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SUMMARY

An increasing number of breast cancer patients develop brain metastases (BM). Standard-of-care treatments
are largely inefficient, and breast cancer brain metastasis (BCBM) patients are considered untreatable. Im-
munotherapies are not successfully employed in BCBM, in part because breast cancer is a “cold” tumor
and also because the brain tissue has a unique immune landscape. Here, we generate and characterize
immunocompetent models of BCBM derived from PyMT and Neu mammary tumors to test how harnessing
the pro-senescence properties of doxorubicin can be used to prime the specific immune BCBM microenvi-
ronment. We reveal that BCBM senescent cells, induced by doxorubicin, trigger the recruitment of PD1-ex-
pressing T cells to the brain. Importantly, we demonstrate that induction of senescence with doxorubicin im-
proves the efficacy of immunotherapy with anti-PD1 in BCBM in a CD8 T cell-dependent manner, thereby
providing an optimized strategy to introduce immune-based treatments in this lethal disease. In addition,
our BCBM models can be used for pre-clinical testing of other therapeutic strategies in the future.

INTRODUCTION

Breast cancer brain metastasis (BCBM) is a leading cause of
death for breast cancer (BC) patients. A recent meta-analysis
has shown that for patients with metastatic BC, BCBM affects
31% of patients from the Her2* subtype, 32% of patients with tri-
ple-negative BC and 15% of patients with hormone receptor
positive/Her2™ disease, and their overall survival is dire.”® Stan-
dard-of-care treatments for BCBM comprise systemic therapies
with chemotherapies and targeted agents, radiotherapy, and
neurosurgical resection. Additionally for Her2* BCBM patients,
treatment with trastuzumab-deruxtecan has shown some clin-
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ical benefits.* However standard-of-care treatments are largely
unsuccessful. This is in part due to the presence of the imperme-
able blood brain barrier (BBB) and the blood brain tumor barrier
(BTB) as well as important resistance to chemotherapy and
radiotherapy.® Consequently, survival of BCBM patients remains
dreary and there is an urgent need to develop better, alternative
therapeutic strategies for this disease.’?

Immunotherapies have revolutionized cancer treatment in
several solid tumor types®'°; however, only a limited number
of clinical trials have explored the efficacy of immunotherapy in
BC patients. In addition, BCBM patients have historically been
excluded from those trials, due to the brain tissue that has long
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been depicted as an immune-privileged site."""'? However, spe-
cific immune reactions still occur in brain tumors and are
commonly characterized by a high contribution of tumor-pro-
moting myeloid cells, a low penetrance of cytotoxic T cells,
and high T cell exhaustion, which hinder the efficacy of immuno-
therapies.'®"'* Recent findings in melanoma and lung BM have,
however, challenged this view by demonstrating that some of
those patients may benefit from immunotherapy.® Those encour-
aging findings are concomitant with the recent inclusion of
BCBM patients in a number of clinical trials assessing the effi-
cacy of immune-based treatments or other therapies.' '’
Nevertheless, to date, nab-paclitaxel combined with anti-PD-
L1 is the only strategy approved by the Food and Drug Adminis-
tration for immunotherapy in triple-negative BCBM, but patients’
response to the treatment remains limited.’®> Consequently,
exploring new opportunities to prime the specific immune
BCBM environment is required to introduce immunotherapy in
this disease.

Several studies report attempts to render “cold” tumors more
prone to respond to immunotherapies. For example, conven-
tional chemotherapies can display immunomodulatory proper-
ties and influence immune responses. On the one hand, chemo-
therapies may modify the immune-properties of cancer cells, for
instance by increasing cytokine production or provoking chro-
mosomal instability or immunogenic cell death (reviewed in Gal-
luzzi et al.'® and Kersten et al.’®). On the other hand, chemother-
apies can also directly influence the properties of immune cells,
such as regulatory T cells (Tregs), tumor-associated myeloid
cells, or Natural Killer (NK) cells.?®® These findings have
recently led to clinical applications, where the immunomodula-
tory properties of chemotherapies are exploited to recruit im-
mune cells to tumor sites and to sensitize “cold” tumors to im-
munotherapies.'*?*2°

In addition to killing cancer cells, chemotherapeutics can also
induce a senescence state in the cancer cell population. Impor-
tantly, senescent cells are known to trigger aremodeling of the tu-
mor microenvironment (TME) as well as of the tumor immune
landscape via secretion of factors that belong to the senes-
cence-associated secretory phenotype (SASP).>”*® Multiple
senescence phenotypes have been characterized and vary de-
pending on the senescence-induction modalities. In addition,
the effects of senescence and of the SASP on the immune TME
are context- and tumor type-dependent.”**° However, the ef-
fects of chemotherapy-induced senescent cells on shaping the
immune landscape of BCBM have not been assessed before.
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The rareness of clinical trials in BCBM, the historical exclusion
of BCBM patients from most immunotherapy trials, > and the
scarcity of immunocompetent BCBM animal models limit the
study of strategies to prime the specific immune microenviron-
ment of BCBM. Here, we test whether inducing senescence in
BCBM may be used to introduce immunotherapy in this disease.
We used a PyMT BCBM pre-clinical mouse model, which har-
bors an intact immune system and recapitulates key immune
features of human BCBM and we assessed the ability of doxoru-
bicin to remodel the BCBM immune landscape. Doxorubicin is
an anthracycline antibiotic that has been shown to induce senes-
cence in a range of cancer types in a BMP4-Smad, p21 and p16-
dependent manner.®'**? In addition, liposomal-doxorubicin can
cross the BBB and the BTB.***® We demonstrate that inducing
senescence with doxorubicin in BCBM tumor cells triggers a
recruitment of PD1-expressing T cells to BCBM lesions, and
this can be used to subsequently improve the efficacy of immu-
notherapy with anti-PD1. We confirm the efficacy of this thera-
peutic strategy in a second BCBM model derived from Neu
mammary tumors. Together, we present evidence that chemo-
therapy-induced senescence renders BCBM sensitive to immu-
notherapy with checkpoint inhibitors, thereby opening new ave-
nues for improved clinical management of this dreadful disease.

RESULTS

Generation and characterization of a PyMT BCBM model

In order to identify new approaches to render BCBM sensitive to
immunotherapy, we used a mouse BCBM model generated via
serial intracranial transplantations and carotid injections in
immunocompetent Friend Virus B (FVB/NR;) inbred mice of tu-
mor pieces derived from MMTV-PyMT mice that carry an
E-cadherin-mCFP transgene®® (see STAR Methods and Fig-
ure 1A and Margarido et al.*’). Following six rounds of enrich-
ment in the brain, we generated organoids from the BCBM and
we engineered them with H2B-Dendra2 and luciferase con-
structs for imaging purposes (from herein referred to as “PyMT
BCBM organoids”). Organoids are self-assembling miniature or-
gan-like 3D in vitro structures that recapitulate with a high fidelity
features of in vivo tumors such as cellular heterogeneity,*® and
which can be manipulated in vitro to express, for instance, fluo-
rescent reporters. Tumor organoids have recently been used to
accurately model cancer biology and to perform in vitro pre-clin-
ical testings.*® The PyMT BCBM organoids were cultured in 3D
basal membrane extract (BME) matrices to avoid inducing

Figure 1. The mouse PyMT BCBM mimics immune features of the human disease

(A) Schematic representation of the generation of the mouse PyMT BCBM model.

(B) Representative images of a metastasis formation upon carotid injection. PyMT BCBM organoids were made as single cells just before injection in the carotid.
Metastasis formation was confirmed by bioluminescence (top), MRI (medium), and H&E staining (bottom). Scale bar, 1 mm. Thirteen mice were injected in the

carotid, and three developed a BCBM.

(C) Representative images of H&E staining of human BCBM (top) and of mouse PyMT BCBMs generated upon carotid (middle) and intracranial (bottom) injections

of PyMT BCBM organoids. Scale bar, 50 pm.

(D) Representative images of H&E and immunohistochemistry staining for CD4, CD8, and PD-L1/PD1 in human (top) and PyMT BCBM derived from intracranial
injection (bottom). On H&E images, black arrows point to tumor infiltrated lymphocytes (TILs). Scale bar, 100 um.
(E) Quantification of immune cell populations infiltrated into the mouse BCBM, as assessed by flow cytometry. n = 5 mice, data are presented as averaged

percentage cells out of CD45* immune cells.
See also Figures S1-S3.
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artificially high metastatic properties that may arise upon 2D
culturing.“® We dissociated the PyMT BCBM organoids into sin-
gle cells and injected them in the mouse carotid. In this context,
the brain-enriched tumor cells were able to extravasate and to
survive as single cells in the brain or to form BCBM in 3 out of
13 mice. This moderate metastatic efficiency is in line with a fairly
sporadic spread to the brain in patients with metastatic breast
cancer but demonstrates the ability of the PyMT BCBM organo-
ids to home in this organ (Figure 1B). Intracranial injections of the
PyMT BCBM organoids led to a humane end point of 33 days,
providing a time window for therapeutic testing in contrast to
other models that often cause death within 2 to 3 weeks after in-
jection. Although these characteristics are required for pre-clin-
ical studies like ours, a large number of animals is needed to
study early BCBM formation.

Upon intracranial transplantations of the PyMT BCBM organo-
ids, we observed BCBM formation in 100% of the mice. We
monitored BCBM progression upon intracranial and carotid in-
jections by IVIS imaging in a small cohort of mice (Figures S1A
and S1B). Although a number of other BCBM models have
been reported to develop in the brain dura,*' the PyMT BCBM
was found to grow in the brain parenchyma upon carotid injec-
tion (Figure S1C). In addition, multiple lesions of various sizes
were found in the brain of mice injected in the carotid at humane
endpoint; however, we cannot exclude that large metastases
result from the fusion of multiple smaller metastases (Fig-
ure S1C). Moreover, injection of PyMT BCBM organoids into
the carotid resulted in the development of metastasis in the
abdominal cavity near the uterus horn and in the spleen in 1
out of 13 mice (Figure S1D). Histological assessments demon-
strated that BCBMs that are formed upon carotid or intracranial
transplantations display similar histopathological features (Fig-
ure 1C). Furthermore, mice that developed BCBM upon carotid
injection had a mean survival of 70 days compared with
33 days for mice injected intracranially (Figure S1E).

In order to test whether the immune landscape evolves natu-
rally in PyMT BCBM derived from intracranial injections, we
compared immune infiltrates in PyMT BCBM derived from ca-
rotid versus intracranial injections using immunohistochemistry
analyses. We did not find significant differences in cell number
and tissue distribution of CD4 T cells, CD8 T cells, macrophages
(F4/80), neutrophils (Ly6G), and regulatory T cells (Tregs, Foxp3)
(Figure S2A). In addition, we did not observe significant differ-
ences in the number of PD1 expressing cells in BCBMs gener-
ated by both procedures (Figure S2A). Therefore, considering
the similarities between PyMT BCBMs derived from intracranial
and intracarotid injections and for improved experimental repro-
ducibility and standardization, we used intracranial injections of
PyMT BCBM organoids derived from the sixth round of enrich-
ment for the rest of our study.

We next tested whether our mouse model of PyMT BCBM re-
capitulates features of the human disease. Immunohistopatho-
logical analyses demonstrated that the PyMT mouse BCBM
resembled the human counterpart (see STAR Methods,
Figures 1C and S2B). In addition, magnetic resonance imaging
(MRI) and spectroscopy (MRS) confirmed that the mouse
BCBM model mimics features of human brain metastasis
(Figures S2C and S2D and STAR Methods).**** Next, we per-
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formed immunohistochemical analyses of immune cell infiltra-
tion in human BCBM. Tumor-infiltrating lymphocytes (TILs, ar-
rows), CD4 and CD8 T cells, as well as cells expressing PDL1
were observed in human BCBM sections (Figure 1D, top panel).
High TILs content and PD-L1 expression are prognostic markers
for good response to immunotherapy,** consequently this sug-
gests that human BCBM may be targeted with immune-based
treatments such as checkpoint inhibitors. Importantly, TILs,
T cells, and PD1-positive cells were also found to infiltrate the
mouse PyMT BCBM (Figure 1D, lower panel); however, it is un-
known whether the level of PD1 positive T cell infiltration is suf-
ficient to elicit a response to immune checkpoint blockade. We
next mapped the immune landscape of the mouse PyMT
BCBM derived from intracranial injections using flow cytometry
(see Figure S3 for gating strategies). The mouse PyMT
BCBM was infiltrated with immune cells of myeloid origin (neu-
trophils, monocytes, microglia, monocyte-derived macrophages
[MDMs])), as well as lymphoid cells such as T and B cells (Fig-
ure 1E). This is in line with previously published work in human
BCBM'®#%46 and warrants the use of the PyMT BCBM mouse
model for designing innovative strategies for immunotherapies
in this disease.

