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CCL2 blockade combined with PD-1/P-selectin

immunomodulators impedes breast cancer brain metastasis

Sahar Israeli Dangoor,! Rami Khoury,! Koren Salomon,! Sabina Pozzi,' Shir Shahar,’’Adan
Miari,! Yael Leichtmann-Bardoogo,? Neta Bar-Hai,># Neta Frommer,! Eilam Yeini,! Tom
Winkler,> Nora Balint Lahat,® Iris Kamer,? Ori Hadad,! Kathrin Laue,> Henry Brem,” Thomas M.
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Abstract

Over the last two decades, the diagnosis and treatment of breast cancer patients have considerably
improved. However, brain metastases remain a major-clinical challenge and a leading cause of
mortality. Thus, a better understanding of the pathways. involved in the metastatic cascade is

essential.

To this end, we have investigated the reciprocal effects of astrocytes and breast cancer cells,
employing traditional 2-dimensional.cell culture and our unique 3-dimensional multicellular

tumoroid models.

Our findings revealed that astrocytes enhance the proliferation, migration, and invasion of breast
cancer cells, suggesting a supportive role for astrocytes in breast cancer outgrowth to the brain.
Elucidating the key players in astrocyte-breast cancer cells crosstalk, we found that CCL2 is highly
expressed in breast cancer brain metastases tissue sections from both patients and mice. Our in
vitro and in vive models further confirmed that CCL2 has a functional role in brain metastasis.
Given their aggressive nature, we sought additional immune checkpoints for rationale combination
therapy. Among the promising candidates were the adhesion molecule P-selectin, which we have
recently shown to play a key role in the crosstalk with microglia cells, and the co-inhibitory
receptor PD-1, the main target of currently approved immunotherapies. Finally, combining CCL2

inhibition with immunomodulators targeting either PD-1/PD-L1 or P-selectin/P-Selectin Ligand-
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1 axes in our human 3-dimensional tumoroid models and in vivo presented more favorable

outcomes than each monotherapy.

Taken together, we propose that CCL2-CCR2/CCR4 is a key pathway promoting breast cancer

brain metastases and a promising target for an immunotherapeutic combination approach:
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Introduction

Breast cancer (BC) is the most common malignancy in women and the leading cause of cancer-
related deaths in women worldwide.! For locally invasive BC, the 5-year survival rate is above
99%. This rate dramaticallydecreases to 30% when the disease is spread to distant metastatic
sites.> BC is one of the main cancer types metastasizing to the brain, with approximately 15% of
BC patients developing CNS metastases, presenting an even higher incidence found in autopsies.
The survival rate declines even further if the metastatic disease involves the CNS, with a 1-year

survival rate.of only 20%,3-3 while suffering from reduced quality of life.*

In the last two decades, the diagnosis and treatment of BC patients have considerably improved,
including for those at the metastatic stage. However, the incidence of breast cancer brain metastasis
(BCBM) is increasing due to earlier detection and longer survival from the primary tumor. Hence,

it is still a major clinical problem and a leading cause of death from cancer.?-467

The treatment options for BCBM include stereotactic radiosurgery (SRS), chemotherapy, targeted
therapy according to the primary tumor subtype, surgical resection, and whole-brain radiation

therapy (WBRT).® Unfortunately, the therapeutic benefit of current treatment options is limited.®
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Thus, it is crucial to gain a better understanding of the pathways that orchestrate the metastatic

cascade of BCBM.

In extracranial malignancies, it is well established that the tumor microenvironment (TME) has an
essential role in cancer progression and in organ-specific metastasis.>!%!! In recent years, it has
become clear that the unique brain tumor microenvironment (bTME) also plays a'role in the
pathology of primary and metastatic brain tumors.!'?-!3 Data regarding specific therapeutic targets
in BCBM has started to be gathered in recent years,'%-!® and the involvement of the bTME in

BCBM development and progression is beginning to be evident.!%-22

Brain tumors in both animal models and in patients usually encompass reactive astrocytes.?3-20
Astrocytes are responsible for brain homeostasis, and they do notproliferate in normal adult brains.
However, in response to brain injury, astrocytes can be activated, leading to astrogliosis and glial
scar formation. Similarly, brain metastases (BM) are also.inducers of local activation of astrocytes,
neuroinflammation, and astrogliosis.!3-?” Furthetmore, astrocytes can support the formation and
progression of BM, by communicating with.the cancer cells via secreted factors, e.g., cytokines,
enzymes, and neurotrophic factors, and-the inhibition of such factors can lead to prevention or

regression of BM depending on the disease stage.!3-28-2

Activated microglia are also often found nearby and within brain tumors.?#-39-33 Microglia are
macrophages-like cells and serve as the brain-resident immune cells. They play diverse roles in
cancer, which could be attributed to their heterogeneity and the different activation states.?®
Microglial cells can lead to cancer-promoting effects by secretion of factors such as cytokines,
growth factors, and enzymes,!'2?4323435 and glioma proliferation can be attenuated by the
inhibition” of microglial activation.?® On the other hand, it has also been reported that microglia

can elicit eytotoxicity against BM from lung cancer.3¢

These findings demonstrate that upon arrival to the brain, extensive direct and indirect crosstalk
between the brain resident cells and tumor cells occur, resulting in a multitude of pathway
activations, both in tumor and host cells. Furthermore, the tumor cells that succeed in colonizing
the brain appear to have gained the ability to exploit brain endogenous substrates that are naturally
secreted by the resident cells as oncogenic signals.?” Understanding the contribution of interactions
between metastatic BC cells and host bTME cells to brain metastasis colonization may provide a

novel therapeutic approach to prevent BM formation.
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Here, we show that via secretion of CCL2, astrocytes support BCBM by enhancing the
tumorigenic properties of BC cells, such as proliferation, migration, and invasion. CCL2 (also
known as monocyte chemoattractant protein-1/MCP-1) is a low molecular weight cytokine with
chemoattractant activity (i.e., chemokine),’® and CCR2 and CCR4 are the receptors that are known
to bind it.3? Additional promising targets for combination therapy are the adhesion molecule P-
selectin (SELP) and its ligand (PSGL-1), and the co-inhibitory receptor programmed.cell death
protein-1 (PD-1) and its ligand (PD-L1). We have recently shown that the SELP-PSGL-1 axis is
involved in glioblastoma-microglia crosstalk and is a key regulator of glioblastoma ‘progression.*?
Additionally, immunotherapies are becoming reasonable treatment options, as the involvement of
the immune system in BC progression has recently been re-evaluated:*! Tn melanoma and non-
small cell lung cancer (NSCLC) BM, targeting PD-1 or PD-L1 has«already been shown to have
intracranial efficacy.*>*3 Collectively, our findings outline. the. CCL2-CCR2/CCR4 axis as a key
player in astrocyte-BC cells crosstalk during the BCBM-+cascade, and offer a potential new

immunotherapeutic combination approach for this devastating disease.

Materials and methods

Breast cancer 3D tumor spheroids

Multicellular tumor spheroids were prepared using a modification of the hanging-drop method*4,
in which droplets of cell suspension are held hanging from the bottom of an inverted tissue-culture
plate until cells agglomerate spontaneously at the lower part of the droplet due to gravity. The full

details can befound in the supplementary materials and methods.

