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SUMMARY

Brain metastases are the most common brain tumors in patients and are associated with poor prognosis.
Investigating the colonization and outgrowth of brain metastases is challenging given the complexity of
the organ, tissue sampling difficulty, and limited experimental models. To address this challenge, we em-
ployed a strategy to analyze the metastatic niche in established lesions, based on the release of a cell-
penetrating mCherry tag from labeled tumor cells to neighboring niche cells, using different brain metas-
tasis mouse models. We found that CD206+ macrophages were the most abundant cells taking up the
mCherry label in established metastases. In vitro and in vivo experiments demonstrated that macro-
phages uptake and retain the canonical form of mCherry, even without the cell-penetrating portion of
the tag. These results identify a specific macrophage subset in the brain that retains tumor-supplied fluo-
rescent molecules, thereby complicating the long-term use of niche labeling strategies in established
experimental brain metastasis.

INTRODUCTION

Metastasis to the brain is a common occurrence in patients, notably from lung (40%—-60%), breast (15%-25%), or melanoma (5%-20%) pri-
mary cancers, and represents a major clinical challenge.'” There are currently no broadly effective therapies for brain metastasis (BrM), and
patient survival is often measured by just a few months following a BrM diagnosis.' As such, there is an urgent need for new perspectives
to understand the mechanisms that govern BrM and consequently identify effective therapeutic strategies. One such approach is to inves-
tigate the communication between cancer cells and non-cancerous immune and stromal cells within the complex, multicellular tumor
microenvironment (TME), which can result in tumor-promoting effects by the host during metastatic dissemination and outgrowth.”" Inter-
cellular communication within the TME occurs through a variety of mechanisms including via direct cell contact (e.g., gap junction mole-
cules, ligand-receptor interactions, and tunneling nanotubes) and paracrine means (e.g., extracellular vesicles, cytokines, growth factors,
and metabolites).”

To investigate this complex communication, several tools have recently been developed to unravel the interactions between cancer and
host cells in situ within the TME.” One such strategy is an in vivo niche labeling system, whereby cancer cells are transduced with a secreted
lipid-permeable mCherry tag (termed sLP-mCherry), which is subsequently released by cancer cells and taken up by cells residing in proximity
to the labeled cells.*’ This technique was first used to study the early steps of metastatic colonization in experimental breast-to-lung metas-
tasis models through an unbiased approach.®’ This led to the identification of a subset of alveolar epithelial stem cells which were important
for lung-metastatic niche formation.® Other methods have similarly been utilized for in vivo labeling of neighboring cells, for example, through
the incorporation of a Cre-dependent fluorophore switch in benign breast tumor cells, coupled with Cre protein exposure/secretion by ma-
lignant cells.® This strategy was used to investigate phenotypic alterations mediated by cancer cells, including via extracellular vesicles.®

By comparison to other organs, the brain TME represents several unique cell types and singular properties, including the presence of the
blood-brain barrier and several meningeal layers, which tightly regulate the entry of cells and substances into the brain.” Previous studies have
shown that the communication between cancer cells and host cells in BrM is complex and involves multiple cellular components™” including
1011 1379 the vasculature, ' and neurons.'®"” In this study, we utilized
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Figure 1. The mCherry niche labeling system in brain metastasis reveals mCherry+ cells outside the metastatic niche in established breast-BrM

(A) Experimental schematic for investigation of the metastatic niche in breast-to-brain metastasis (BrM). Briefly, immunocompetent mice were injected
intracardially with GFP/sLP-mCherry-transduced PyMT-BrM3 breast cancer cells and monitored by weekly MRI to assess BrM outgrowth. At the experimental
endpoint, the brain hemispheres where the BrM was detected by MRI were collected by performing a sagittal cut and processed for flow cytometry (FCM)
and immunofluorescence (IF) staining analyses.

(B) Representative FCM plot of the GFP/sLP-mCherry-labeled PyMT-BrM3 cell line cultured in vitro.