Doxorubicin induces senescence in BCBM tumor cells

We next investigated whether doxorubicin can trigger senes-
cence in BCBM. Doxorubicin is an anthracycline antibiotic,
which has been shown to induce senescence in a variety of
cell lines both in vitro and in vivo.*® First, we treated PyMT
BCBM organoids with low-dose doxorubicin (10 nmol/L) for
7 days in vitro. Over the course of the treatment, control-treated
organoids continuously grew while doxorubicin-treated organo-
ids remained small (Figure 2A). Treatment with low-dose doxoru-
bicin led to a minor, non-statistically significant increase of
apoptosis (Figure 2B), suggesting that other mechanisms may
cause the stalling of organoid growth. Indeed, the expression
of the senescence-related genes CDKN2A and FOXO4*" was
enhanced while the expression of the proliferative marker Ki67
was reduced (Figure 2C). Next, PyMT BCBM organoids were
intracranially injected into recipient FVB/NR] mice. Upon
BCBM formation, as assessed by IVIS imaging, mice were
administered three times with a saline vehicle or with doxorubicin
(5 mg/kg) every 5 days (Figure 2D). In this context, in vivo treat-
ment with doxorubicin induced an increase of senescence-asso-
ciated (SA) B-Galactosidase activity in BCBM lesions compared
with vehicle (Figure 2E), while the loss of lamin B1, a feature of
senescent cells,"®*°° was also observed (Figure S4A) upon in vivo
treatment with doxorubicin. In addition, the number of apoptotic
BCBM cells was non-statistically significantly increased upon
doxorubicin treatment compared with vehicle in vivo (Fig-
ure S4B). Together, this demonstrates that doxorubicin treat-
ment correlates with the induction of a senescence program in
our PyMT BCBM model both in in vitro organoids and in vivo.

Doxorubicin reshapes the immune landscape of BCBM

Using the immunomodulatory properties of chemotherapy is
emerging as a potent strategy to increase immune infiltration
into otherwise “cold” tumors.’®*" In addition, senescent cells
can remodel their environment via secretion of SASP factors.”’



Cell Reports Medicine @ CelPress

OPEN ACCESS

A T ~ 250
_ Doxorubicin 10 nmol/L € p=0.004
Day 0 Day 0 o 2 2004 e
2
N i g ~150 - ﬁ_
' . sz
C g 100 - °
= ©
€ ]
E\”@' | 5 50 - E3
# ¢ © 9 —
N Q
e S
B 3307 c N
] ° 8
™ © p=0.370 p=0.046 — 0015 p=0.017 15, P=0.012
° 2T <3 é g - o 3
Q o < 204 ° Z > 6 ) [
5 20 x o < 0010 <0
> 8 °\\°/ ° € g 4 Z E g 1:0 oo
T 2 o Sy % 0005 EN
= 0 3 104 =0 - N ®© °
8o E. eve 352 © 0000] eee 5%
= -
£ o ‘% ‘ o= oo § 2 %
g g 0 I T 0 v T -0.005 r 0.0 T v
= 4 ~<.'.;\(\ 4 ~é}(\ P4 ~é:\° 4 -é}o
8 Y S S &
Vo s° NS °
Q Q Q Q
° @
<e Tumor establishment Day 15 Day 20 Day 25 Day 26 e
£ ) A4
Intracranial transplantation Vehicle or Vehicle or Vehicle or  Sacrifice and
of PyMT BCBM organoids doxorubicin doxorubicin doxorubicin  collection of BCBM
+
[0
(2]
©
§ 1004 p=0.005
8> 80 b
[ Ne]
82 o]  *
Q= T ®
< &
D @ 40
538
@ 20 #
Q
€
Z oA
4 )
A@‘\\O &
&
Q

Figure 2. Doxorubicin induces senescence in PyMT BCBM

(A) Representative images of PyMT BCBM organoids and quantification of organoid diameter after 7 days of treatment with vehicle (saline) or with doxorubicin
(10 nmol/L), n = 3 biological repeats with three technical replicates per repeat. Data are presented as mean + SEM. Scale bar, 50 um.

(B) Representative images and quantification of cleaved-caspase 3 immunofluorescent staining in mouse BCBM organoids treated with vehicle (saline) or with
doxorubicin (10 nmol/L) for 7 days. n = 5 biological repeats. Data are presented as mean + SEM. Scale bar, 50 pm.

(C) RT-gPCR analysis of CDKN2A, FOXO4, and Ki67 mRNA levels normalized to GAPDH in PyMT BCBM organoids treated with vehicle (saline) or doxorubicin
(10 nmol/L) for 7 days. n = 3 biological repeats with three technical replicates per repeat. Data are presented as mean + SEM.

(D) Schematic representation of experimental design and treatment timeline.

(E) Representative images and quantification of SA B-Galactosidase staining in in vivo PyMT BCBM treated with vehicle (saline) or with doxorubicin. n = 3 mice per
group, with five fields of view analyzed and averaged per mouse. Data are presented as mean + SEM. Scale bar, 200 um.

See also Figure S4.

We therefore next assessed the effects of doxorubicin ontheim-  onthe PyMT BCBM immune landscape, mice were killed 24 h af-
mune landscape of the PyMT BCBM model. Mice bearing BCBM  ter the last treatment, and BCBM lesions were collected for an-
were subjected to the same treatment with doxorubicin or alyses. Flow cytometry analyses revealed an increased infiltra-
vehicle as before (Figure 2D). To map the effects of doxorubicin  tion of CD4 and CD8 T cells to BCBMs grown in mice treated
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Figure 3. Doxorubicin reshapes the immune landscape in PyMT BCBM, yet recruited T cells do not clear senescent cancer cells

(A) Quantification of CD4 T cells as a percentage of CD45™ cells (i), CD69" cells as a percentage of CD4 T cells (i), Ki67* cells as a percentage of CD4 T cells (iii),
Granzyme-B* cells as a percentage of CD4 T cells (iv), and PD1* cells as a percentage of CD4 T cells (v) infiltrated in PyMT BCBM upon treatment with vehicle
(saline) or with doxorubicin. CD4 T cells were gated as CD45"/CD11b /NK1.17/CD197/CD4" cells. Also see Figure S3A for gating strategy.

(B) Quantification of CD8 T cells as a percentage of CD45" cells (i), Ki67* cells as a percentage of CD8 T cells (i), and PD1* cells as a percentage of CD8 T cells (iii)
infiltrated in PyMT BCBM upon treatment with vehicle (saline) or with doxorubicin. CD8 T cells were gated as CD45*/CD11b~/NK1.17/CD197/CD8" cells. Also
see Figure S3A for gating strategy.

(legend continued on next page)
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with doxorubicin compared with vehicle (Figures 3A (i) and 3B (i)).
Immunofluorescence analyses confirmed that infiltration of CD4
and CD8 T cells was increased in PyMT BCBMs upon treatment
with doxorubicin (Figures S5A and S5B). Activated CD4 T cells
expressing CD69, Ki67, and Granzyme-B as well as CD8
T cells expressing Ki67 were also found to be more abundant
in PyMT BCBMs upon treatment with doxorubicin (Figures 3A
(ii-iv) and 3B (ji)). Lastly, treatment with doxorubicin induced an
increased infiltration of CD4 T cells, CD8 T cells, and NK cells ex-
pressing PD1 (Figures 3A (v), 3B (jii), and 3C). We observed mi-
nor, non-statistically significant differences for the content of B
cells, Tregs, neutrophils, macrophages, and monocytes upon
treatment with doxorubicin (Figures S5C and S5D).

Senescent cells are not cleared by infiltrated T cells
upon chemotherapy

Intricate crosstalk between immune cells and senescent cells
can direct the fate of either populations,®”™* for instance im-
mune cells may be recruited to clear senescent cells from aging
or cancerous tissues.”® Considering the increased infiltration of
T cells upon doxorubicin, we next investigated whether T cell
recruitment to PyMT BCBM led to clearance of senescent cells.
Mice bearing PyMT BCBM were treated with vehicle or with
doxorubicin, in combination with an immunoglobulin (Ig)G con-
trol or with depleting antibodies against CD4 or CD8, as previ-
ously described®® (Figure 3D). Successful depletion of CD4
and CD8 cells in the PyMT BCBM was confirmed by immunohis-
tochemistry (Figures S5E and S5F). In line with previous work
showing that CD8 T cells can clear senescent cells,’® depleting
CD8 T cells in vehicle-treated mice increased the number of
SA B-Galactosidase-positive cells (Figure 3E). However, the
number of senescent cells in doxorubicin-treated mice adminis-
tered with depleting antibodies against CD4 or CD8 was not
significantly different than for doxorubicin-treated mice that
received the IgG control (Figure 3E, compare purple with
greens). This indicates that the recruitment of T cells to the
PyMT BCBM upon doxorubicin treatment does not lead to clear-
ance of senescent cells in our settings.

Senescent cells drive the recruitment of T cells to the
BCBM without altering the tumor vasculature

We next assessed whether doxorubicin-induced senescent cells
are involved in the recruitment of T cells to the PyMT BCBM. We
used ABT263, a potent senolytic BH3 mimetic drug that inhibits
the anti-apoptotic proteins BCL-2 and BCL-xL and that has
been recently used to selectively ablate senescent cells in p53
proficient cellular models.®”**® Small molecule Bcl-2 inhibitors
have previously been used to successfully deplete senescent
cells in primary and metastatic brain tumors in pre-clinical rodent
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models, demonstrating their ability to pass the BTB.*°~®" In vitro,
treatment with ABT263 for 48 h induced cell death specifically in
organoids pre-treated with low-dose doxorubicin for 7 days
(Figures S6A and S6B). Moreover, to test whether ABT263 kills
senescent cells, we generated a cell line from the PyMT BCBM
organoids to perform an SA B-Galactosidase assay. In this
setting, while doxorubicin significantly increased SA B-Galactosi-
dase activity in PyMT BCBM cells, the population of SA 3-Galac-
tosidase™ cells was ablated in BCBM cells treated with doxoru-
bicin followed by ABT263, confirming the elimination of
senescent cells by this senolytic agent (Figure S6C). Next, we
tested the ability of ABT263 to deplete senescent cells in vivo
(Figure 4A). Administration of ABT263 did not alter tumor pro-
gression (Figure S6D). Tumor cell morphology and tumor size
were not significantly altered; however, we observed a mild
reduction of necrosis and of inflammation upon treatment with
ABT263 compared with vehicle (Figure S6E). Importantly, treat-
ment with ABT263 in mice bearing PyMT BCBM reverted the in-
crease of SA B-Galactosidase activity induced by doxorubicin, to
asimilar level as control conditions (Figure 4B), confirming the ac-
tivity and specificity of this senolytic agent against senescent
cells in our PyMT BCBM model.

Next, we tested whether clearance of senescent cells with
ABT263 would affect the recruitment of T cells to the PyMT
BCBM. Quantification of immunofluorescent staining for CD4
and CD8 in in vivo PyMT BCBM revealed that the recruitment
of T cells to the BCBM triggered by doxorubicin treatment is re-
verted upon treatment with ABT263 (Figures 4C and 4D). To con-
trol for a potential direct effect of ABT263 on T cell behavior,
we isolated T cells from the mouse spleen and treated them
in vitro with DMSO or ABT263. We found neither significant dif-
ferences in T cell proliferation nor alterations in their migrating
capability upon treatment with ABT263 compared with DMSO
(Figures S6F and S6G and Videos S1 and S2), confirming that
the observed reduction in T cell recruitment to the BCBM upon
ABT263 is not due to a direct effect of the senolytic agent on
T cell viability or migration.

