%
captisol and administered by oral gavage in mice with a
dose of 100 mg/kg/day, 5 days a week. Treatment started
at 1 week post tumor-cell injection and was continued for
another 2 weeks (endpoint at 3 weeks post tumor-cell injec-
tion). All mice from both treatment groups survived until
experimental endpoint. Mice were euthanized, and brain
tissues were collected and fixed in 4% paraformaldehyde
diluted in PBS for 24 h at 4 °C.

Immunostaining analysis

After washing in PBS, fixed mouse brain tissues were embed-
ded in paraffin, and the blocks were sectioned at 5-um thick-
ness. Sections were analyzed from two different levels (50
microns apart) for each mouse. For immunostaining, slides
were baked at 60 °C for 1 h and deparaffinized, rehydrated,
and treated with 1% hydrogen peroxide for 10 min. Antigen
retrieval was processed with pH-6.0 citrate buffer (Vector
Laboratories) or pH-8.0 ethylenediaminetetraacetic acid
(EDTA) in a steamer for 30 min. Slides were subsequently
blocked with avidin- and biotin-blocking reagents (Vector
Laboratories) for endogenous avidin and biotin for 15 min,
respectively. BSA and goat serum were used as blocking
agents for 30 min. The tumor slides were incubated with pri-
mary antibodies overnight at 4 °C, including rabbit antibod-
ies against HER2 (1:500, Cell Signaling Technology), F4/80
(1:500, Cell Signaling Technology), S100A9 (1:500, Cell
Signaling Technology), CD4 (1:200, Cell Signaling Tech-
nology), CD8 (1:200, Cell Signaling Technology), B220
(1:400, BD Pharmingen), GFAP (1:20,000, Agilent Dako),
and IBA1 (1:20,000, Fujifilm), followed by incubation with
anti-rabbit biotinylated secondary antibodies (1:250, Vector
Laboratories). Detection of antibodies was performed using
the ABC and DAB kits (Vector Laboratories). Slides were
counterstained with hematoxylin, dehydrated, and mounted
with Cytoseal XYL (Richard-Allan Scientific).

To calculate the number of positively stained cells per
section, QuPath 0.5.0 software (https://qupath.github.io/)
was applied to scanned images using methodology as previ-
ously described [49]. The image type was set as “Brightfield
(H-DAB)”, and the cell-detection channel was set at “Hema-
toxylin+DAB”. Default values were used for nucleus and
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intensity parameters. For cell detection with each antibody
staining, the DAB threshold was optimized individually
within the fast-cell-counts feature. For quantitation, the
percentage of positively stained cells was determined by
dividing the number of cells showing positive staining with
a specific antibody by the surface area of the defined region
of interest (ROI), measured in mm?.

To calculate the percentage of area covered by metastasis
in the brain sections, H&E-stained sections were analyzed
using QuPath 0.5.0 methodology described previously [49].
The image type was set as “Brightfield H&E”. Using the
region-of-interest (ROI), and measure tools, we divided the
area of the metastatic lesion by the total brain area under the
field of view for each section to calculate the percentage of
the area of brain sections covered by metastasis.

RNA isolation and qRT-PCR

Total RNA was isolated using TRIzol and an RNeasy Mini
(Qiagen) Kit. 500 ng RNA was reverse-transcribed to cDNA
using a cDNA Synthesis Kit (Roche). qRT-PCR was per-
formed with 10 ng of cDNA per sample using gene-specific
primers and SYBR Green PCR master mix (Applied Bio-
systems; Thermo Fisher Scientific). GAPDH primers were
used as an internal control. qQPCR was run using Applied
Biosystems 7500 Real-Time PCR system (Applied Biosys-
tems; Thermo Fisher Scientific), and the gene expression
data were analyzed using the 224! method. The qRT-PCR
primer sequences used in this study are shown below:
mErbb2.

forward primer: 5-ACCGACATGAAGTTGCGACT
C-3.

reverse primer: 5-AGGTAAGCTCCAAATTGCCC
T-3.

mEsr].
forward primer: 5-CCTCCCGCCTTCTACAGGT-3.
reverse primer: 5-CACACGGCACAGTAGCGAG-3.
mEsr2.

forward primer: 5-CTGTGATGAACTACAGTGTTC
CC-3.

reverse primer: 5-CACATTTGGGCTTGCAGTCT

G-3.

mPr.

@ Springer

forward primer: 5-CTCCGGGACCGAACAGAGT-3.

reverse primer: 5-ACAACAACCCTTTGGTAGCA
G-3.

mGapdh.

forward primer: 5-AGGTCGGTGTGAACGGATTT
G-3.

reverse primer: 5S-TGTAGACCATGTAGTTGAGGT
CA-3.

Statistical analysis

All statistical analyses were conducted using GraphPad
Prism 10. Statistical methods for each experiment are
described in the figure legends. All values were determined
as the mean+ SEM. P-values<0.05 were considered statisti-
cally significant.

Graphics

Graphics for the schematics were designed using Biorender.
com with an institutional license to Columbia University
Irving Medical Center (CUIMC).

Supplementary Information The online  version  contains
supplementary material available at https://doi.org/10.1007/s10585-0
25-10343-4.
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