BBB Co-culture and BBB-Chip with astrocytes and MDA-MB-231

cells

The.experiments were done in two formats: Commercial 24-well Transwell® (Costar Corp.,
Corning, NY, USA ing) and BBB-Chip platform (Supplementary Fig. S16A) that was fabricated
as previously described*3#¢. For both platforms, the BMEC were seeded as mentioned in the
supplementary materials and methods. The following day, the underpart of the membrane was
coated with 3% Matrigel for 1 hour, then human primary astrocytes (ScienCell, 1800-scl) were

seeded at a ratio of 1:2 astrocytes: BMEC. Astrocytes were incubated for at least an hour before
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flipping the membrane into the BMEC well containing endothelial serum-free medium
supplemented with B27 and 100 U/ml Penicillin, and 100 pg/ml Streptomycin. Human primary
brain vascular pericytes (ScienCell 1200-scl) were seeded on top of BMEC layer at a ratio of 1:3
pericytes: BMEC. Barrier function was evaluated by TEER measurements (Millicell “ERS-2
Voltohmmeter, Merck Millipore) daily.

mCherry-labeled MDA-MB-231 cells (1x103) were added to the upper side of the Transwell®, and
treated with 0.3 mM Bindarit, 1 pg/ml CCL2 or with no treatment, as control. TEER values were
followed up to 24 hours after MDA-MB-231 cells administration. Cells.on Transwells® were then
fixed with 4% Paraformaldehyde (PFA) for 10 minutes, following Dulbecco's Phosphate Buftered

Saline (PBS) washes, and immunostaining.
Gene expression analysis

Gene expression data were downloaded from the. Gene Expression Omnibus database
https:/www.ncbi.nlm.nih.gov/geo/ (accession numberGSE12276). mRNA expression levels of
CCL2 (216598 s at), CCR2 (206978 at), CCR4 (208376 _at), SELP (206049 at), SELPLG
(209879 _at), CD274 (223834 at), and PDCDI1 (207634 at) were compared between primary

tumors that relapsed to the brain.and breast tumors that relapsed to other distant organs, using a

one-tailed non-paired Student’s t-test.
3D Tumor spheroids for drug combination

For assessing the effect of immunotherapeutic drug combinations, Multicellular tumor spheroids
were prepared. using the liquid overlay technique*’, in which cell suspension is seeded in Round
Bottom Ultra-Low Attachment Microplates, and the cells agglomerate spontaneously at the lower
part of the well due to gravity. The full details can be found in the supplementary materials and

methods.

Breast cancer 4T1 intracranial animal model

To generate primary BC prior to BCBM, 4T1 cells (3x10° cells/100 pL) were inoculated into the
mammary fat pad of immunocompetent 8-week-old female BALB/c mice (Envigo, CRS). Tumor
growth was measured using a caliper, and the tumor volume was calculated using the standard

formula: length x width? x 0.52. Once they reached a volume of 70 mm?, the primary lesions were
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resected. For drug efficacy studies, 4T1 cells (2x104 cells/2 uL) were stereotactically inoculated
into the striatum (2 mm left from the bregma and 3.5 mm depth) of the same mice (previously
bearing the primary tumor). Three days following cell inoculation, mice were treated intravenously
(i.v.) with 100 mg/kg bindarit or the corresponding vehicle every other day (QOD), i.v. with 16
mg/kg SELPi or the corresponding vehicle QOD, and intraperitoneally (i.p.) with 10 mg/kg Anti-
Mouse PD-1 In Vivo Antibody or PBS twice a week. Fourteen days post BC cells intracranial
inoculation, 4 mice per group were euthanized, blood was collected, and mice were immediately
perfused with 4% PFA in PBS. Brains were then harvested for further immunostaining analysis.
Mouse body weight was monitored three times a week, and tumor growth was followed twice a
week using 4.7 T/1 H MRI. Mice were euthanized when they lost 10%body weight in a week, had

lost 20% of their initial weight, or when neurological symptoms appeated.
Randomization and assignment of mice to the treatment groups

In order to avoid bias in the results, before starting the treatments, all mice were randomly assigned

to one of the treatment groups.
Human specimens

FFPE breast cancer samples (brain metastasis, #=36; primary breast cancer, n=18, adjacent breast
tissue, n=5), FFPE lung cancer samples (brain metastasis, #n=26; primary lung cancer, n=17, normal
lung tissue, n=6), and frozen PBMCs from healthy donors (n=10) were obtained from Sheba
Medical Center following an informed consent. The manipulation of the human samples for
immunostaining was accepted by the ethics committees of Tel Aviv University and Sheba Medical
Center, under an approved IRB (5727-18-SMC) protocol. Healthy human brain samples were
collected by Thomas Hyde at the Lieber Institute for Brain Development as described under an

approved IRB protocol, 90-M-0142.

Statistical analyses

Data are expressed as mean + standard deviation (SD) for in vitro assays, or + standard error of
the mean (SEM) for in vivo and ex vivo assays. Unless otherwise stated, statistical significance was
determined using an unpaired, two-sided t test when comparing between two groups, and multiple

comparisons ANOVA test when comparing more than two groups. P < 0.05 was considered
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statistically significant. For Kaplan—Meier survival curves, p. values were determined using a log-
rank survival analysis test, with further adjustment of P-values using Holm-Sidak analysis.

Statistical analysis was performed using GraphPad Prism 10 (GraphPad Software, Boston, MA).

No statistical method was used to predetermine the sample size. Still, the sample size was chosen
to be adequate to receive significant results as determined by preliminary experiments and based

on previous publications of multiple groups in the field.!®48-50

Results

Astrocytes and BC cells crosstalk result in enhanced proliferation,

migration, and invasion

Aiming to evaluate the role of astrocytes in BCBM progression, we utilized both traditional 2-
dimensional (2D) co-culture and 3-dimensional (3D) multicellular cancer models. In line with
previous reports on the tumorigenic effect of astrocytes on MDA -MB-231 breast cancer cells,’!
our investigations revealed that both murine and human mammary adenocarcinomas, 4T1 and
MDA-MB-231 cells, respectively, present, increased proliferation rates when co-cultured with
primary astrocytes, in a dose-dependent manner (Fig. 1A-B). The relevance of the selected cell
ratios was confirmed by analysis.of GFAP-positive astrocytes in the vicinity of the tumor region,
in an in vivo EMT6 mouse model. Staining and analyzing cell ratios revealed there are 1.657 more
astrocytes than cancer cells.in the tumor area (Supplementary Fig. S1), suggesting that the range
of ratios of 1:1.and 1:2 that we selected are physiologically relevant. The higher cell ratios (1:3,
1:4, 1:5), clearly show the dose-dependent effect that astrocytes have on breast cancer

proliferation.

In addition, the presence of 4T1 conditioned medium (CM) or MDA -MB-231 CM, which contains
cancer cell-secreted factors, increased the proliferation rates of murine and human astrocytes,
respectively (Fig. 1C-D). Using a transwell® migration assay, we found a significant increase in
4T1 cell migration towards murine primary astrocytes (mAstro), and in MDA-MB-231 cell
migration towards human primary astrocyte (hAstro) CM (Supplementary Fig. S2A-B). The same
effect was found with another murine BC cell line, EMT6, which is BRCA -mutated
(Supplementary Fig. S2C).
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We further characterized the mutual interactions between BC cells and the brain metastatic niche
in a 3D model to better mimic the bTME. To that end, we established a 3D multicellular BCBM
spheroid model containing BC cells, astrocytes, and brain endothelial cells, separately or
combined. These spheroids are created using a modified hanging drop method** and later
transferred into Basement Membrane Extracts (BME). Utilizing this model, by monitoring the 3D
spheroids using live imaging (based on the fluorescence signal of the BC cells), we could assess

the proliferation, migration, and invasion of the BC cells.