Lastly, induction of senescence can lead to a remodeling of
the tumor vasculature, which has been shown to participate in
the recruitment of T cells to the tumor mass.?® We therefore eval-
uated whether doxorubicin triggered a remodeling of the BCBM
vasculature. While we did not observe changes in blood vessel
content in PyMT BCBM upon treatment with doxorubicin
compared with vehicle (Figure S7A), we found higher levels of
a-smooth muscle actin (2SMA) expression in the blood vessels
of doxorubicin-treated BCBM compared with vehicle (Fig-
ure S7B). However we neither detected statistically significant
changes in pericyte (NG2* cells) recruitment close to the vascu-
lature (Figure S7C) nor statistically significant alterations of the

(C) Quantification of NK cells as a percentage of CD45* cells (i) and PD1* cells as percentage of NK cells (ii) infiltrated in PyMT BCBM upon treatment with vehicle
(saline) or with doxorubicin. NK cells were gated as CD45*/CD11b™/NK1.1* cells. Please also see Figure S3A for gating strategy. For (A)-(C), data are presented

as mean = SEM, n = 6 mice per group.
(D) Schematic representation of experimental design and treatment timeline.

(E) Representative images and quantification of SA B-Galactosidase staining in PyMT BCBM treated with control IgG or depleting antibodies against CD4 or CD8
T cells, prior to treatment with vehicle (saline) or with doxorubicin. n = 3 mice for all groups expect for anti-CD8 followed by control with n = 6 mice and anti-CD8
followed by doxorubicin with n = 5 mice. Data are presented as mean + SEM. Scale bar, 200 um.

See also Figure S5.
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Figure 4. Senescent cells drive the recruitment of T cells to PyMT BCBM

(A) Schematic representation of experimental design and treatment timeline.

(B) Representative images and quantification of SA B-Galactosidase staining in in vivo PyMT BCBM upon treatment with vehicle (saline) and with a chromophore
vehicle (n = 5 mice), doxorubicin and a chromophore vehicle (n = 7 mice), vehicle (saline) and ABT263 (n = 5 mice), or doxorubicin and ABT263 (n = 6 mice). Data
are presented as mean + SEM. Scale bar, 200 um.

(C and D) Representative images and quantification of immunofluorescence staining for CD4 and (D) for CD8 upon treatment with vehicle (saline) and a chro-
mophore vehicle (n = 5 mice), doxorubicin and a chromophore vehicle (n = 7 mice), vehicle (saline) and ABT263 (n = 5 mice) or doxorubicin and ABT263 (n = 6
mice). Data are presented as mean + SEM. Scale bar, 100 um.

See also Figures S6 and S7.
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Figure 5. Pre-induction of senescence with doxorubicin improves the efficacy of anti-PD1

(A) Schematic representation of experimental design and treatment timeline. Upon establishment of BCBM, mice were randomized into treatment groups based
on IVIS measurements and monitored using whole-body bioluminescence imaging until reaching humane endpoint.

(B) Representative images of whole-body IVIS bioluminescence monitoring of BCBM response to treatment. For each treatment group, images of a repre-
sentative mouse followed over time from the beginning of the treatment (day 0) are depicted.

(C) IVIS bioluminescence flux averaged signal since the beginning of treatment in mice bearing BCBM and treated with vehicle (saline) followed by IgG control
(n = 5 mice); pre-treatment with vehicle (saline) followed by anti-PD1 antibody (n = 6 mice); pre-treatment with doxorubicin followed by IgG (n = 6 mice); or pre-
treatment with doxorubicin followed by anti-PD1 antibody (n = 8 mice).

(legend continued on next page)
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expression levels of ICAM nor VCAM in the endothelial cells,
two immunomodulatory cell surface molecules that have been
linked with tissue inflammation and immune cell recruitment®
(Figures S7D and S7E).

Together, this demonstrates the role of doxorubicin-induced
senescent cells in re-shaping the BCBM immune landscape
and driving the recruitment of T cells to the BCBM, without signif-
icantly altering features of the BTB at the studied timepoint.

Inducing senescence in BCBM improves the efficacy of
anti-PD1

The presence of intratumoral PD1-positive T cells is commonly
used as a prognostic marker of good response to immune
checkpoint inhibition with anti-PD1.** In addition, the observed
recruitment of PD1-positive T cells to the mouse PyMT BCBM
triggered by doxorubicin is in line with observations reported
for extracranial breast tumors in the TONIC trial.>" This prompted
us to test whether recruiting PD1-positive T cells to the PyMT
BCBM via doxorubicin treatment could be used to improve
anti-PD1 efficacy. To test this, FVB/NRj mice bearing PyMT
BCBM received three administrations of vehicle or doxorubicin,
prior to continuous treatment with an IgG control or with an anti-
PD1 antibody, twice weekly (Figure 5A). Tumor response to
treatments was monitored using whole-body bioluminescent im-
aging (Figures 5B and 5C), and mice were sacrificed when they
showed signs of sickness. Doxorubicin treatment alone and
anti-PD1 treatment alone neither significantly altered BCBM
growth nor improved mouse survival compared with vehicle
treatment (Figures 5B-5D), in line with the lack of induction of
apoptosis by doxorubicin in the PyMT BCBM (Figure S4B) and
with the poor response to monotherapies reported in BCBM pa-
tients.” However, pre-treatment with doxorubicin prior to PD1
blockade altered tumor growth and significantly prolonged
mouse survival compared with vehicle and with single treatment
with either doxorubicin or anti-PD1 (Figures 5B-5D). Mean sur-
vivals for each treatment group are depicted in Figure 5E.

Next, we evaluated whether the T cells that are recruited to the
PyMT BCBM following doxorubicin treatment (Figure 3) underly
the improved survival upon anti-PD1 therapy. We first studied
CD44 expression, a marker of mature T cells,®® in intratumoral
T cells. The percentage of T cells that express CD44 was
increased in the PyMT BCBM of mice treated with the combined
treatment compared with monotherapies (Figures 6A and 6B),
suggesting that T cells found in the PyMT BCBM have potent
anti-tumor activity upon treatment with doxorubicin followed
by anti-PD1. Notably, the percentage of CD8 T cells positive
for CD44 was significantly higher compared with the CD4
T cells in this treatment group (Figures 6A and 6B). We then func-
tionally tested the role of T cells in driving the response to anti-
PD1 upon doxorubicin using depleting antibodies. Following
pre-treatment with doxorubicin, mice bearing PyMT BCBM
were continuously treated with IgG control or with depleting an-
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tibodies against CD4 or CD8, in combination with IgG control or
anti-PD1 antibody twice weekly (as depicted in Figure 6C). Mice
were sacrificed when symptomatic, as previously (Figure 5).
Depleting CD8 cells significantly reduced mouse survival in
response to doxorubicin followed by anti-PD1, while CD4-deple-
tion did not (Figure 6D). Considering that doxorubicin also in-
duces a recruitment of PD1* NK cells to the BCBM (Figure 3C
(i), and in light of previous work indicating that NK cells can ex-
press CD8,°* we next evaluated the percentage of the PD1* NK
cell population that also expresses CD8. We found that out of the
total CD45" cells in the PyMT BCBM, only 0.085% are NK
cells that co-express PD1 and CD8, while 17.8% are CD8
T cells that express PD1 (Figure S7F). Since depletion of CD8
cells blocks the improved response to the treatment combina-
tion, the role of PD1* NK cells in the enhanced response to
anti-PD1 upon doxorubicin is therefore likely limited. Together,
our data confirm that CD8 T cells have a key role in driving the
prolonged survival observed upon doxorubicin pre-treatment
followed by anti-PD1 in PyMT BCBM.

We subsequently tested whether continuous administration of
doxorubicin during anti-PD1 treatment would further improve
survival outcomes compared with pre-treatment alone. Mice
bearing PyMT BCBM lesions were pre-treated with vehicle or
with doxorubicin prior to treatment with anti-PD1 alone or with
anti-PD1 combined with doxorubicin (Figure S7D). Pre-treat-
ment with doxorubicin followed by continuous treatment with
doxorubicin had no advantage over pre-treatment with doxoru-
bicin alone when combined with anti-PD1 (Figure S7E), demon-
strating that pre-treatment with doxorubicin can improve
anti-PD1 therapy without the need for long-term exposure to
doxorubicin with increased toxicity.

Lastly, to test whether the combination treatment can be effi-
cacious beyond the PyMT BCBM model, we generated a second
BCBM model derived from mammary tumors from MMTV-Neu
mice, which harbors an overexpression of Her2.%° This model
is clinically relevant considering that 31% of Her2* metastatic
BC patients develop BCBM.® We established the Neu BCBM
model using six rounds of enrichment in the brain and we gener-
ated organoids (from herein called “Neu BCBM organoids”) from
the last round of enrichment, similarly to the PyMT BCBM. Treat-
ing Neu BCBM organoids with low-dose doxorubicin stalled or-
ganoid growth but only moderately induced apoptosis by 3%
(Figures 7A and 7B). Next, we made a cell line from the Neu
BCBM organoids and we confirmed that doxorubicin treatment
induces SA B-galactosidase activity in vitro (Figure 7C). Lastly,
we intracranially injected Neu BCBM organoids and upon
BCBM formation, mice were randomized into treatment groups
with vehicle followed by IgG, doxorubicin followed by IgG,
vehicle followed by anti-PD1, or doxorubicin followed by anti-
PD1, as for the PyMT BCBM model (Figure 5). Mice were moni-
tored until showing signs of sickness. Treatment with doxoru-
bicin followed by IgG or with vehicle followed by anti-PD1 did

(D) Kaplan-Meier analyses of time to humane endpoint and mean survival from the beginning of the treatment and (E) mean survival for mice treated with pre-
treatment with vehicle (saline) followed by IgG control (n = 5 mice); pre-treatment with vehicle (saline) followed by anti-PD1 antibody (n = 6 mice); pre-treatment
with doxorubicin followed by IgG control (n = 6 mice); or pre-treatment with doxorubicin followed by anti-PD1 antibody (n = 8 mice).

See also Figure S7.
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Figure 6. CD8 T cells drive the improved response to doxorubicin followed by anti-PD1

(A) Representative images of dual staining for CD4 and CD44 (top) and CD8 and CD44 (lower) in the PyMT BCBM upon treatment with vehicle (saline) followed by
IgG control; pre-treatment with vehicle (saline) followed by anti-PD1 antibody; pre-treatment with doxorubicin followed by IgG control; or pre-treatment with
doxorubicin followed by anti-PD1 antibody. White arrows point to double positive cells, scale bar, 100 um.

(legend continued on next page)
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not significantly alter mouse survival compared with vehicle
followed by IgG (Figure 7D). However, similar to the PyMT
BCBM, treatment with doxorubicin prior to anti-PD1 significantly
improved mouse survival compared with monotherapies and
with vehicle prior to IgG (Figure 7D). Together, this demonstrates
the efficacy of pre-treatment with doxorubicin prior to anti-PD1
in a second model of BCBM, and warrants further consideration
to introduce our combination therapy for BCBM patients.

DISCUSSION

Improving the outcomes of BCBM patients necessitates more
systematic pre-clinical testing and optimization of therapeutic
regimens. Immunotherapy has shown positive outcomes in solid
cancer types including brain metastasis derived from melanoma
or lung cancer but this remains limited for breast tumor.%°6-58
Here, we used two pre-clinical immunocompetent mouse
models of the disease to streamline immune-based treatments.
Our PyMT BCBM model recapitulates key features of human
BCBM with respect to intracranial growth, histopathological
morphology, MRI profile, and immune landscape. Importantly,
our mouse BCBM models can be used in the future to further
design immune-based treatments in this disease and to explore
mechanisms driving BCBM progression. As such, our combined
treatment data demonstrate that inducing senescence via pre-
treatment with doxorubicin triggers a recruitment of PD1*
T cells to the BCBM, which subsequently can be used to improve
the efficacy of anti-PD1 treatment. Specifically, we found that
CD8" T cells are key drivers of the enhanced survival upon doxo-
rubicin and anti-PD1. In addition, induction of senescence with
doxorubicin did not correlate with important remodeling of the
BTB, suggesting that other SASP factors are responsible for re-
cruiting T cells to the BCBM.