(C) Representative FCM plots of single-cell suspensions from the labeled PyMT-BrM3 breast-to-brain metastatic hemisphere (left) and the naive uninjected brain
tissue (right) used as negative reference for mCherry expression in the FCM analysis.

(D) Representative IF image of whole-brain tissue section staining. Scale bar 1 mm in top panel. i) Higher magnification of the peri-metastatic area, showing the
GFP+ mCherry+ cancer cells on the right side of the image. Scale bar 50 pm. ii) Higher magnification of a parenchymal area considerably further than 500 pm from
the tumoral lesion, showing GFP-neg mCherry+ cells. Scale bar 50 um. iii) Higher magnification of the parenchymal area (i) shown above. Scale bar 10 pm.
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Figure 1. Continued

(E) Quantification of mCherry+ DAPI+ cells as a proportion of total DAPI+ cells stratified by the distance between the positive cells and the tumor lesion (<500 pm
or >500 um) using QuPath. Dashed lines indicate paired samples. Metastatic hemispheres from n = 5 mice.

(F) Percentage of the number of mCherry+ DAPI+ cells detected at a distance from the tumor lesion (>500 pm) compared to the total mCherry+ DAPI+ cell count
as detected in the whole-brain tissue slices. Metastatic hemispheres from n = 5 mice. Statistical analysis in (E) was performed using paired t test. Data are
represented as mean + SD. *, p < 0.05.

the niche labeling strategy outlined earlier®” in BrM models in vivo, to investigate the cellular composition and spatial localization of the niche
compartment in established tumors.

RESULTS
The mCherry niche labeling system in BrM

To explore tumor-to-host communication in BrM, we used a labeling strategy that involved the transduction of cancer cells with a plasmid
encoding both green fluorescent protein (GFP) and a modified mCherry protein containing a signal peptide (for secretion) followed by a
lipid-permeable transactivator of transcription (TAT) domain (sLP-mCherry) (Figures 1A and S1A). We applied this approach to label exper-
imental breast- and lung-BrM cell lines (PyMT-BrM3 and LLC-BrM3, respectively), which were then used to generate in vivo BrM mouse
models. Using this labeling system, the cancer cells both express GFP and express/secrete the sLP-mCherry fluorophore protein. Conse-
quently, cells in their proximity can endocytose and store the secreted sLP-mCherry tag in multi-lamellar bodies, as previously described.®’
We found that transduced brain-homing cancer cells show a similar expression pattern in vitro for both breast-BrM (Figure 1B) and lung-BrM
(Figure S1B) cell lines after being labeled with the GFP/sLP-mCherry construct. Following in vivo injection and metastasis engraftment, we
could discriminate the labeled cells by flow cytometry (FCM, Figures 1C and S1C), enabling the separation of cancer cells (GFP+ mCherry+)
from metastasis-associated niche cells (GFP-neg mCherry+). Normal cells distant from the metastatic lesion should not endocytose the sLP-
mCherry tag and thus will not be labeled (GFP-neg mCherry-neg). In both BrM models, only a fraction of cells in the metastasis-containing
brain tissue were attributed to the niche compartment (Figures S1D and S1E), which is consistent with the original studies using the 4T1
breast-to-lung metastasis model %’