Supporting the results obtained from the classic 2D culture assays, we identified a significant
increase in the growth and sprouting of BC cells in 3D BCBM spheroids containing astrocytes,
compared to spheroids containing BC cells only (Fig. 1E-H). In-addition, the presence of the
Blood-Brain Barrier (BBB) human cerebral microvascular endothelial cells (hCMEC/D3)
increased MDA-MB-231 3D spheroid growth and sprouting (Supplementary Fig. S2D-E).

As an additional model of the bTME, we created-an advanced BBB model composed of induced
pluripotent stem-cell (iPSC)-derived brain.microvascular endothelial cells (BMEC), primary
human pericytes (optional), and hAstro,-using both Transwell® and BBB-Chip*3-32 platforms. We
monitored the trans-epithelial electrical resistance (TEER) values until the impedance was above
1000 Q*cm?, indicating a good barrier function, before starting the experiments. Interestingly, the
addition of astrocytes increased the TEER values, indicating a tighter barrier, while the addition of
MDA-MB-231 cells hampered the barrier, indicated by lower TEER values (Fig. 1J). As expected,
the transmigration of MDA-MB-231 cells through the barrier lacking any cells, towards astrocytes,
was much faster than the transmigration through the BMEC barrier (Fig. 11, Supplementary Mov.
S1-2). The-addition of astrocytes to the endothelial system significantly increased MDA -MB-231
trans-endothelial migration, which also occurred faster compared to the BMEC-only barrier (Fig.
11, Supplementary Mov. S2-3). This shows that although astrocytes enhance the barrier integrity,

their crosstalk with BC cells resulted in increased trans-endothelial migration.
CCL2-CCR2/4 axis is upregulated in BCBM

Following the elucidation of the reciprocal effects between astrocytes and BC cells, we aimed to
identify secreted factors involved in this intercommunication. Therefore, we performed cytokine
arrays on 4T1 cells co-cultured with mAstro and MDA-MB-231 cells co-cultured with hAstro, in

which a set of upregulated cytokines was found (Fig. 2A-B, and Supplementary Fig. S2A-B). We
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identified CCL2 as one of the factors that are secreted at an exceptionally high level in the co-
culture conditions, and it was upregulated both in the human and the murine models (Fig. 2A-B,

and Supplementary Fig. S3A-B).

Taken together, we decided to focus on the role of CCL2-CCR2/CCR4 axis in BC-astrocytes
interactions. The expression of these markers was validated on tissue sections from4T1 BCBM
mouse model. First, we injected 4T1 cells orthotopically into the mammary fat pad of
immunocompetent female BALB/c mice, and following surgical removal of the primary tumor,
we performed intracranial cell injection to the same mice. Resembling the expression levels found
in humans, all 3 markers, CCL2, CCR2, and CCR4, presented high ‘levels in the mice BM, in
comparison to the primary tumors and normal breast and brain tissues (Fig. 2C, E-G). The presence
of these three markers was also confirmed in BM of a spontaneous model of intracardially injected
EMT6 cells (Supplementary Fig. S6A-B). To verify the clinical relevance of these findings, we
validated the expression of CCL2, CCR2, and CCR4 by.immunohistochemistry (IHC) staining of
formalin-fixed paraffin-embedded (FFPE) clinical samples of BCBM. We found that CCL2 and
CCR2 are highly overexpressed in BM and primary BC, compared to normal breast and normal
brain tissues (Fig. 2D, H-I). Even though CCR4 presented generally lower expression levels than
CCR2, it was also overexpressed in the BM samples (Fig. 2D, J). We further analyzed the
expression levels using data from primary tumors of BC patients that later on metastasized to the
brain or to other organs (GSE12276).5% Although not reaching statistical significance, all 3
markers, CCL2, CCR2, and CCR4, showed a trend towards higher expression in the tumors that
later on metastasized to the brain (Fig. 2K-M).

To further-validate the expression of CCL2, we performed ELISA assays measuring the protein
secretion level. In agreement with our findings derived from the cytokine arrays, higher secretion
of CCL2 was demonstrated when 4T1 or MDA-MB-231 cells were co-cultured with astrocytes,

compared to the respective mono-cultures (Fig. 3A-B).

To reveal the main source of CCL2, we further validated the mRNA expression level of CCL2
using RT-qPCR. 4T1 cells and mAstro were grown in each other’s CM, astrocyte starvation
medium (0% serum), or full astrocyte medium. mCherry-labeled MDA-MB-231 cells and iRFP-
labeled hAstro were mono- or co-cultured, and then sorted by their fluorescence. We found that

the activation with starvation medium increased CCL2 expression by mAstro, and when cultured

10

$20Z J18quiaAoN gz uo 1senb Aq /t/0t8///FEeeME/UIBIG/S60 L 01 /10P/o[0IIB-80UBApPE/UIRIC/WO0 dNo dlWapeoe//:sdiy Woly papeojumod



16
17
18
19

20
21
22
23
24

25
26
27
28
29
30

in 4T1 CM, mAstro CCL2 expression was further increased (Fig. 3C). When MDA -MB-231 and
hAstro were co-cultured, the astrocytes expressed much higher levels of CCL2, compared to the
monocultures (Fig. 3D). These findings indicated that astrocytes are the main source of CCL2
secreted in the astrocyte-BC cell crosstalk.

To validate the activation state of the astrocytes which are the main source of the secreted CCL2,
we performed a FACS analysis. We exposed murine astrocytes to either 4T1 serum-free medium
(SFM) (negative activation), 4T1 SFM supplemented with lipopolysaccharide (LPS) (positive
activation), or 4T1 CM, and tested the resulting expression of intracellular CCL2 in two types of
astrocytic populations: (i) activated / reactive astrocytes (GLAST negative, GFAP positive), and
(i1) non-GFAP activated astrocytes (GLAST positive, GFAP negative cells). Our results revealed
that non-activated astrocytes (GLAST+GFAP-) generally express much less CCL2 than the
activated astrocytes (GLAST-GFAP+),and the different activation media have influenced the level
of CCL2 expression by the activated astrocytes (Fig. 3E-F). The exposure of mAstro to breast
cancer cell-secreted factors from the 4T1 CM, induced the highest CCL2 expression by the
activated astrocytes in the culture (Fig. 3E).

In addition, we assessed the expression levels of the receptors for CCL2 by flow cytometry. CCR2
and CCR4 were both found to be expressed on the surface of 4T1 and MDA -MB-231 cells. When
activated with a starvation.medium, both cell lines presented an increased level of CCR2 and

CCRA4, with a further increase when cultured in astrocyte CM (Fig. 3G-N).

As melanoma, breast, and lung cancer are the leading three primary tumor sites metastasizing to
the brain,®> and we have previously established the importance of CCL2 in the context of melanoma
brain metastasis,!> we decided to search for evidence that the CCL2 pathway is important for brain
metastatic. process in general, and not limited to breast cancer only. Thus, we investigated this

phenomenon also in lung cancer brain metastasis.