Leveraging on the presence of senescent cells within a tumor
mass to improve cancer treatment has previously been explored
by us and others. For instance, inducing senescence has been
shown to increase overall survival in lymphoma,®® and can be
combined with glucose blockade to specifically eliminate senes-
cent cells.®® Similarly in liver cancer, the induction of senescence
combined with administration of senolytic agents can signifi-
cantly reduce tumor growth.”® In addition, the use of CAR
T cells that specifically target senescent cancer cells has been
shown to prolong survival in mice bearing lung adenocarci-
noma.”’ Senescence can be induced in various ways, such as
telomeric or genomic alterations, oncogene activation, epige-
nomic remodeling, or oxidative stress (reviewed in Faget
et al.?’). These various inducers of senescence will trigger the
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secretion of distinct SASP factors and this can partly explain
the various and somewhat opposite effects of senescence in
cancer. The influence of senescent cells on cancer progression
remains, however, controversial, since previous studies have
shown that SASP factors can both promote and halt cancer pro-
gression.?”""? In addition, the role of cancer senescent cells in
brain tumors remains under-studied. Here, we demonstrate
that doxorubicin can be used to trigger senescence in BCBM,
which in turn triggers a remodeling of the tumor immune land-
scape that can be used to improve immunotherapy in BCBM.

While we report an induction of senescence upon doxorubicin
in vivo, we do not observe an effect of doxorubicin treatment on
BCBM growth or mouse survival. Doxorubicin-induced senes-
cence was previously shown to be accompanied by a mitogenic
SASP,”® therefore it is possible that senescent cells induce pro-
liferation of their neighboring cells, which could explain the lack
of effect of doxorubicin on tumor growth. In addition, considering
that the recruited T cells upon doxorubicin express PD1, they
may have reduced cytotoxic capacity and therefore not be
capable of eradicating BCBM cells, which can explain the lack
of efficacy of doxorubicin treatment alone.

In addition to the recruitment of T cells, we observed an
increased number of NK cells expressing PD1 upon doxorubicin
treatment, which has previously been linked to functional
exhaustion of these cells.”* NK cells can be recruited to clear se-
nescent cells as a mechanism to maintain tissue integrity”® and
may therefore become exhausted when the number of senes-
cent cells rise upon doxorubicin treatment. On the other hand,
PD1* NK cells can also be cytotoxic’®; however, we found that
CD8" cells are critical drivers of the response to the combination
treatment, and only a small percentage of PD1* NK cells re-
cruited to the BCBM upon doxorubicin express CD8. Therefore,
the contribution of NK cells to the improved survival upon doxo-
rubicin followed by anti-PD1 appears limited.

Doxorubicin has been used to treat BC with extracranial dis-
eases; however, it has failed to improve outcomes in BCBM. At-
tempts to improve the efficacy of doxorubicin in BCBM have
been reported. For instance, engineering doxorubicin with lipo-
somes to pass the BBB and the BTB is currently being assessed
in the clinic (NCT01818713). Here, our data reveal that re-pur-
posing the pro-senescence properties of doxorubicin can be
used to successfully introduce immunotherapy with immune
checkpoint blockade in BCBM. In addition, the improved effi-
cacy of anti-PD1 following doxorubicin pre-treatment in our
BCBM models is in line with findings from the TONIC trial
in extracranial breast tumors,®’ and demonstrates that har-
nessing the immunomodulating, pro-senescence properties of

(B) Quantification of CD44* CD4 and CD44* CD8T cells as a percentage of total CD4 or CD8 T cells, respectively, in the PyMT BCBM upon treatment with vehicle
(saline) followed by IgG control (n = 3 mice), doxorubicin followed by IgG control (n = 5 mice), vehicle (saline) followed by anti-PD1 (n = 4 mice), or doxorubicin
followed by anti-PD1 (n = 3 mice), at endpoint (relates to the mouse cohort depicted in Figures 5A-5C). Per tumor section, 4-5 fields of view were analyzed and

averaged. Data are mean + SEM.
(C) Schematic representation of experimental design and treatment timeline.

(D) Kaplan-Meier analyses of time to humane endpoint for mice treated with vehicle (saline) followed by anti-PD1 antibody (n = 5 mice); pre-treatment with
doxorubicin followed by IgG control and anti-PD1 antibody (n = 6 mice); pre-treatment with doxorubicin followed by anti-CD4 or anti-CD8 antibody and IgG
control (n = 5 mice); or pre-treatment with doxorubicin followed by anti-CD4 or anti-CD8 antibody and anti-PD1 antibody (n = 5 mice for CD4-depletionand n =6

mice for CD8-depletion).
See also Figure S7.
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Figure 7. Doxorubicin induces senescence and improves the response to anti-PD1 in the Neu BCBM model

(A) Representative images of Neu BCBM organoids at day 0 and day 7 of treatment with vehicle (PBS) or with doxorubicin (20 nmol/L) and quantification of
organoid diameter at day 7. n = 3 biological repeats. Scale bar, 50 um.

(B) Representative images and quantification of cell apoptosis using immunofluorescence staining for cleaved-caspase 3 in Neu BCBM organoids after 7 days of
treatment with vehicle (PBS) or doxorubicin (20 nmol/L), n = 3 biological repeats. Scale bar, 50 pm.

(C) Representative images of SA B-Galactosidase staining and quantification of the percentage of Neu BCBM cells positive for SA B-Galactosidase after 7 days of
treatment with vehicle (PBS) or with doxorubicin (20 nmol/L), n = 6 biological repeats. Scale bar, 100 um. p-values were determined using a paired nonparametric t
test with a Mann-Whitney U correction.

(D) Kaplan-Meier analyses of time to humane endpoint for mice bearing Neu BCBM and from the beginning of the pre-treatment with vehicle (saline) followed by
1gG control (n = 6 mice); pre-treatment with vehicle (saline) followed by anti-PD1 antibody (n = 6 mice); pre-treatment with doxorubicin followed by IgG control (n =

8 mice); or pre-treatment with doxorubicin followed by anti-PD1 antibody (n = 8 mice). Data are presented as mean + SEM.

doxorubicin can be used to improve checkpoint inhibitor treat-
ments in BCBM.

There are some limitations to our study. Firstly, our PyMT
BCBM model does not spontaneously metastasize to the brain
upon cardiac injection of the BCBM organoids. Indeed, no tu-
mors were formed and we did not observe single tumor cells
6 months after intracardiac injection. Secondly, further research
is needed to test whether BCBM can be sensitized to immune
checkpoint inhibitors using other chemotherapies such as nab-

paclitaxel and carboplatin/gemcitabine, which are currently be-
ing tested in combination with immunotherapy in BC patients
with extracranial lesions.'>*""" In addition, radiotherapy, which
is a standard-of-care for BCBM, can also induce senescence
and may therefore also sensitize BCBM to immunotherapy.’®"®
Although our data suggest that doxorubicin pre-treatment could
improve immunotherapy in BCBM, this strategy has yet to be
used in the clinic. BCBM patients are not currently treated with
doxorubicin, consequently validating our findings in the human
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setting is not yet possible. Nevertheless, doxorubicin is already
safely used in patients, and clinical trials would allow assess-
ment of the efficacy of doxorubicin pre-treatment before anti-
PD1 therapy for BCBM patients. In addition, it remains to be
investigated whether first-line treatments for primary breast can-
cer or for patients with undetected BM, used in the clinic but not
tested in our settings, have affected the ability of doxorubicin to
recruit T cell to BCBMs and subsequently the efficiency of anti-
PD1 treatment. Lastly, we used an anti-PD1 antibody that in
addition to acting as an immune checkpoint inhibitor can also
trigger depletion of specific PD1* T cell and NK cell subsets.®°
Further work is required to test the efficacy of Fc inactive anti-
PD1 antibody upon treatment with doxorubicin.

In summary, our study provides evidence that inducing senes-
cence using doxorubicin pre-treatment can sensitize BCBM to
PD1 blockade. This opens avenues to introduce immune-based
treatments for BCBM patients. Our data also provide insights
into how chemotherapy-induced senescence can be used to
improve immunotherapy, which may have important implica-
tions for strategies to combine induction of pro-senescence pro-
grams and immunotherapy in other cancer types.

Limitations of the study

There are some limitations to our study. Firstly, the metastatic ca-
pacity of our PyMT BCBM model is modest when the BCBM or-
ganoids are injected into the mouse carotid. In addition, the PyMT
BCBM does not colonize the brain upon cardiac injection. This
canin part be because we generated BCBM organoid lines rather
than cell lines. While organoids faithfully mimic tumor heteroge-
neity and in vivo features of tumors, their ability to colonize the
brain may be more modest than cell lines. However, the behavior
of our BCBM organoids upon systemic injection is in line with a
fairly periodic spread to the brain in BC patients. Therefore, our
model cannot easily accommodate study of the early steps of
metastatic spread to the brain, but can be readily used for pre-
clinical studies in BCBM using intracranial injections. Secondly,
the observed improvement in survival upon doxorubicin and
anti-PD1 could be further validated by performing histopatholog-
ical assessments of the BCBM at the same timepoint in the treat-
ment; however, this cannot be performed in survival experiments.
Lastly, although we observe induction of senescence in the
BCBM upon doxorubicin, further work is needed to formally
demonstrate that doxorubicin penetrates into the BCBM tissue.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Anti-mouse Cleaved-Caspase 3 (Asp175)
Chicken anti-Rabbit Alexa Fluor 647
Anti-mouse E-Cadherin

Anti-mouse Keratin 8

Anti-mouse GFAP

Anti-mouse Pankeratin

Anti-mouse CD4

Anti-mouse CD8

Anti-mouse PD1

Anti-mouse Ly6G

Anti-mouse FoxP3

Anti-mouse F4/80

Anti-mouse CD44 (HCAM)
Goat-a-Rat-Biotynated secondary antibody
Anti-human CD4

Anti-human CD8

Anti-human PD-L1

Anti-human GFAP

Anti-human E-Cadherin

Anti-human pankeratin

Anti-human keratin 18

anti-mouse CD4-eFluor660
anti-mouse CD8-eFluor660
anti-mouse CD31

anti-mouse VCAM-1/CD106
anti-mouse ICAM/CD54

anti-mouse NG2 Chondroitin Sulfate Proteoglycan
anti-mouse a-smooth muscle actin
Anti-mouse CD3 BV421

anti-mouse Ki67 Alexa Fluor 647
anti-CD11b BV650

Anti-mouse CD45 Alexa Fluor 700
Anti-mouse CD4 APC

Anti-mouse CD8 FITC

Anti-mouse NK1.1

Anti-mouse Ki67 BV786
Anti-mouse PD-1 BV421
Anti-mouse CD69 PE-DAZZLE
Anti-mouse FoxP3 PE-Cy5.5
Anti-mouse Ly6G APC

Anti-mouse Ly6C BV605
Anti-Mouse CD49d PE-Cy7
Anti-mouse Granzyme B Pacific Blue
Lamin B1

Cell Signaling Technology
Thermo Fisher Scientific
Cell Signaling Technology
DSHB University of lowa, Troma 1
BioTrend

Thermo Fisher Scientific
eBiosciences
eBiosciences

Cell Signaling Technology
BD Biosciences
eBiosciences

Cell Signaling Technology
Santa Cruz
SouthernBiotech

Cell Marque

Dako Omnis

Dako Omnis

Dako Omnis

Dako Omnis

Dako Omnis

Dako Omnis

eBioscience

eBioscience

BD Biosciences

R&D Systems

R&D Systems

Millipore

Sigma-Aldrich

BD Bioscience

BD Pharmigen

Biolegend

Biolegend

Biolegend

eBioscience

Biolegend

BD Bioscience

BD Bioscience

Biolegend

Biolegend

Biolegend

Biolegend

Biolegend

Biolegend

Abcam, clone GR3244890-2

9661; RRID:AB_2341188
9661; RRID:AB_2341188
3195; RRID:AB_2291471
RRID: AB_531826
BT46-5002-04

MS-343-P; RRID: MS-343-P
14_9766_80; RRID:AB_2573007
14-0808; RRID: AB_2572860
84651; RRID: AB_2800041
551459; RRID:AB_394206
14-5773-82; RRID:AB_467576
70076; RRID:AB_2799771
sc-18849; RRID:AB_2074688
3052-08; RRID:AB_2795846
EP204