Interestingly, by imaging entire tissue sections of the brain, we were able to detect the presence of sLP-mCherry+ cells both proximal to,
and at a distance from, the metastatic lesion, using immunofluorescence (IF) staining and image analysis in the breast-BrM model (Figure 1D).
As expected, we found sLP-mCherry+ cells in proximity to the tumoral mass (Figure 1D, panel i and S1F). However, we also detected
mCherry+ cells at a considerable distance from the metastatic lesion (Figure 1D, panel ii). Importantly, for IF analyses we included only
mice with a solitary BrM by magnetic resonance imaging (MRI) (Figure S1G), to exclude the potential complication of other BrM lesions in
different 3D planes interfering with the signal. We then performed IF image analyses on each slide, defining the peritumoral area at an arbi-
trary setting of 500 um from the border of the tumoral mass. This distance was defined based on being 10x the average distance of sLP-
mCherry uptake by metastatic niche cells in the breast-to-lung model, as reported in the original publication.® While the relative abundance
of sLP-mCherry+ cells outside of the metastatic niche was lower (Figure 1E), we nonetheless detected a substantial amount of sLP-mCherry+
cells in the distal-tumoral area proportionate to the total sLP-mCherry fraction (Figure 1F). Moreover, sLP-mCherry staining by IF revealed a
uniform cell labeling pattern in the distal-tumoral area (Figure 1D, panel iii). This pattern of staining contrasts with the original study investi-
gating breast-to-lung metastasis, in which the lung niche cells displayed retention of the sLP-mCherry protein within multi-lamellar bodies.’
Together, our results indicate a distinct labeling in established breast-BrM lesions compared to the breast-to-lung metastasis intravenous
seeding model previously described,®” in which only those cells in direct proximity to the lung-metastatic lesion were reported as being
labeled at the early stages of metastasis.

Tumor-associated macrophages are the most abundant cell type detected using the GFP/sLP-mCherry labeling strategy
To investigate which cell type was predominantly stained by the sLP-mCherry tag at a considerable distance from the tumoral mass, we per-
formed FCM analysis of the metastatic brain hemisphere tissues (Figures 1A and S1A). We evaluated CD45 and CD11b expression in single-
cell suspensions (Figures 2A and S2A), comparing both GFP-negative (neg) mCherry-neg cells and GFP-neg mCherry+ cells (Figures 1C and
S1C). We detected microglia-like cells (CD45'°" CD11b"9"), myeloid cells (CD45MS" CD11bM9), lymphoid cells (CD45"9" CD11b-neg), and
“stromal cells” (CD45-neg CD11b-neg) (Figures 2A and S2A). By comparing both GFP-neg mCherry-neg cells and GFP-neg mCherry+ cells
(Figure 1C) in the breast-BrM model, a relative increase of sLP-mCherry uptake by microglia-like and myeloid cells was evident in the niche
compartment (Figure 2B), based on total viable cells. By contrast, stromal and lymphoid cells in the niche showed a higher proportion of GFP-
neg mCherry-neg versus GFP-neg mCherry+ cells. We made a similar finding in the lung-BrM model (Figure S2B). FCM analysis of brains from
healthy non-tumor-bearing mice shows the physiological proportions of these cell populations in the normal brain (Figure S2C). Thus, we
conclude that tumor-associated macrophages (TAMs) are the most abundant mCherry-labeled cell type in the brain metastatic niche.

CD206 is associated with the uptake of sLP-mCherry outside the brain metastatic niche

To determine which specific TAM subpopulations were present in the niche fraction, we assessed sLP-mCherry uptake in different myeloid cell
subsets by FCM. Using a gating strategy (Figure 2C), including cell-surface markers previously reported to discriminate different macrophage
populations'®'” and using the naive hemisphere as negative reference for the mCherry expression in each population (Figure S2D), we

iScience 27, 110284, July 19, 2024 3




¢ CellPress

OPEN ACCESS

iScience

A Gated on GFP-neg Gated on GFP-neg B
mCherry-neg mCherry+ 100 *%* *k *%k ** - GFP-neg
w4 Microglia-like Myeloid | < = mCherry-neg
' 8 - GFP-neg
o 04 33 mCherry+
So
=
|
T2
el o4 o d (&) g
3 E *Stromal cells’ Lymphoid | .3 ©
o e v v v v v .
10® [] 10° 10* 10° 10° 10° 10* 10°
CD45
Cc .
Gated on live CD45+ events
10° lﬂsj MDM
10 10 4
Neutrophils Monocytes
© Resident
2o 2 macrophages
a > 3
o 15 W S W
L
CD49d
b \/
1004 w 4 | MDM cp206high
§ 80 ] ]
ko] 10t 0t q
1%
£ o0 %
@ 3 3
< w0 0y MDM
+ 0|0 .
40
g ° % E_ E e 4 .4 © 4 4 MHC1Migh
G 20 o § ad § 3  MDM CD206'W
E 00 oo W P R 8 e
T T T T T T T !F >
SASEN @ Ky MHCII MHCII
Q S QO £ O o\ O
o'l/ %0 Qq’ @Q\ IS o(\o @0 &
O @0 AN
N S
D D
E F
100
— -6~ CD206-neg
o 9
< < -&- CD206+
o kot
8
©
o 3
N ~
la) +
&) g
m g
Q
o £