We characterized lung cancer brain metastases specimens by IHC, of both clinical samples and our
mouse models. The immunostaining analysis revealed that CCL2, CCR2, and CCR4 are highly
expressed in primary lung cancer (Supplementary Fig. SI2A-B and Supplementary Fig. S13A-B)
and in lung cancer brain metastases (Supplementary Fig. S12C-D and Supplementary Fig. S13C-
D), compared to the corresponding normal tissues. Interestingly, the change in CCL2 expression

of BM compared to normal brain was 2-fold higher than that of its primary counterpart, 1.2-fold

11
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for CCR2, and 20-fold for CCR4. Both astrocytes and microglia were found to be activated in the
human and murine specimens of lung cancer brain metastases, indicated by GFAP and Ibal

markers, respectively (Supplementary Fig. S12C-D and Supplementary Fig. S13C-D).

The CCL2-CCR2/CCR4 axis is paramount for BC cell proliferation,

migration, and invasion

In order to evaluate the role of CCL2 in the crosstalk between BC cells” and astrocytes, we
performed proliferation, migration, and 3D spheroids experiments in the presence of a CCL2 small
molecular-weight inhibitor, bindarit. First, we performed proliferation assays of 4T1 and MDA -
MB-231 cells, co-cultured with astrocytes or mono-cultured. In boeth cases, when the cells were
treated with bindarit, BC cell proliferation dramatically decreased, mainly in the co-cultures,
bringing it back to similar levels as in the mono-cultured cells that were not treated with the drug
(Fig. 4A-B). A similar effect was achieved using a CCL2 neutralizing antibody (Supplementary
Fig. S4A-B). In addition, using a Transwell® migration ‘assay, recombinant CCL2 protein (rCCL2)
significantly increased MDA-MB-231 migration (Supplementary Fig. S4C), and the inhibition of
CCL2 by bindarit significantly decreased MDA-MB-231 cell migration towards hAstro CM
(Supplementary Fig. S4D). We further performed 3D tumor spheroids experiments, containing
either BC cells alone, or BC cells. and astrocytes. When we treated the astrocyte-containing
spheroids with bindarit, we observed a significant decrease in spheroid growth and sprouting (Fig.
4J-M). Similar results'were obtained by using CCL2 neutralizing antibody, on astrocyte-containing

MDA-MB-231.or EMT®6 spheroids (Supplementary Fig. S4E-F).

We have also created CCR4 KD cell lines using shRNA in order to molecularly inhibit this
pathway. We performed proliferation assays in the presence of astrocytes. 4T1 shCCR4 and MDA -
MB-231 shCCR4 both presented a reduced proliferation rate when co-cultured with astrocytes
(Fig. 4C-D). The shCCR4 cells proliferation rate was very similar in the presence or absence of
the astrocytes (Fig. 4C-D), confirming that the astrocytes’ proliferative-promoting effect on the
BC cells was mainly mediated by the CCL2 pathway.

Utilizing our BBB model, the inhibition of CCL2 by bindarit has led to a significant increase in
the TEER values (Fig. 4H), and in the expression of the tight junction marker ZO1 (Fig. 41), both

indicating a tighter barrier. As expected, the addition of rCCL2 to the barrier has led to a decrease
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in the TEER values (Fig. 4G), indicating a loose barrier. Moreover, rCCL2 treatment has led to a

more diffuse ZO1 pattern that relocated from the membrane to the cytoplasm (Fig. 4I).

Utilizing our lung cancer models, we observed an increased proliferation rate of both human and
murine lung cancer cells, A549 and LLC, respectively, in the presence of astrocytes, which was
attenuated by the inhibition of CCL2 using bindarit (Supplementary Fig. S14A-B). Similar effect
was detected using 3D multicellular lung cancer brain metastases model (Supplementary Fig.
S14C-D). Lastly, we utilized our lung cancer brain metastases mouse modelfor an efficacy study
of bindarit. By inhibiting CCL2, bindarit has led to a significant reduction in BM volume,
measured by MRI, compared to the control group (Supplementary Fig. S15A-B).

P-selectin-P-selectin ligand-1 and PD-1-PD-L1 axes are upregulated
in BCBM

Most oncology protocols require the need for combination therapy, in order to allow synergistic
activity as well as increased therapeutic index of drugs with distinct mechanisms of action,
improved toxicity profiles, and prevention of mechanisms of acquired resistance.>* As we consider
the CCL2-CCR2/CCR4 axis to be an immunological target, we rationally sought additional
immune checkpoints to combine with CCL2 inhibition therapy. Therefore, we focused on SELP-

PSGL-1!2 and PD-1-PD-L 155 axes.

We performed IHC staining on tissue sections, by which we validated the expression of SELP and
PSGL-1. We found both proteins to be upregulated in BCBM compared to their expression in
primary tumors and normal brain tissues, both in clinical samples and in our mouse model
(Supplementary Fig. S5A-C). Further validation on patient data from GSE12276 dataset®? also
showed a. significantly increased expression of SELP and PSGL-1 in primary tumors that

metastasized to the brain compared to tumors that metastasized to other organs (Fig. SA-B).

We validated the expression of PD-1 and PD-L1 by IHC staining of 4T1 BCBM mouse model. We
found that both PD-1 and PD-L1 are upregulated in BCBM compared to primary tumors, and
normal breast and brain tissues (Supplementary Fig. S5B-C). Validation on patient data from
GSE12276 dataset’® confirmed that both PD-1 (significantly) and PD-L1 (non-significantly)
present higher levels of expression in primary BC tumors that metastasized to the brain compared

to BC tumors that metastasized to other organs (Fig. 5C-D).
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The presence of SELP, PSGL-1, PD-1, and PD-L1 was further confirmed in BM of a spontaneous
model of intracardially injected EMT6 cells (Supplementary Fig. S6).

Inhibition of CCL2 with SELP or PD-1-PD-L1 inhibition leads to

improved outcomes versus monotherapy

Finally, we tested the inhibition of CCL2, SELP, and PD-1/PD-L1, each alone or.combined, using
3 different models: (i) 3D multicellular BCBM spheroid model, (ii) 3D patient-derived metastatic

BC organoids co-cultured with bTME milieu, and (iii) immunocompetent'BALB/c mouse model.

As a human model for testing the drug combinations, we designed a.unique 3D multicellular
BCBM spheroid model, which is clinically-relevant. This. model. enables us to explore
immunotherapies, which is not possible with human cell lines or patient-derived xenografts (PDX)
injected or implanted into mice, respectively, as these require immunocompromised animals.
Therefore, we developed this additional model,.which, .unlike the model previously described

above, is composed of BC cells, astrocytes, and microglia, surrounded by PBMCs.

Prior to in vivo studies, utilizing this modely.we found that the inhibition of either CCL2, SELP, or
PD-L1, each as a monotherapy has-led to a reduction in the spheroid growth (Fig. SE-G). The
combination of CCL2 inhibitor with either PD-L1 inhibitor (PD-L11) or SELP inhibitor (SELP1),
both led to a further reduction in spheroid growth (Fig. SE-G).

As an additional model to test these combination therapies, we utilized patient-derived metastatic
BC 3D organoids,. and cultured them together with astrocytes, microglia, and PBMCs. By
immunostaining the organoids with Cytokeratin 14 (CK14) as a marker for BC cells, we were able
to quantify the effect of the treatments on organoid growth (Fig. SH-J, and Supplementary Fig.
S7): The analysis has revealed that the organoids were highly sensitive to the treatment with
bindarit as a monotherapy (Fig. 51-J). We further treated this model with SELPi, PD-L1i, and the
clinically used oPD-1 antibody, Pembrolizumab. The combination of bindarit with either of these

3 drugs, was better than these drugs alone, though not superior to bindarit alone (Fig. 5I-J).