GA263

GEO006

20334

GAO059

IR053

N/A

50-0041-82; RRID:AB_10609337
50-0081-82; RRID:AB_10596646
550274; RRID:AB_393571
AF643-SP

AF796-SP

AB5320; RRID:AB_91789
A5228; RRID:AB_262054
564008; RRID:AB_2732058
558615; RRID:AB_647130
101259; RRID:AB_2566568
103123; RRID:AB_493534
100412; RRID:AB_312697
11-0081-82; RRID:AB_464915
108713; RRID:AB_389363
558615; RRID:AB_647130
562584; RRID:AB_2737668
104535; RRID:AB_2565582
35-5773-82; RRID:AB_11218094
127613; RRID:AB_1877163
1280835; RRID:AB_2562352
103705; RRID:AB_313046
515407; RRID:AB_2562195
ab16048
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REAGENT or RESOURCE SOURCE IDENTIFIER
Biological samples

Human BCBM paraffin blocks Leiden University Medical Center N/A
Chemicals, peptides, and recombinant proteins

Advanced Dulbecco’s Modified Eagle Medium Thermo Fisher Scientific 10565018
(DMEM) F/12 Glutamax

Roswell Park Memorial Institute (RPMI) 1640 Thermo Fisher Scientific 21875034
B27 Thermo Fisher Scientific 17504001
Fetal Bovine Serum (FBS) Thermo Fisher Scientific A4766801
EGF Thermo Fisher Scientific 53003018
Insulin Sigma Aldrich 10516
Cultrex PathClear Reduced Growth Factor R&D Systems 3533-005-02
Basement Membrane Extract Type 2

TrypLE Thermo Fisher Scientific 12605-010
Freezing medium Thermo Fisher Scientific 12648-010
Collagenase A Roche 10103586001
Hepes Thermo Fisher Scientific 15630106
Streptomycin/penicillin Thermo Fisher Scientific 15140122
DNAse | Roche 10104159001
DAPI Thermo Fisher Scientific D1306
Opti-MEM Thermo Fisher Scientific 31985070
Polybrene Sigma Aldrich TR-1003-G
Y-27632 Bio Connect S1049

FGF Thermo Fisher Scientific PHG0261
Puromycin Thermo Fisher Scientific A1113803
Lipofectamine 2000 Thermo Fisher Scientific 11668019
Rimady! (carprofen) Zoetis N/A
Temgesic (buprenorphine) Indivior Europe Limited N/A
Duratears Alcon N/A
Lidocaine Fresenius Kabi N/A
Bupivacaine Actavis, Aurobindo Pharma B.V. N/A
Doxorubicin Actavis N/A
ABT263 MedKoo 201970
InVivoMAD rat 19gG2b isotype control, clone LTF-2 BioXCell BE0090
InVivoMAD rat IgG2b isotype control, clone 2A3 BioXCell BE0089
InVivoMADb anti-mouse CD4, clone GK1.5 BioXCell BE003-1
InVivoMADb anti-mouse CD8, clone YTS 169.4 BioXCell BP0117
InVivoMAb anti-mouse PD1, clone RMP1-14 BioXCell BE0146

Fc block CD16/CD32, clone 2.4G2 BD Biosciences 553141
Permeabilization kit Thermo Fisher Scientific 00-5523-00
Beetle Luciferin Promega E1605
Gadoterate meglumine (Dotarem®) Guerbet, Villepinte, France N/A

OCT Tissue Tek Thermo Fisher Scientific 11381785
Hoechst 33342 Thermo Fisher Scientific H3570
ProLong Glass Antifade Mountant Thermo Fisher Scientific P3680
7-AAD dye Biolegend 420404
Power SYBR Green PCR Master Mix Thermo Fischer Scientific A25777

L2 Thermo Fischer Scientific PMC0025
Ultraglutamine Lonza BE17-605E/U1
PMA Sigma Aldrich

lonomycin Sigma Aldrich

(Continued on next page)
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Continued
REAGENT or RESOURCE SOURCE IDENTIFIER
Vectashield hard set Vectorlab H-1400-10
Foxp3 fixation/permeabilization buffer eBioscience 00-5523-00
HRP visualization in NovaRed Vector Laboratories SK-4800
AP visualization in blue Vector Laboratories SK-5300
Trizol Invitrogen Life Technology 15596018
Critical commercial assays
MycoAlert PLUS Kit Lonza LT07-118
Brain Tumor Dissociation kit Miltenyi Biotec 130-095-942
SA B-galactosidase staining kit (staining of tissues) Sigma Aldrich 11828673001
Senescence Cells Histochemical Staining Kit Sigma-Aldrich CS0030
(in vitro staining)
High Capacity cDNA Reverse Transcription kit ThermoFischer Scientific 4368814
Experimental models: Cell lines
Mouse BCBM organoids and cells Generated for this manuscript, N/A
available upon request to the
lead contact.
Experimental models: Organisms/strains
Mus musculus FVB/NR;j Janvier Labs N/A
Mus musculus FVB/MMTV-PyMT-e-Cadherin-CFP Beerling et al.*® N/A
Mus musculus FVB/N-Tg(MMTVNeu)202Mul/J The Jackson laboratory 002376
Oligonucleotides
FOXO4: forward: TCTACGAATGGATGGTCCGCAC, Integrated DNA Technologies |IDT N/A
reverse: CTTGCTGTGCAAGGACAGGTTG
CDKN2A: forward: TGTTGAGGCTAGAGAGGATCTTG, Integrated DNA Technologies |IDT N/A
reverse: CGAATCTGCACCGTAGTTGAGC
Ki67: forward: CTGCCTGCGAAGAGAGCATC, Integrated DNA Technologies |IDT N/A
reverse: AGCTCCACTTCGCCTTTTGG
GAPDH: forward: GGGTTCCTATAAATACGGACTGC, Integrated DNA Technologies |IDT N/A
reverse: CCATTTTGTCTACGGGACGA
Recombinant DNA
UBC-Firefly-Luciferase Generated for this manuscript, available N/A
upon request to the lead contact
UBC-H2B-Dendra2-puromycin Generated for this manuscript, available N/A
upon request to the lead contact
psPAX2 Addgene 12260
PMD2.G Addgene 12259
Software and algorithms
AxioVision 4 software Carl Zeiss Vision, Muinchen, Germany N/A

FlowJo software 10.6.1
Paravision software, v6.0.1

BD Biosciences
Bruker

https://www.flowjo.com/
N/A

Fiji https://imagej.net 2.1.0/1.53h

Huygens Scientific Volume Imaging https://svi.nl/Huygens-Software
ZEN Zeiss 2.6 (Blue edition)

Prism GraphPad 9.0.0 (86)

Imaris Oxford Instruments 9.3.1

Other

7 Tesla BioSpec 70/20 USR Bruker; Billerica, MA USA N/A

IVIS200 camera PerkinElmer; Waltham, MA USA N/A

24-well plate Greiner bio-one 662160

10 cm dish Greiner bio-one 664160
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REAGENT or RESOURCE SOURCE IDENTIFIER
0.22 um filter Millipore SLGS033SS
Amilcon Ultra-15 10 k column Millipore UFC905024
48-well low adherence plate Greiner bio-one 677970
Falcon™ Round-Bottom Polystyrene Test Thermo Fisher Scientific 352235
Tubes with Cell Strainer Snap Cap

Zeiss Axioskop2 Plus microscope Carl Zeiss Microscopy, Jena, Germany N/A

Zeiss AxioCam HRc digital camera Carl Zeiss Microscopy, Jena, Germany N/A
Four-laser Fortessa flow cytometer Becton Dickinson N/A

Leica TCS SP5 confocal microscope Mannheim, Germany N/A

Leica TCS SP8 confocal microscope Mannheim, Germany N/A
Inverted Leica SP8 Dive system Leica, Mannheim, Germany and N/A

(Leica, Mannheim, Germany) with an Spectra —Physics

InSight X3 laser (Spectra —Physics)

AxioscanZ1 microscope Carl Zeiss Microscopy, Jena, Germany N/A

Zeiss LSM 880 confocal microscope Carl Zeiss Microscopy, Jena, Germany N/A
CCD2-color microscope equipped with a Carl Zeiss Microscopy, Jena, Germany N/A

Zeiss high resolution AxioCam 512 color camera

FACSAria Fusion BD Biosciences N/A

RESOURCE AVAILABILITY

Lead contact
Further information and request of resources and material can be directed to and will be fulfilled by the lead contact, Jacco van Rhee-
nen (j.v.rheenen@nki.nl).

Materials availability
All unique reagents and models presented in this study are available upon request to the lead contact and will be subjected to a Ma-
terial Transfer Agreement.

Data and code availability
Software used in this manuscript are listed in the key resources table. Data reported in this paper will be shared by the lead contact
upon request. Any additional information to reanalyze the data reported in this paper is available from the lead contact. This paper
does not report original code.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals

Animal experiments were performed at The Hubrecht Institute and the Netherlands Cancer Institute in accordance with national reg-
ulations and ethical guidelines. Experiments were approved by the Dutch Central Authority for Scientific Procedures on Animals
(CCD) and the local animal experimental committees at The Hubrecht Institute and The Netherlands Cancer Institute. FVB/NR;j fe-
males (Janvier) were used at 8-20 weeks of age and 18-23 grams at the time of intracranial, carotid injections or of isolation of
the spleen. All mice were healthy, drug-naive and did not undergo other procedures before intracranial or carotid injections or spleen
isolation. Mice were randomized into experimental groups based on the IVIS signal measured in the BCBM. All mice were maintained
in the Laboratory Animal Facilities of the Hubrecht and of the Netherlands Cancer Institute under specific pathogen free conditions.
Mice were housed in individually ventilated cages, food and water were provided ad libitum.

Human samples

Human BCBM biospecimens were isolated at the University Medical Center of Leiden, the Netherlands. Before surgical removal of
the BCBM, patients were informed and agreed about the use of their specimens for research. This opt-out procedure complies both
with (inter-) national legislatives and ethical standards.

Primary tumor material digestion

For the first round of enrichment in the brain, primary breast tumors from MMTV-PyMT mice that carry an E-cadherin-mCFP trans-
gene®® and that had reached humane endpoint were harvested. Additionally, MMTV-Neu mice were crossed with E-Cad-mCFP mice
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and primary breast tumors were also harvested when mice reached humane endpoint. Tumor pieces from breast tumors and from the
rounds of enrichment were preserved in freezing medium (Thermo Fisher Scientific, Cat. No. 12648-010) at —80°C. Before intracra-
nial injections, tumor pieces were thawed and minced on ice using sterile knives and enzymatically digested at 37°C for 20-30 min
while shaking at 900 g. The digestion mix was composed of 10 mg collagenase A (Roche, Cat. No. 10103586001), 2 mL TrypLE Ex-
press (Thermo Fisher Scientific, Cat. No. 12605-010) and 3 mL DMEM/F12 GlutaMAX (Thermo Fisher Scientific, Cat. No. 10565018)
supplemented with 10 mmol/L Hepes (Thermo Fisher Scientific, Cat. No. 15630106), 100 png/mL streptomycin and 100 U/mL peni-
cillin (Thermo Fisher Scientific, Cat. No. 15140122). Undigested tumor pieces were removed by spinning down at 800 g at 4°C and for
5 min. The pellet was treated with 10 pg/mL DNase | (Roche, Cat. No. 10104159001) in DMEM/F12 GlutaMAX medium and the tube
was manually shaken for 5 min. The sample was washed three times in DMEM/F12 GlutaMAX and the final pellet was resuspended in
2 uL of phosphate-buffered saline (PBS) per intracranial injection. There was no in vitro culture step between rounds of enrichment in
the brain.

Generation of the PyMT and Neu BCBM models

Tumor pieces derived from mammary tumors grown in MMTV-PyMT mice or in MMTV-Neu mice were digested as described in “Pri-
mary tumor material digestion” and intracranially injected. From the resulting tumor, we isolated tumor pieces and, after tumor diges-
tion into single cells, we performed another round of intracranial injection. This in vivo selection was performed without any in vitro
step in between rounds and for six successive rounds. Organoids from the last brain enrichment round were generated as described
in “Organoids preparation, culturing and transduction”.