To model the disease course in vivo, as closely as possible to the human disease in which
metastases develop only after a primary tumor was established, 4T1 cells were first inoculated
orthotopically into the mammary fat pad, and tumors were later resected. The existence of a

primary tumor, is also necessary in order to achieve an intracranial response to immune checkpoint
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inhibitor (ICIs), as previously shown in a melanoma BM model.>¢ To make sure that there are no
metastases present at the stage in which we removed the primary tumor, the resection of the
primary tumors was done when they reached very small tumor volume (<50 mm?), unlikely to
have already metastasized. The tumors had well-defined edges and were removed as a whole, as
shown by the H&E representative slides (Supplementary Fig. S8). To evaluate the therapeutic
effect of anti-cancer drugs, it was important to have a model with 100% brain metastases
development that allows for follow-up and monitoring using MRI, in order to'show the effect of
the drugs on metastases progression. Thus, following the resection of the primary tumor, 4T1 cells
were injected intracranially, and mice were treated with the drugs for two weeks: CCL2 inhibitor
bindarit, SELPi, and oPD-1 antibody. The experiment time course-and treatment regimen are

detailed in Fig. 6A.

Each of the drugs significantly increased mice overall survival (OS), compared to the control
group. Combining bindarit with either of the other targets has led to a further increase in OS (Fig.
6B-C). Analysis of the systemic disease relapse, presented by primary tumor recurrence or
detection of extracranial metastases, revealed another advantage of the combination therapies.
While bindarit and SELPi each alone did not show any improvement in relapse in comparison to
the control group, the combination of both drugs demonstrated a delay in the detection of any
relapse, and a decrease in the overall ‘percentage of mice presenting extracranial metastases or
tumor recurrence (Fig. 6D). In the'case of the ICI, aPD-1 antibody had a better profile regarding
mice relapse compared to the control group, and when combined with bindarit, this was even
further improved (Fig: 6E). These findings suggest that combinations with inhibitors of the CCL2-

CCR2/CCR4 axis may also impede recurrence and other extracranial metastases besides the BM.

No additional toxicities were detected due to the combination of two drugs, either by body-weight

changes (Fig. 6H), or by blood chemical and hematological tests (Supplementary Fig. S9-10).

Each of the drugs alone has also led to a significant decrease in BM volume (Fig. 6F-G). Both of
the drug combinations have led to a further non-significant slight improvement compared to the

monotherapies (Fig. 6F-G).

Mice brain tissues were collected and further analyzed by IHC staining (Fig. 7, and Supplementary
Fig. S11). The analysis revealed that all treatments have led to lower levels of CCL2, CCR2, and

CCR4, indicating decreased inflammation. In addition, inhibition of proliferation was observed as
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indicated by the proliferation marker Ki-67, together with increased apoptosis indicated by the
Caspase-3 marker. Blood vessel density was strongly reduced by bindarit, and even further
reduction was presented following the combination treatments, indicated by CD31 marker. As
expected, CD8+ cytotoxic T lymphocyte infiltration was increased by all treatment options; either
monotherapies or combination therapies. The expression of CD4+ T helper cells did not change
significantly between the groups. The presence of FOXP3+ regulatory T cells (Treg) was slightly
decreased by all treatments (non-significantly), and the combination of bindarit and oPD-1
treatment presented lower levels of Treg cells. The expression levels of PD-L1 werereduced when
the mice were treated with either SELPi, aPD-1 antibody, or the drugs’ combinations. This could
be due to an effect of the drugs on the antigen-presenting cells (APC), such as dendritic cells or
macrophages, pushing them towards a pro-inflammatory M1-like phenotype. The reduced PD-L1
expression and the pro-inflammatory activation of myeloid. cells led to a reduction in their

immunosuppressive effect on the cytotoxic T cells, resulting=in a lower expression of PD-1.
Discussion

CCL2 s a critical proinflammatory cytokine in cancer, as it mediates the signaling of both CCR2
and CCR4.57 Therefore, this signaling axis has drawn considerable attention in the cancer research
field.>7-62 Previous studies have largely focused either on the correlation of CCL2 expression with
BC histological grade®? or ondits important role as a regulator of angiogenesis and immune cell
recruitment.®4-%¢ Moreover, CCL2 has been further shown to promote extracranial metastasis by
supporting BC .cell proliferation, survival, migration, and invasion.%’-’>2 However, the pro-

metastatic effects‘of the bTME induced by astrocyte-secreted CCL2 are largely unknown.

We have characterized the mutual effects of astrocytes and BC cells in co-cultures and in the
presence of CM, mimicking the settings in the different steps of metastases formation, from distant
communication to physical interactions. Our findings confirm a reciprocal activation of astrocytes
and BC cells, suggesting that reactive astrocytes can remotely facilitate BC cell migration. We
developed an additional model for mimicking the clinical scenario, in which BC cells extravasate
from the bloodstream into the brain through the BBB, which is demonstrated by the trans-
endothelial and trans-astrocytic passage towards astrocyte-secreted cytokines. This model also
revealed that even without physical interactions, astrocytes enhanced BC cell penetration through

the BBB model. Once the BC cells penetrate the brain parenchyma, their proliferative and
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invasiveness abilities are induced by astrocytes. Collectively, our results suggest that astrocytes

have a supportive role in the metastatic process of BC in the brain.

We further identified some cytokines as candidates involved in BC-bTME interactions. The
leading candidate was CCL2, which was not only found to be overexpressed in co-cultures of BC
cells and astrocytes but was also found to be highly relevant in clinical samples, as weshowed that

it was overexpressed in BM compared to primary tumors and normal breast and brain tissues.

Cancer and stromal cells in the TME can produce CCL2, which affects cancer cells directly and
indirectly by recruitment of pro-tumorigenic host stromal cells during metastasis (including,
among others, tumor-associated macrophages (TAMs), Tregs, and myeloid-derived suppressor
cells (MDSCs)).39-°7.73.74 The stromal expression of CCL2 was found to correlate with relapse-free
survival.”> The receptors that are known to bind CCL2 are .CCR2 and CCR4. CCR2 expression
was found to promote the recruitment of TAMs at the primary tumor and to enhance invasion,
angiogenesis, and extracranial metastasis of breast cancer.”> CCR4 expression has a strong
correlation to lower overall survival in breast cancer patients, and also positively correlates with
tumor recurrence and lymph node, lung;.and bone metastasis.”* As far as we know, prior to our
publication regarding melanoma BM, the key role of CCL2-CCR2/CCR4 axis has not been shown

in the context of astrocyte-cancer cells crosstalk.!>

In the case of BCBM, we are'now showing that the main source of the secreted CCL2 is the
activated astrocytes that support the tumorigenic properties of the cancer cells. The BC cells, in
turn, increase the<expression of CCR2 and CCR4. When we functionally neutralized the CCL2-
CCR2/CCR4axisy either pharmacologically or molecularly, BCBM cell proliferation, migration,
and invagsion rates decreased, and BBB integrity was improved. To the best of our knowledge, this
is the first report demonstrating that activated astrocytes play a key role in BCBM via secretion of

CCL2, interacting with CCR2 and CCR4 on the surface of BC cells.

We are suggesting that the CCL2 pathway is important for the metastatic colonization process in
the brain in general and is not limited to breast cancer only. To strengthen the evidence supporting
our hypothesis, we are also showing the CCL2-CCR2/CCR4 axis contribution to lung cancer BM
in several models. As we have previously established the importance of this axis in the context of
melanoma BM,!3 and are now showing evidence for its role in BCBM and in lung cancer BM, we

suggest that CCL2-CCR2/CCR4 axis is a key pathway in the brain metastatic cascade arising from
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the leading three primary tumor sites metastasizing to the brain.> We further propose that the CCL2
pathway plays a key role in astrocyte-cancer cell signaling during BM formation. We hypothesize
that this is an interesting phenomenon, where different types of cancer cells arising from different
origins and locations may share a common signaling pathway to interact with astrocytes and lead

to brain metastases colonization, establishment, and progression.

As BM are highly aggressive, monotherapy is usually ineffective, and tumor  resistance
mechanisms can elicit disease relapse.”® Specifically, CCL?2 inhibition in metastatic BC mouse
models has been reported to increase metastatic relapse, after cessation of the treatment.”’
Therefore, we decided to search for additional targets to be combined with CCL2 inhibition. We

decided to seek targets involved in the interactions with additional bTME components.

In our previous study, we reported the expression of SELP on glioblastoma cells to modulate the
activation state of microglia and influence T-cell recruitment.*® We further characterized the P-
selectin—P-selectin ligand-1 axis as a key regulator of the crosstalk between glioblastoma and
microglial cells, and demonstrated a potential therapeutic approach for glioblastoma.*® The
inhibition of SELP led to reduced tumor. growth and increased survival in glioblastoma mouse

models.*0

ICIs targeting PD-1 or its ligand PD-L1 have demonstrated intracranial effects in brain metastases
originating from melanoma and NSCLC.#>* In comparison to melanoma, NSCLC, and other
malignancies, BC has traditionally been considered immunologically cold, with relatively low
levels of T cell <infilration and mutational burdens.”® More recently, the immune system
involvement .in BC progression, response to treatment, and development of resistance are being
re-evaluated, opening the door toward immunotherapeutic approaches.*! In a recently published
study, ICIs_also showed promise in the treatment of metastatic BC.”° However, there is a lack of
data regarding the efficacy in BC patients with BM, as these are often excluded from clinical trials
due.to concerns regarding toxicities, limited efficacy of systemic agents across the BBB, and

overall poor prognosis.’?-80

For the evaluation of these 2 axes, SELP-PSGL-1 and PD-1-PD-L]1, relevance to BCBM patients,
we performed gene expression analysis of the GSE12276 dataset,>3 which revealed that these were
overexpressed in primary tumors that relapsed to the brain, in comparison to tumors that

metastasized to other organs. Additionally, IHC staining of tissue sections obtained from patients
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and from our mouse models, revealed that SELP, PSGL-1, PD-1, and PD-L1 are upregulated in
BCBM. In light of that, we propose these 2 axes as potential candidates for inhibiting in

combination with CCL2 inhibition.

We further show that the combination of a CCL2 inhibitor with these other two immunological
checkpoints is beneficial. We demonstrated this using two independent techniques: (i) syngeneic

mouse models of BCBM mice, and (ii) different 3D multicellular tumoroid models.

When we tested these combinations in vivo, treatment with CCL2 inhibitor together with either
SELP inhibitor or aPD-1 antibody led to modest improvement in some parameters compared to
the monotherapies. Both combinations demonstrated an increase in OS.and‘a slight reduction in
BM volume in comparison to the relevant monotherapies. Both.combination therapies also had a
systemic effect, leading to a reduction in primary tumor recurrence and a reduced presentation of
additional extracranial metastatic sites. As this mouse-model is highly aggressive, with very large
BM lesions, the most meaningful effect, which was achieved by the combined therapy of CCL2
inhibitor together with aPD-1 antibody, has prolonged the survival of mice in approximately one
week, compared to the control group. Although the combination therapies had a modest
improvement in some aspects of disease progression, we suggest these targets as potential
combinational therapy options. Future directions should be invested in 3D in vitro models and
mouse models for the earlier stages of micro-metastases formation, which could enable an earlier
intervention and even better survival outcomes. This would also allow us to explore the cancer
cell-secreted factors that initiate the activation of astrocytes in the first place and lead to the cascade

of events we are describing here.

We havealso tested these immunomodulation combination therapies in different 3D models, in
which'the drug combinations have shown a modest improvement compared to the monotherapies.
In 'summary, due to the increased efficacy by targeting multiple axes simultaneously, and the
potential to reduce acquired drug resistance incidence (though not tested), we suggest that the
combination of CCL2 inhibition with (i) SELP inhibition, or (ii) PD-1/PD-L1 inhibition, upon

further investigation, can be promising immunotherapeutic combination approaches.

Throughout the study, we have utilized our 3D multicellular BCBM tumor models, using two of
the most common methods for fabrication of multicellular tumor spheroids:#” (i) the hanging drop

and (ii) the liquid overlay techniques. Recently, the FDA Modermization Act 2.0 was approved,
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aiming to reduce animal experimentation, and to promote the development of more accurate in
vitro models that are based on human cells, for better assessment of products for human
application®!. In comparison to traditional 2D cell culture models, 3D models composed of cancer
cells and components of the TME, better mimic solid tumors regarding their architecture and
phenotypical features.*”-82:83 2D in vitro models do not fully represent the cellular and funetional
complexities of tumors.®* On the other side of the spectrum, animal models do not only bear ethical
controversy but are also limited in regard to clinically relevant responses to treatments, especially
when immunotherapies are considered.?>-8¢ Thus, 3D models may assist in closing the gap between

traditional in vitro and in vivo studies, and human clinical trials.*’

Throughout the different steps of our study, by utilizing different-3D models, we have shown
similar results regarding the effects of astrocytes on BC cells, as well as results that support the
functional involvement of CCL2 in this intercommunication;” while comparing to findings
originated from clinical samples. In addition to cancer cells, we incorporated multiple cell
populations in these models, consisting of astrocytes, endothelial cells, microglia, and PBMCs,
thus better mimicking the bTME. This allowed us to perform complex studies with drugs that are
not only targeting the cancer cells but alse their microenvironment, with great implications for
therapeutic options in humans. As an additional 3D model, we used patient-derived metastatic BC
organoids, which we co-cultured with'bTME components, and later treated them with the drug

combinations.