Characterization of the PyMT BCBM model

Mice bearing PyMT BCBM generated by intracranial injections had an average survival latency of 4-5 weeks. Histopathological an-
alyses demonstrated that PyMT BCBM derived from intracarotid injection are moderately to poorly differentiated adenocarcinomas
with solid and/or lobular growth pattern and accompanied by thin fibrous vascular stroma and multifocal necrosis (Figure 1C). The
tumor cells were round to polygonal in shape and had relatively large nuclei and conspicuous nucleoli. All these features resembled
the human counterpart of BCBM (Figure 1C). Immunohistochemistry of markers that are not expressed in the brain, such as
E-cadherin and pankeratin were strongly positive in PyMT BCBM and in human BCBMs while keratin 8/18 showed multifocal staining
in PyMT BCBM and a strong staining in human BCBM (Figure S1B). In addition, GFAP, which is expressed in healthy brain tissue and
in primary brain tumors but not in BM, was negative for both PyMT BCBM and human BCBMs (Figure S1B). Taken together, our
mouse PyMT BCBM is comparable to human BCBMs in both histopathology and immunohistochemistry.

To further test whether our PyMT BCBM model mimics the human disease, we employed Magnetic Resonance Imaging (MRI) and
performed T1-weighted post-contrast MRI of mice bearing a PyMT BCBM tumor (Figure S1B). Human BCBMs are characterized on
MRI by well-defined tumor margins,En which was also observed in our mouse model (Figure S1C, solid arrow). In addition, we
observed some heterogeneity within the tumor caused by the necrotic areas (in black, Figure S1C), which is often used in the clinic
as an indication of high proliferation in the tumor.?" Next, we employed the single-voxel PRESS technique®' and acquired Magnetic
Resonance Spectroscopy data from a volume of interest (VOI) of the contralateral healthy brain and the tumor (Figure S1D). In the
tumor area, we observed a small decrease in the N-acetylaspartate (NAA) peak, a metabolite present in healthy neurons, which is
typically decreased in human brain tumors.®'#> Anincrease in the lactate + lipids peak was also detected in the tumor area compared
to the contralateral healthy brain. Lactate is a marker of anaerobic metabolism occurring in fast proliferative tumors in human,®' while
the observed increase in the lipids peak is a result of cellular breakdown and consequent byproduct of necrosis. We observed in the
tumor spectrum an increase in the choline peak compared to creatine, which is also found in human brain tumors and may be an
indication of cellular proliferation and increased membrane turnover.*®

Together, the mouse PyMT BCBM model displays key histological, MR imaging and MR spectroscopy characteristics of human
BCBMs, and this warrants the use of our model to study this disease in pre-clinical settings.

Organoids preparation, culturing and transduction

From the last enrichment round in the brain, brain tumor pieces were isolated to generate tumor organoids. All steps were performed
inside a flow cabinet and digestion was done as described in section “Primary tumor material digestion”. Once the pellet was washed
and spun down, it was resuspended in Basal Membrane Extract (BME) type 2 (R&D systems Cat. No. 3533-005-02) diluted at a 2:1 ratio
with DMEM/F12 GlutaMAX medium (Thermo Fisher Scientific, Cat. No. 10565018). Drops of 50 uL of organoids with BME were platted
in a pre-warm 24 well plate (Greiner bio-one, Cat. No. 662160) and inverted while solidifying for 30 min at 37°C, 5% CO,. Organoids
were maintained in complete DMEM/F12 GlutaMAX medium (Thermo Fisher Scientific, Cat. No. 10565018), supplemented with
10 mmol/L Hepes (Thermo Fisher Scientific, Cat. No. 15630106), 100 ug/mL streptomycin, 100 U/mL penicillin (Thermo Fisher Scien-
tific, Cat. No. 15140122), 10.08 ng/mL FGF (Thermo Fisher Scientific, Cat. No. PHG0261) and B27 supplement (Thermo Fisher Scien-
tific, Cat. No. 17504001) and incubated at 37°C, 5% CO,. To confirm Mycoplasma-free culturing of the organoids, the MycoAlert PLUS
Kit (Lonza Cat. No. LT07-118) was used according to the manufacturer’s protocol. Additionally, organoids were tested for the pres-
ence of pathogens (Corynebacterium bovis, Corynebacterium sp. (HAC2), Ectromelia, EDIM, Hantaan, K virus, LCMV, LDEV, MAV1,
MAV2, mCMV, MHV, MNV, Mouse kidney parvovirus (MKPV), MPV, MTV, MVM, Mycoplasma pulmonis, Mycoplasma sp., Polyoma,
PVM, REOS, Sendai, TMEV) with IDEXX BioAnalytics (Kornwestheim, Germany). Organoids were split with TrypLE Express (Thermo
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Fisher Scientific, Cat. No. 12605010) while shaking for 10-20 min at 900 g and 37°C. In order to visualize tumor cells in vivo we trans-
duced these organoids with a lentiviral vector for stable expression of UBC-Firefly-Luciferase. Additionally, to visualize tumor cells in
fluorescent assays, we transduced organoids with a construct for stable expression of UBC-H2B-Dendra2-puromycin. For produc-
tion of the lentivirus, human embryonic kidney (HEK) 293T cells at a confluence of 80% were used. Per 10 cm dish (Greiner, Cat. No.
664160) of HEK 293T cells, 7.5 pg of psPAX2, 2.5 ng PMD2.G and 10 pg of the UBC-Firefly-Luciferase or UBC-H2B-Dendra2-puro-
mycin constructs were mixed in 1 mL Opti-MEM (Thermo Fisher Scientific, Cat. No. 31985070). 1 mL of Opti-MEM with 40 pL lipofect-
amine 2000 (Thermo Fisher Scientific, Cat. No. 11668019) were added to the plasmid mix and incubated at room temperature for
15 min. The mix was carefully added to the HEK 293T cells and next morning medium was refreshed with DMEM GlutaMAX (Thermo
Fisher Scientific, Cat. No. 31966047) supplemented with 100 ng/mL streptomycin, 100 U/mL penicillin (Thermo Fisher Scientific, Cat.
No. 15140122). After 48 h, medium was collected and filtered through a 0.22 um filter (Millipore, Cat. No. SLGS033SS). Filtered me-
dium was concentrated with an Amilcon Ultra-15 10 k column (Millipore, Cat. No. UFC905024) for 1 h at 4,000 g. Organoids were trypsi-
nized into smaller clusters of approximately 8 cells and incubated with 250 pL virus, 100 ug/mL polybrene (Sigma Aldrich, Cat. No. TR-
1003-G) and 10 umol/L Y-27632 (Bio Connect, Cat. No. S1049) on a 48-well plate low adherence (Greiner bio-one, Cat. No. 677970).
Spin infection was done at 36°C, 600 g for 1 h and organoids were subsequently incubated at 37°C for 6 h. Next, organoids were
washed twice with DMEM/F12 GlutaMAX medium (Thermo Fisher Scientific, Cat. No. 10565018) and plated in BME. Complete
DMEM/F12 GlutaMAX medium (Thermo Fisher Scientific, Cat. No. 10565018), supplemented with 10 mmol/L Hepes (Thermo
Fisher Scientific, Cat. No. 15630106), 100 pg/mL streptomycin, 100 U/mL penicillin (Thermo Fisher Scientific, Cat. No. 15140122),
10.08 ng/mL FGF (Thermo Fisher Scientific, Cat. No. PHG0261), B27 supplement (Thermo Fisher Scientific, Cat. No. 17504001)
and 10 umol/L Y-27632 (Bio Connect, Cat. No. S1049) was added to the organoids for 2 days. Organoids were selected with
0.5 ng/mL puromycin (Thermo Fisher Scientific Cat. No. A1113803).

Generation of BCBM cell lines
Cell lines were generated by trypsinizing the BCBM organoids with TrypLE Express (Thermo Fisher Scientific, Cat. No. 12605010)
while shaking for 10-20 min at 37°C. Cells were plated in 2D on plastic-bottom plates and were cultured in DMEM, supplemented
with 100 U/mL penicillin (Thermo Fisher Scientific, Cat. No. 15140122), streptomycin 10 mmol/L, FBS (10%, Thermo Fisher Scientific,
Cat. No. A4766801), EGF (5 ng/mL, Thermo Fisher Scientific, Cat. No. 53003018) and Insulin (5 pg/mL, Sigma Aldrich, Cat. No. 10516)
in 20% O,, 5% CO, and at 37°C.

METHOD DETAILS

Intracranial injection

For intracranial surgeries, mice were treated with 0.067 mg/mL rimadyl (carprofen, Zoetis) in drinking water 1 day before injection and
for 3 days following surgery. Furthermore, mice were treated with 0.1 mg/kg temgesic (buprenorphine, Indivior Europe Limited) via
subcutaneous injection 30 min before and 8 h—12 h after surgery. Mice were anesthetized via inhalation of 2% (v/v) isoflurane and
eyes were covered with duratears (Alcon). The head was shaved and disinfected using betadine. Scissors were used to make an
incision in the skin over the cranium to reveal the periosteum, which subsequently was dissected away to reveal the bregma. Local
anesthetic (0.01-0.02 mL) made of NaCl supplemented with 1 mg/mL Lidocaine (Fresenius Kabi) and 0.25 mg/mL Bupivacaine
(Actavis, Aurobindo Pharma B.V.) was applied to the skull. The bregma was used as a 0 reference point to determine the position
for intracranial injection: 1.5 mm to the right, 1.5 mm caudal and 1.5 mm deep. At this position a hole in the skull was drilled using
a sterile compact drill bit. BCBM organoids expressing H2B-Dendra2 or Luciferase were dissociated into single cells with TrypLE
Express (Thermo Fisher Scientific Cat. No. 12605010) at 37°C for approximately 10-20 min at 900 g until single cells were observed
and were injected using a 10 pL glass Hamilton syringe with a 30G and point 4 style needle at a speed of 1 uL/min. Per mouse, 40,000
single cells derived from dissociated PyMT BCBM organoids and 50,000 single cells derived from dissociated Neu BCBM organoids
in 2 uL were injected intracranially. We waited 2 min before retracting the needle to avoid spillage of cells outside the injection site.
The wound was pressed with a sterile cotton tip and the skin was sutured. Mice were allowed to recover on a heating pad and closely
monitored during the days following surgery.

Carotid injection

Similarly as for intracranial injection, PyMT BCBM organoids were collected and washed from the BME and digested with TrypLE
Express (Thermo Fisher Scientific Cat. No. 12605010) at 37°C for 10-20 min at 900 g. Digestion was stopped by adding
DMEM/F12 GlutaMAX medium (Thermo Fisher Scientific, Cat. No. 10565018) and organoids were dissolved in PBS and filtered
through a Falcon™ Round-Bottom Polystyrene Test Tubes with Cell Strainer Snap Cap (Thermo Fisher Scientific, Cat. No.
352235). Mice were treated with 0.067 mg/mL rimady! (carprofen, Zoetis) in the drinking water 1 day before injection and for
3 days post-surgery. Furthermore, mice were treated with 0.1 mg/kg temgesic (buprenorphine, Indivior Europe Limited) via subcu-
taneous injection 30 min before and 8 h—12 h after surgery. Mice were anesthetized via inhalation of 2% (v/v) isoflurane and eyes were
covered with duratears (Alcon). Surgery was performed as described in Zhang et al.®® The mouse was placed on a rubber plate and
secured with rubber bands. The hair of the neck was shaved and the neck skin was cleaned with 70% ethanol. Subsequently, the
mouse was placed on the stage of the dissecting microscope and a 1-cm long incision was made in the neck skin. The carotid
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was exposed by dissecting the muscle, and the carotid was separated from the adjacent vagus nerve using surgical forceps. Next,
the blood flow was blocked using surgical knots on the proximal end of the carotid. Cancer cells were subsequently injected and a
surgical knot was tightened on the distal end of the carotid to complete the injection, prior to suturing the skin. Per mice, 10,000 PyMT
BCBM single cells (made from dissociated PyMT BCBM organoids) were resuspended in 100 uL of PBS and were injected in the
carotid. Mice were allowed to recover on a heating pad and closely monitored during the following days.

Immunohistochemistry

Mouse samples

Brain samples were collected and fixed in formalin or EAF (ethanol/acetic acid/formaldehyde/saline at 40:5:10:45 v/v/v/v) and
embedded in paraffin. Sections were stained with hematoxylin and eosin (H&E) according to standard procedures. For immunohis-
tochemistry, 4 um-thick sections were made on which either E-cadherin (Cell Signaling, Cat. No. 3195, 1:100); Keratin 8 (DSHB Uni-
versity of lowa, Troma 1, 1:1500); Glial Fibrillary Acidic Protein (GFAP) (BioTrend, Cat. No. BT46-5002-04, 1:500); Pankeratin (Thermo
Fisher Scientific, Cat. No. MS-343-P, 1:100); CD4 (eBiosciences, Cat. No.14_9766_80, 1:2000); CD8 (eBiosciences, Cat. No. 14—
0808, 1:1000); PD-1 (Cell Signaling, Cat. No. Cat. No. 84651, 1:1000); F4/80 (Cell Signaling, Cat. No. 70076, 1:1000); Ly6G (BD Bio-
sciences, Cat. No. 551459, 1:500) and Foxp3 (eBiosciences Cat. No. 14-5773, 1:500) primary antibodies were applied. The sections
were reviewed with a Zeiss Axioskop2 Plus microscope (Carl Zeiss Microscopy, Jena, Germany) and images were captured with a
Zeiss AxioCam HRc digital camera and processed with AxioVision 4 software (both from Carl Zeiss Vision, Minchen, Germany). For
dual staining for CD4/CD44 and CD8/CD44, CD4 (eBiosciences, Cat. No.14_9766_80, 1:2000); CD8 (eBiosciences, Cat. No. 14—
0808, 1:1000) were first applied and detected with a Goat-a-Rat-Biotynated secondary antibody (SouthernBiotech; 3052-08) which
was revealed with an HRP visualization in NovaRed (Vector Laboratories; SK-4800). Next, CD44 (Santa Cruz, sc-18849, 1:100) was
applied and detected with a Goat-o-Rat-Biotynated secondary antibody (SouthernBiotech; 3052-08) prior to being revealed with an
AP visualization in blue (Vector Laboratories; SK-5300).

Human samples

Samples were fixed in 4% formaldehyde and embedded in paraffin. 4 um-thick sections were stained with CD4 (Cell Marque, clone
SP35), CD8 (Dako, clone C8/144B), PD1 (Dako, clone 22C3), GFAP (Dako, polyclonal (for Dako Omnis)), E-cadherin (Dako, clone
NCH-38), pankeratin (Dako, clone AE1/AE3), Keratin 18 (Dako, clone DC10). The sections were reviewed with a Zeiss Axioskop2
Plus microscope (Carl Zeiss Microscopy, Jena, Germany) and images were captured with a Zeiss AxioCam HRc digital camera
and processed with AxioVision 4 software (both from Carl Zeiss Vision, Munchen, Germany).

In vitro drug treatment

BCBM organoids and cell lines were treated with 10 nmol/L (PyMT BCBM model) or with 20 nmol/L (Neu BCBM model) doxorubicin
(Actavis) for 7 days, with a drug and medium renewal at day 4 after treatment initiation. PyMT BCBM organoids and cells, and mouse
splenic T cells were treated with 10 pmol/L ABT263 (MedKoo, Cat. No. 201970) diluted in dimethyl sulfoxide (DMSO) for 48 h following
pre-treatment with doxorubicin. The number of replicates performed for each in vitro treatment experiment is reported on the cor-
responding figure legend. No experiment was excluded.

In vivo drug treatment
Mice were intracranially injected with 40,000 cells obtained from dissociated PyMT BCBM organoids or with 50,000 cells from disso-
ciated Neu BCBM organoids. Before initiation of treatment, mice were randomized based on IVIS total flux values into treatment
groups. If mice did not develop a BCBM identified by IVIS 4 weeks after intracranial injection, they were excluded from the study.
Timeline of treatment can be seen on the corresponding figures. The number of mice per treatment group is also reported in the cor-
responding figure legend.

Saline vehicle (control for doxorubicin): three times every 5 days, same volume of saline as doxorubicin, administered via intrave-
nous injection.

Doxorubicin treatment: For doxorubicin pre-treatment, mice were treated three times every 5 days with doxorubicin (Actavis,
5 mg/kg) administered via intravenous injection. For continuous treatment, mice were also treated once weekly on day 1 with doxo-
rubicin (Actavis, 5 mg/kg) administered via intravenous injection until reaching humane endpoint.

IgG treatment: As controls for depletion of T cells, on days 1, 3 and 5 prior to treatment with vehicle or with chemotherapy, mice
were treated with 400 pg (day 1) or 200 nug (day 3 and day 5) with InVivoMAD rat IgG2b isotype control (BioXCell, clone LTF-2, Cat. No.
BE0090). As controls for anti-PD1 treatment, mice were treated twice weekly with 400 pg (day 1) and 200 ng (day 4) with InVivoMAb
rat IgG2b isotype control (BioXCell, clone 2A3, Cat. No. BE0089). Both IgG controls were administered by intraperitoneal injection.

anti-CD4 treatment: on days 1, 3 and 5 prior to treatment with vehicle or with chemotherapy, mice were treated with 400 ng (day 1)
or 200 ug (day 3 and day 5) with InVivoMAb anti-mouse CD4 (BioXCell, clone GK1.5, Cat. No. BE003-1) which was administered by
intraperitoneal injection.

anti-CD8 treatment: on days 1, 3 and 5 prior to treatment with vehicle or with chemotherapy, mice were treated with 400 ng (day 1)
or 200 ng (day 3 and day 5) with InVivoMAb anti-mouse CD8 (BioXCell, clone YTS 169.4, Cat. No. BP0117) and administered by intra-
peritoneal injection.
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anti-PD1 treatment: mice were treated twice weekly with 400 g (day 1) or 200 g (day 4) of InVivoMADb anti-mouse PD1 (BioXCell,
clone RMP1-14, Cat. No. BE0146) which was administered by intraperitoneal injection.

Cremophore EL vehicle: As a control for ABT263 treatment, mice were treated every second days, for 7 days, with a cremophore EL
vehicle (DMSO:Cremophore EL:saline as 1:1:8 (v:v:v)) and with the same volume as ABT263, by oral gavage.

ABT263 treatment: mice were treated every second days, for 7 days, with 50 mg/kg of ABT263 (Medkoo, Cat. No. 201970) by oral
gavage.

We want to disclaim that we observed that treatment with doxorubicin and with doxorubicin and anti-PD1 triggered toxicity such as
weight loss and paleness in some mice. Therefore, we found that 2/8 mice with PyMT BCBM and 3/8 mice with Neu BCBM treated
with doxorubicin followed by anti-PD1 (Figures 5 and 7D) had a smaller tumor when sacrificed compared to mice receiving mono-
therapies, suggesting that the anti-tumor effects of the combination therapy are actually larger than the survival data shown in Fig-
ures 5and 7.

Flow cytometry analysis of immune panels

BCBM were dissociated into single-cell suspensions using a Brain Tumor Dissociation kit (Miltenyi Biotec, Cat. No. 130-095-942) and
according to the manufacturer’s instructions. Subsequently, samples were blocked in FACS buffer containing 1:50 Fc block CD16/
CD32 (BD Biosciences, Clone 2.4G2, Cat. No. 553141) for 20 min at room temperature, and then stained with antibodies (see details
in Figure S3 and key resources table). Samples were permeabilized and fixed with a fixation and permeabilization kit (Thermo Fisher
Scientific, Cat. No. 00-5523-00), according to the manufacturer’s protocol, and then stained with intracellular antibodies (see details
in Figure S3 and key resources table). Signals were detected on a four-laser Fortessa flow cytometer (Becton Dickinson) and ana-
lyses were performed with FlowJo software, with the gating strategy presented in Figure S3. We did not exclude any sample from the
analysis.

IVIS imaging

Bioluminescence imaging was performed with an IVIS200 camera (PerkinElmer; Waltham, MA USA) 10 min after intraperitoneal in-
jection of 150 mg/kg Beetle Luciferin (Promega, Cat. No. E1605). Mice were anesthetized with 2% (v/v) isoflurane prior and during
imaging. Signal flux was obtained using open filters and high binning for mice injected in the carotid (Figures 1B, S1A, and S1B), and
with small binning for mice bearing BCBM derived from intracranial injections (Figure 5).

Magnetic resonance imaging

Magnetic resonance imaging was performed with a 7 Tesla BioSpec 70/20 USR (Bruker; Billerica, MA USA). Figure 1B was imaged
with a T2 RARE sequence with a 3.9 ms echo-time, 2200 ms repetition time and 8 averages. Figures S1C and S1D was imaged with a
T1-weighted post-contrast sequence with a 3 ms echo-time, 235 ms repetition time and a flip angle of 30°. PRESS sequence was
performed with a 17 ms echo-time, 2500 ms repetition time, 256 averages and a volume-of-interest of 1.8 x 1.8 x 1.8 mm size. Para-
vision software (v6.0.1; Bruker) was used for image acquisition. The contrast agent used was Gadoterate meglumine (Dotarem®;
0.5 mmol/mL; Guerbet; Villepinte, France) diluted 5 times with saline and injected intravenously through a cannula via tail vein.
Mice were anesthetized with 2% (v/v) isoflurane during imaging and the heart rate was monitored throughout the procedure.

Immunofluorescence and microscopy

For organoids: organoids were fixed in 4% paraformaldehyde for 20 min at room temperature, followed by permeabilization in 0.2%
TritonX-100 in PBS for 15 min at room temperature. A block was next performed in 5% bovine serum albumin (BSA) diluted in PBS
(wt:v) for 2 h at room temperature, followed by staining overnight at 4°C with anti-Cleaved Caspase 3 (1:400, Asp175, Cell Signaling,
Cat. No. 9661). Appropriate Alexa Fluor labeled secondary antibody (Thermo Fisher Scientific) was combined with DAPI (1 pg/mL)
and incubated for 2 h in the dark at room temperature.

For BCBM sections: samples were fixed in a PLP buffer containing 1% paraformaldehyde, 0.2% NalO,4, 37.5% L-lysine and 37.5%
P-buffer (containing 81% of Nao,HPO,4 19% of NaH,PO, diluted in water, pH = 7.4) for 24 h at 4°C. Subsequently, samples were
moved to a sucrose solution for 12 h, at 4°C, prior to being embedded in OCT Tissue Tek (Thermo Fischer Scientific, Cat. No.
11381785) and stored at —80°C.

5 um sections were rehydrated in PBS for 10 min at room temperature. Samples were subsequently permeabilized and blocked
for 30 min at room temperature in a buffer made of 5% normal goat serum in PBS (v:v), 2.5% BSA in PBS (wt:v) and 0.5% Triton
X-100 (v:v) diluted in PBS. Samples were washed twice in PBS containing 3% BSA, prior to incubation with antibodies against
T cells (anti-mouse CD4-eFluor660, 1:200; eBioscience, clone GK1.5, Cat. No. 50-0041-82; anti-mouse CD8-eFluor660, 1:200,
eBioscience, clone 53-6.7, Cat. No. 50-0081-82; anti-mouse CD31, 1:100, BD Biosciences, clone MEC 13.3, Cat. No. 550274;
anti-mouse VCAM-1/CD106, 1:100, R&D Systems, Cat. No. AF643-SP; anti-mouse ICAM/CD54, 1:100 R&D Systems AF796-SP,
anti-mouse NG2 Chondroitin Sulfate Proteoglycan (1:250, Millipore, Cat. No. AB5320) or anti-a-smooth muscle actin (1:100,
Sigma-Adrich, Cat. No. A5228) at 4°C overnight. Samples were then washed three times in PBS and incubated for 5 min at room
temperature with DAPI (0.1 pg/mL) in the dark. Slides were washed three times in PBS and mounted with Vectashield hard set
(Vectorlab, Cat. No. H-1400-10).
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For organoids, images were acquired on an inverted Leica TCS SP5 confocal microscope (Mannheim, Germany), in 8 bit with a 20 x
objective. Fiji was used for quantification. Quantification of cleaved-caspase 3 staining was performed as follows: the number of
cleaved-caspase 3 positive cells was quantified in 3 representative fields of view per replicate and was counted as a percentage
of all (DAPI*) cells. The experiment was performed in 5 biological repeats (PyMT BCBM) and in 3 biological repeats (Neu BCBM).
Each dot presented on the graphs represents the averaged value of the percentage of cleaved-caspase 3* cells per biological repeat.
We did not exclude any repeats.