In summary, we demonstrate a previously unidentified and unique requirement for the CCL2-
CCR2/CCR4 axis in the crosstalk between BC cells and astrocytes during BC metastatic cascade
in the brain. These data provide a new understanding of the signaling mechanisms required for
brain_colonization and metastatic progression. As detailed in Fig. 8, our findings implicate
astrocyte-secreted CCL2 as a necessary component of the complex signaling in brain metastasis,
corroborating with proinflaimmatory cytokines expressed on multiple immune cells, such as P-
selectin on microglia/TAMs and PD-1 on T cells, presenting a unique prophylactic and therapeutic

immunotherapeutic combination approach for BCBM following resection of the primary lesion.
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Figure legends

Figure 1 Astrocytes ‘and breast cancer engage in reciprocal interactions. A-B. Proliferation
rates after 96 hours, of (A) iRFP-labeled murine 4T1 cells, in the presence or absence of murine
astrocytes (N=3),:and (B) iRFP-labeled human MDA-MB-231 cells, in the presence or absence of
human astrocytes (N=3). Data represented as fold change to time 0; Statistical significance was
determined.using one-way ANOVA and Dunnett's multiple comparisons test. (C-D) Proliferation
rates. after 190 hours of (C) murine astrocytes in the presence or absence of 4T1 conditioned
medium (N=4), and (D) human astrocytes in the presence or absence of MDA-MB-231
conditioned medium (N=3). Data represented as fold change to time 0. (E-F) Quantification of
tumor spheroids area after 48 hours of (E) mCherry-labeled 4T1 cells, in the presence or absence
of murine astrocytes (N=5), and (F) mCherry-labeled MDA-MB-231 cells, in the presence or
absence of human astrocytes (N=4). Data are presented as fold change to time 0. (G-H)
Representative images of tumor spheroids from E-F (respectively). Scale bar = 400 pm. (I)

27

$20Z J18quiaAoN gz uo 1senb Aq /t/0t8///FEeeME/UIBIG/S60 L 01 /10P/o[0IIB-80UBApPE/UIRIC/WO0 dNo dlWapeoe//:sdiy Woly papeojumod



—

—
O ©O©W 00 N oo oA WON

—
—

12

13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31

Quantification of mCherry-labeled MDA-MB-231 trans-endothelial cells, and/or trans-astrocytic
migration, presented by the MDA-MB-231 mCherry signal recorded on the surface level of the
transwell® membrane. Reduction in the fluorescent signal indicates the transmigration of the cells
through the barrier (N=1). (J) TEER values of a barrier consisting of iPSC-derived BMEC and
human pericytes, with or without human astrocytes and mCherry-labeled MDA-MB-231 measured
20 hours after the addition of MDA-MB-231 cells. Data represented as % of time.0; Statistical
significance was determined using one-way ANOVA and Tukey's multiple comparisons test. (K-
L) Illustration of the BBB models used in I-J (respectively). This image was created with
BioRender.com. All data are expressed as mean + SD; Unless otherwise stated, statistical
significance was determined using an unpaired Student t-test. mAstro ='murine astrocytes; hAstro-

human astrocytes; BMEC- brain microvascular endothelial cells; CM="conditioned medium.

Figure 2 CCL2-CCR2/4 axis is upregulated in human and murine BCBM models and patient
samples. (A-B) Cytokine arrays of media eollected following 72 hours of cell culturing from
mono-cultures and co-cultures of (A) Murine 4T1 cells and murine astrocytes (N=1), and (B)
Human MDA-MB-231 cells and human astrocytes (N=1). Membrane negative controls were
subtracted, data were normalized to membrane reference spots, and expressed per million cells.
The 10 most upregulated cytokines are presented for each cell line, determined by the fold change
of co-culture compared to the .average of mono-cultures. Green indicates low expression, red
indicates high expression. (C-D) CCL2/CCR2/CCR4 (red), Hoechst (blue) staining of brain
metastases, primary breast cancer, adjacent/normal breast, and normal brain, in (C) murine tissue
sections, and (D) human tissue sections. Scale bars = 100 um. Representative images of selected
fields (the highest expressing fields are presented). (E-G) Quantification of the immunostained
murine tissues from C. Data are expressed as mean + SEM; Statistical significance was determined
using one-way ANOVA and Tukey’s multiple comparisons tests. (H-J) Quantification of the
immunostained human tissues from D (for H-I N=3, for J n=1-5 fields per sample). Data are
expressed as mean + SEM; Statistical significance was determined using one-way ANOVA and
Tukey’s multiple comparisons tests for H-I, and unpaired Student t-test for J. Dots on the graph in
J represent technical repeats. (K-M) mRNA expression analysis of (K) CCL2, (L) CCR2, and
(M) CCR4, on human primary breast tumors that metastasized to the brain, compared to primary

tumors that metastasized to other organs. Data are presented as violin plots, with lines at the median
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and quartiles; Statistical significance was determined using a one-tailed unpaired Student t-test.
LCN2- Lipocalin-2; Angl- Angiopoietin-1; PTX2- Pentraxin 2; ANG- Angiogenin, CHI3L1-
Chitinase 3-like 1; Ang2- Angiopoietin-2; FLT3L- Flt-3 Ligand; CFD- Complement Factor D;
mAstro — murine astrocytes; hAstro- human astrocytes; BC- breast cancer; BCBM- breast cancer

brain metastases.

Figure 3 The CCL2-CCR2/CCR4 axis is upregulated in BCBM in vitro models. (A-B) CCL2
secretion measured by ELISA of media collected after 72 hours of cell culturing, from mono-
cultures and co-cultures of (A) Murine 4T1 cells and murine astrocytes (N=3), and (B) Human
MDA-MB-231 cells and human astrocytes (N=3). Data expressed as % of astrocyte secretion. (C-
D) CCL2 mRNA expression measured by reverse transcription qPCR of RNA extracted from
cancer cells and astrocytes: (C) 4T1 cells cultured.in Astrocyte Medium (AM), Astrocyte
Starvation Medium (AM 0%), or murine astrocyte CMj.and murine astrocytes cultured in AM,
AM 0%, or 4T1 CM (one representative out of N=3;'dots on the graph represent technical repeats).
Data expressed as fold change compared-to murine astrocytes in AM. (D) mCherry-labeled MDA -
MB-231 cells and iRFP-labeled human astrocytes, after sorting the cells by their fluorescent
labeling from either mono- or €o-cultures (N=5). Data expressed as fold change compared to
human astrocytes from mono-culture. (E-F) FACS analysis of murine astrocytes for the
intracellular CCL2 expression, following exposure to either 4T1 SFM, 4T1 SFM supplemented
with LPS, or 4T1 €M. The analysis was performed for two types of astrocytic populations: (E)
Activated / reactive astrocytes (gated for GLAST negative, GFAP positive), and (F) Non-GFAP-
activated astrocytes(gated for GLAST positive, GFAP negative). (G-H) FACS analysis of 4T1
cells in murine astrocyte medium (N=3) of (G) CCR4 expression, and (H) CCR2 expression. (I-
J) FACSranalysis of MDA-MB-231 cells in human astrocyte medium (N=3) of (I) CCR4
expression, and (J) CCR2 expression. (K-N) Quantification of mean fluorescent intensity of cells
from G-J. All data are expressed as mean = SD. Unless otherwise stated, statistical significance
was determined using one-way ANOVA and Tukey’s multiple comparisons tests. mAstro — murine
astrocytes; hAstro- human astrocytes; AM- astrocyte medium, AM 0%- astrocyte starvation
medium (0% Fetal bovine serum (FBS)), CM- conditioned medium; SFM- serum-free medium,;

LPS- lipopolysaccharide.
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Figure 4 The CCL2-CCR2/CCR4 axis is important for breast cancer proliferation and
invasion. (A-B) Proliferation rates after 160 hours of (A) mCherry-labeled 4T1 cells in the
presence or absence of murine astrocytes and CCL2 inhibitor bindarit (N=3), and (B) mCherry-
labeled MDA-MB-231 cells in the presence or absence of human astrocytes and CCL2 inhibitor
bindarit (N=3). Data represented as fold change to time 0. (C-D) Proliferation rates of (C) iRFP-
labeled 4T1, shCCR4, or negative control sequence (shNC) cells in the presence or absence of
murine astrocytes after 94 hours (one representative out of N=2; dots on the graph represent
technical repeats), and (D) iRFP-labeled MDA-MB-231, shCCR4,0r negative control sequence
(shNC) cells in the presence or absence of human astrocytes after 72°hours (one representative out
of N=2; dots on the graph represent technical repeats). Data represented as fold change to time 0.
(E-F) Illustrations of the BBB models used in G, and in H-I'(respectively). This image was created
with BioRender.com. (G) TEER values of a barrier consisting of iPSC-derived BMEC and
mCherry-labeled MDA-MB-231 cells, with or without the addition of recombinant CCL2 protein,
measured 16 hours after the addition of MDA-=MB-231 cells (n=3). Statistical significance was
determined using an unpaired Student t-test. (H) TEER values of a barrier consisting of iPSC-
derived BMEC, human pericytes; human astrocytes, and mCherry-labeled MDA-MB-231 cells,
with or without the addition-of CCL2.nhibitor bindarit, measured 20 hours after the addition of
MDA-MB-231 cells (n=3). Statistical significance was determined using an unpaired Student t-
test. (I) Immunostaining of a barrier consisting of iPSC-derived BMEC, human pericytes, human
astrocytes, and mCherry-labeled MDA-MB-231 cells, with or without the addition of CCL2
inhibitor bindarit, or.recombinant CCL2 protein, measured 20 hours after the addition of MDA -
MB-231 cells. DAPI (cyan), tight junction marker ZO1 (Green), and mCherry-labeled MDA-MB-
231 cells (Red). Scale bar = 20 um. (J-K) Quantification of tumor spheroids area after 48 hours
of (J).mCherry-labeled 4T1 cells, in the presence or absence of murine astrocytes and CCL2
inhibitor bindarit (one representative out of N=2; dots on the graph represent technical repeats);
Data are presented as fold change to time 0, and (K) mCherry-labeled MDA-MB-231 cells, in the
presence or absence of human astrocytes and CCL2 inhibitor bindarit (N=3); Data are presented
as % of control. (L-M) Representative images of tumor spheroids from J-K (respectively). Scale
bars = 500 um. All data are expressed as mean + SD; Unless otherwise stated, statistical

significance was determined using one-way ANOVA and Tukey’s multiple comparisons tests.
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mAstro — murine astrocytes; hAstro- human astrocytes; BMEC- brain microvascular endothelial

cells; CM- conditioned medium.

Figure 5 P-selectin-P-selectin ligand and PD-1-PD-L1 axes are promising candidates for
immunotherapeutic combination therapy together with CCL2 inhibition. (A-D) mRNA
expression analysis of (A) P-selectin (SELP), (B) P-selectin ligand 1 (PSGL-1), (C) Programmed
death-ligand 1 (PD-L1), and (D) Programmed cell death protein 1 (PD-1), on human primary
breast tumors that metastasized to the brain, compared to primary breast tumors. that metastasized
to other organs (data from GSE12276). Data are presented as violin plots, with lines at the median
and quartiles; Statistical significance was determined using a‘one-tailed non-paired Student’s t-
test. (E-F) Quantification of tumor spheroids area after 120 hours of mCherry-labeled MDA -MB-
231 cells, in the presence of human astrocytes, human.microglia, and PBMCs, treated with (E)
bindarit and\or SELPi (one representative out of N=3; dots on the graph represent technical
repeats), and (F) bindarit and\or PD-L11 (n=4-5). Data are expressed as mean + SD; statistical
significance was determined using one-way ANOVA and Tukey’s multiple comparisons tests. (G)
Representative images of spheroids from E-F. Scale bar = 300 um. (H-J) Patient-derived breast
cancer liver metastasis organoids co-cultured with human astrocytes, human microglia, and
PBMCs, treated with bindarit and\or. SELP1, PD-L1i and Pembrolizumab. (H) Confocal imaging
of a representative control organoid stained for CK14 antibody (Magenta), EdU-based
proliferation marker (Green), and DAPI (blue). Scale bar = 50 um. (I) Quantification of CK14
intensity of immunostained organoids (n=>5 fields for each group). Data are presented as box and
whiskers plot, with a'line at the median and an error bar representing minimal and maximal values;
statistical significance was determined using one-way ANOVA and Tukey’s multiple comparisons
tests. (J) Representative confocal images of the CK14 quantified organoids from H. CK14
(Magenta), EdU-based proliferation marker (Green). Scale bar = 200 um. SELPi - p-selectin
inhibitor; PD-L11i - programmed death-ligand 1 inhibitor.

Figure 6 Combination therapy of bindarit and either P-selectin inhibitor or aPD-1 antibody,
leads to favorable outcomes in orthotopic breast cancer brain metastases mouse model. (A)

Timeline (days) of primary tumor inoculation, tumor resection, metastases induction (intracranial
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injection), treatments, and follow-up. (B-C) Kaplan-Meier survival curves of the different
treatment groups. Statistical significance was determined using survival analysis of each group
compared to the control group, with further adjustment of P-values using Holm-Sidék analysis.
Number of mice for survival analysis: control n=4, bindarit n=6, SELPi n=7, aPD-1 n=6, bindarit
+ SELP1 n=5, bindarit + aPD-1 n=6. (D-E) Primary tumor recurrence and extracranial metastases
development inhibition are presented as the kinetics of development over time inside the groups.
Number of mice for relapse analysis: control n=11, bindarit n=14, SELPi#=14, oPD-1 n=14,
bindarit + SELPi n=14, bindarit + aPD-1 n=17. (F-G) Quantification of brainmetastases size 10
days post intracranial injection. Data are expressed as mean = SEM; statistical significance was
determined using one-way ANOVA and Tukey’s multiple comparisons tests. Number of mice for
tumor volume analysis: control #»=5, bindarit n=7, SELPi n=6, aPD-1-n=6, bindarit + SELPi n=7,
bindarit + aPD-1 n=5. (H) Body weight change is presented as the % of change compared to the
initial weight, prior to primary tumor inoculation. Data are expressed as mean = SEM. SELPi - P-

selectin inhibitor; aPD-1 — anti-programmed death-1antibody.

Figure 7 Combination therapy of bindarit. and either P-selectin inhibitor or aPD-1 antibody,
leads to reduced tumor proliferation, increased immune activation, and reduced immune
suppression. GFAP (red)+CCL2'(green)\CCR2 (red)\CCR4 (red)\Ibal (red)\CDS8 (red)+Caspase3
(green)\Ki67 (red)\CD31 (red)\PD-1 (red)\PD-L1 (red)\PSGL-1 (red)+SELP (green), Hoechst
(blue) staining in brain metastases tissue sections from control and treated mice. Scale bars = 100
um. Representative images of selected fields. SELPi - p-selectin inhibitor; oPD-1 — anti-
programmed- death-1"antibody.

Figure 8 Summary Model. Illustration showing proposed immunotherapeutic combination
approach, by inhibiting breast cancer brain metastases interactions with the brain milieu. Inhibition
of the 3 axes: CCL2-CCR2\CCR4, SELP-PSGL-1, PD-1-PD-L1, can prevent breast cancer brain
metastases progression. By combining these treatments, favorable long-term effects could be

achieved. This image was created with BioRender.com.
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