For slides stained with anti-CD4 and anti-CD8 antibodies, images were acquired on an inverted Leica TCS SP5 confocal micro-
scope (Mannheim, Germany), in 8 bit with a 20x objective. For slides stained with cleaved-caspase 3, images were acquired on
an inverted Leica TCS SP8 confocal microscope (Manheim, Germany) in 8 bit with a 40X objective. The number of samples imaged
and analyzed is reported in the corresponding figure legends. We did not exclude mice.

For slides stained with CD31, ICAM, VCAM, NG2 and a-smooth muscle actin, slides were scanned on an AxioscanZ1 microscope
(Carl Zeiss Microscopy, Jena, Germany) in 8 bit with a 20x objective. Images were deconvoluted and stitched in Huygens software
and converted to a 16 bit format in Fiji. Using Imaris, CD31* vessels present inside the BCBM (H2B-Dendra* area) were segmented
and staining intensity of VCAM, ICAM and a-smooth muscle actin were quantified inside the segmented vessels. Intensity of NG2 was
quantified in the vicinity (0-10 um) of the segmented vessels. Data were normalized to the area covered by CD31" vessels in each
BCBM. The number of samples imaged and analyzed is reported in the corresponding figure legends. We did not exclude mice.

For staining for Lamin B1, 5 um sections were dried for 15 min at room temperature, rehydrated in PBS for 10 min at room tem-
perature and permeabilized and blocked for 30 min at room temperature in a buffer made of 2.5% (v/v) normal goat serum, 1% (wt/v)
BSA and 0.1% (v/v) Triton X-100 diluted in PBS. Samples were washed twice in PBS containing 1% (wt/v) BSA, prior to incubation
with the antibody against Lamin B1 (1:500, Abcam, clone GR3244890-2, Cat. No. ab16048) for 2 h at room temperature. Samples
were then washed twice in PBS containing 1% BSA and incubated for 1 h at room temperature with appropriate secondary antibody
and Hoechst 33342 (5 ng/mL, Thermo Fischer, Cat. No. H3570) in the dark. Slides were washed three times in PBS, once in water and
mounted with hard set ProLong Glass Antifade Mountant (Thermo Fischer, Cat. No. P3680). Images were acquired on a Zeiss LSM
880 confocal microscope (Carl Zeiss Microscopy, Jena, Germany), in 16 bit with a 40 objective. Fiji was used for quantification. The
number of samples imaged and analyzed is reported in the corresponding figure legends. We did not exclude mice.

Flow cytometry analysis of cell apoptosis

Cell death was analyzed by quantification of cells positive for the death marker 7-AAD. Organoids were collected and dissociated into
single cells by incubating them in TrypLE Express (Thermo Fisher Scientific Cat. No. 12605010) at 37°C for approximately 20 min at
900 g. The cell suspension was filtered on a cell strainer and incubated with 7-AAD dye (Biolegend, Cat. No. 420404) for 10 min, onice
in the dark. Samples were processed on a Fortessa flow cytometer (Becton Dickinson) and analyses were performed with FlowJo
software. This experiment was performed in three biological repeats. We did not exclude any repeat.

SA B-Galactosidase activity in tissue sections

SA B-galactosidase staining was performed on 5 um-thick cryo-sections of BCBM tumors using a commercial kit (Sigma Aldrich, Cat.
No. 11828673001) and according to the manufacturer’s instructions. SA B-galactosidase activity was quantified by manually count-
ing the number of SA-B-galactosidase™ cells per field of view, as depicted in the figures. Per tumor, 5 FOV were quantified. Data
depicted on the graphs are averaged values of all FOV per mouse.

SA p-Galactosidase activity in vitro

200,000 cells were seeded in 6-well plates and treated with PBS or with doxorubicin 10 nmol/L (PyMT BCBM) or doxorubicin
20 nmol/L (Neu BCBM model) for 7 days. Cells were passaged once in the PBS condition over this 7-day period. Next, for the
PyMT BCBM model, medium was renewed and cells were treated with DMSO or with ABT263 10 umol/L for 48 h. Cells were sub-
sequently stained using the Senescence Cells Histochemical Staining Kit (Sigma-Aldrich, Cat. No. CS0030) according to the man-
ufacturer’s instructions. Cells were imaged on a bright field CCD2-color microscope equipped with a Zeiss high resolution AxioCam
512 color camera (Carl Zeiss Microscopy, Jena, Germany). The total number of cells and the SA B-galactosidase™ cells were counted
from 5 representative fields of view per condition.

RT-qPCR

RNA samples were isolated using Trizol (Invitrogen Life Technology, Cat. No. 15596018), according to the manufacturer’s protocol
and stored at —80°C. Complementary DNA was synthesized using 1 ng of RNA per sample and with the High Capacity cDNA Reverse
Transcription kit (Thermo Fischer Scientific, Cat. No. 4368814), according to the manufacturer’s protocol. Reverse transcription was
performed in a PCR machine following these steps: 10 min at 25°C, 120 min at 37°C and 5 min at 85°C. gPCR was performed using
Power SYBR Green PCR Master Mix (Thermo Fischer Scientific, Cat. No. A25777) in a QuantStudio Real-Time gPCR machine. Ther-
mal cycle conditions were as follows: 2 min at 50°C, 2 min at 95°C followed by 45 cycles consisting of denaturation for 15 s at 95°C,
annealing for 1 min at 60°C, and extension for 1 min at 72°C. PCR reactions were concluded with incubation for 10 min at 72°C.
Relative values were quantified using the ddCt method and mean values were plotted with SEM. Sequences of primers used
in this study are as follows: FOX O 4: forward: TCTACGAATGGATGGTCCGCAC, reverse: CTTGCTGTGCAAGGACAGGTTG;
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CDKNZ2A: forward: TGTTGAGGCTAGAGAGGATCTTG, reverse: CGAATCTGCACCGTAGTTGAGC; Ki67: forward: CTGCCTGCGAA
GAGAGCATC, reverse: AGCTCCACTTCGCCTTTTGG; GAPDH: forward: GGGTTCCTATAAATACGGACTGC, reverse: CCATTTTG
TCTACGGGACGA.

Effects of ABT263 on T cells

Ki6é7-assessment

Splenocytes were isolated from tumor naive, untreated FVB/NRj female mice and cultured in Roswell Park Memorial Institute (RPMI)
1640 Medium (Thermo Fisher Scientific, Cat. No. 21875034) containing FBS (10%, Thermo Fisher Scientific, Cat. No. A4766801),
Penicillin/streptomycin (10,000 U/mL; Thermo Fisher Scientific, Cat. No. 15140-122), IL2 (10 U/mL, Thermo Fisher Scientific, Cat.
No. PMC0025), B-mercaptoethanol (50 umol/L), Ultraglutamine (2 mmol/L, Lonza, Cat. No. BE17-605E/U1), PMA (50 ng/mL, Sigma
Aldrich), ionomycin (1 ng/mL, Sigma Aldrich), in plate pre-coated with anti-CD3 (1 ng/mL, BD Bioscience, clone 17A2, Cat. No.
564008). Splenocytes were cultured in the presence of DMSO or ABT263 (10 pmol/L) for 48 h. Next, splenocytes were washed twice
in FACS buffer and were blocked for 5 min at room temperature in a blocking buffer (FACS buffer containing 1:50 Fc block CD16/
CD32 (BD Biosciences, Clone 2.4G2, Cat. No. 553141)) prior to staining with an anti-CD3 antibody (BD Bioscience, clone 17A2,
Cat. No. 564008, 1:100). Next, splenocytes were incubated with DAPI (1 pg/mL) and permeabilized in a Foxp3 fixation/permeabili-
zation buffer (eBioscience, Cat. No. 00-5523-00) for 30 min, in the dark and at 4°C. Cells were washed twice in permeabilization buffer
(eBioscience, Cat. No. 00-8333-56), blocked for 5 min in FACS buffer containing 1:50 Fc block and stained with an anti-Ki67 AF647
antibody (1:100, BD Pharmigen, Cat. No. 558615). Splenocytes were analyzed on a Fortessa flow cytometer Becton Dickinson) and
analyses were performed with FlowJo software. This experiment was performed in three biological repeats and we did not exclude
any repeat.

Assessment of T cell migration

T cells were isolated by flow cytometry from the spleen of tumor naive, untreated ROSA26™ ™C FVB/NR;j female mice. Spleens were
gently mechanically dissociated using a scalpel blade and glass slides and single cells were incubated in a red cell lysis buffer (NH4CI
155 mmol/L, KHCOS3 1 mmol/L, 0.1 mmol/L EDTA diluted in MilliQ water, pH = 7.4) for 5 min at room temperature. Next, splenocytes
were blocked for 5 min at room temperature in a blocking buffer (FACS buffer containing 1:50 Fc block CD16/CD32 (BD Biosciences,
Clone 2.4G2, Cat. No. 553141)) and incubated with primary antibodies in the dark for 45 min at 4°C (anti-CD11b-BV650 (1:1200, Bio-
legend, clone M1/70, Cat. No. 101259); anti-CD4-eFluor660 (1:300, BD Bioscience, clone GK1.5, Cat. No. 50-0041-82); anti-CD8-
eFluor660 (1:100, ThermoFisher, clone 53-6.7, Cat. No. 50-0081-82). Samples were sorted on a Fusion Cell Sorter, DAPI* (dead cells)
and CD11b" cells (myeloid cells) were excluded and T cells were isolated based on CD4/CD8 expression. Following isolation, T cells
were cultured in plates coated with an anti-CD3 antibody (1 pg/mL, BD Bioscience, clone 17A2, Cat. No. 564008) in RPMI 1640 Me-
dium (Thermo Fisher Scientific, Cat. No. 21875034) containing FBS (10%, Thermo Fisher Scientific, Cat. No. A4766801), Penicillin/
streptomycin (10,000 U/mL; Thermo Fisher Scientific, Cat. No. 15140-122), IL2 (10 U/mL, Thermo Fisher Scientific, Cat. No.
PMCO0025), B-mercaptoethanol (50 umol/L), Ultraglutamine (2 mmol/L, Lonza, Cat. No. BE17-605E/U1), PMA (50 ng/mL, Sigma
Aldrich), ionomycin (1 ug/mL, Sigm aAldrich). T cells were treated with DMSO or ABT263 (10 umol/L) for 48 h. Subsequently,
T cells were embedded in a mix of BME and T cell medium (1:1 ratio) and plated in a glass-bottom chamber. T cells were imaged
on an inverted Leica SP8 Dive system (Leica, Mannheim, Germany) with an InSight X3 laser (Spectra —Physics). ROSA26™T™¢
was excited with 960 nm (Insight X3) and detected at 564-698 nm (HyD-RLD4). Time-lapse movies were acquired with a 5 um
z-step and imaged every 10 min for a total of 5 or 6 h. All images were acquired in 12 bit and with a 25x/0.95 NA water immersion
objective. T cell migration was analyzed in Imaris using the spot function. This experiment was performed in four biological repeats,
we excluded one repeat where we did not observe any T cell movement in neither condition.

QUANTIFICATION AND STATISTICAL ANALYSIS

Unless mentioned otherwise in the figure legends, p-values were determined by unpaired, nonparametric t test with a Mann-Whitney
U correction in Prism (GraphPad). Kaplan Meier survival curves were analyzed with a log-rank Mantel-Cox test. Exact p-values are
reported on each graph of the figures of this manuscript. ‘n’ reports the number of technical and biological repeats as well as the
number of mice on the corresponding figure legends and, where appropriate, in the relevant sections of the ‘method details’ of
the STAR Methods. Unless specified otherwise in the figure legend, data are presented as mean with SEM. Mice that did not develop
BCBM within 4 weeks of intracranial injections were excluded from the analysis. Image analysis and quantification are described in
the relevant sections of the “method details” of the STAR Methods.
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