™
a
@)

4 iScience 27, 110284, July 19, 2024




iScience ¢? CellPress
OPEN ACCESS

Figure 2. CD206+ macrophages are the most abundant cell population within the sLP-mCherry+ fraction and are located outside of the metastatic
niche in the breast-BrM model

(A) Representative flow cytometry plots of the GFP-neg mCherry-neg and GFP-neg mCherry+ cell fractions in the breast-BrM model, showing the gating strategy
used. Microglia-like cells were defined as CD45'°% CD11b"'9", myeloid cells as CD45"9" CD11bM9", lymphoid cells as CD45"S" CD11b-neg, and “stromal cells” as
CD45-neg CD11b-neg.

(B) Relative quantification of cell populations in the GFP-neg mCherry-neg and in the GFP-neg mCherry+ fractions in the breast-BrM metastasis model. Dashed
lines indicate paired samples. Metastatic hemispheres from n = 8 mice.

(C) Representative FCM gating strategy to identify neutrophils and the different macrophage subpopulations. Neutrophils were identified as CD11b+ Ly6G +
events, monocytes as LyéC+ CD11b+ Ly6G-neg events, and monocyte-derived macrophages (MDMs) as CD45* CD49d+. Among CD49d-neg events, subdural
border-associated macrophages (SD-BAMs) were identified as CD206+ cells, choroid plexus border-associated macrophages (CP-BAMs) as MHCII+, and
microglia were identified as CD206-neg MHClI-neg events. Among the CD49d+ events, three subsets of MDMs were detected based on CD206 and MHCII
expression.

(D) Quantification of relative mCherry uptake by the different cell populations in the metastatic hemisphere in the breast-to-brain metastasis model as a
percentage of the total number of cells in each indicated subset. Metastatic hemispheres from n = 4 mice.

(E) Representative IF images of brain tissue in the breast-BrM model. i) The peri-metastatic area. Scale bar 50 pm. ii) A parenchymal area of brain tissue,
considerably further than 500 pm from the tumoral lesion. Scale bar 50 um. iii) Detail of the parenchymal area shown above in (ii). Scale bar 10 pm. White
arrows in (i) and (i) indicate mCherry+ CD206+ cells.

(F) Relative quantification by IF image analysis of mCherry+ DAPI+ cells in the CD206+ and CD206-neg fractions, stratified based on the distance between the
detected cells and the tumoral lesion. Dashed lines indicate paired samples. Metastatic hemispheres from n = 5 mice. Statistical analysis in (B) was performed
using paired t test with Wilcoxon correction. Statistical analysis in (F) was performed using paired t test. Data are represented as mean + SD. **, p < 0.01; ***,
p < 0.001.

detected the highest sLP-mCherry abundance in macrophage subsets characterized by CD206 expression in both the breast-BrM and lung-
BrM models (Figures 2D and S2E). While CD206 positivity was associated with a higher relative mCherry uptake, this macrophage subset
represented a minor population within the total immune cell compartment, with microglia and monocytes representing the most abundant
immune cells overall in both breast- and lung-metastatic brain tissues (Figures 2F and S2G). Together, these data show that CD206 is a cell-
surface marker associated with high sLP-mCherry uptake in metastatic brain tissue. To assess the spatial organization of CD206+ cells, we
performed IF staining and analysis in whole-tissue sections from the metastatic brain in the breast-BrM model. We observed an overlap be-
tween the mCherry and CD206 staining patterns in host cells (Figure 2E, panels i, ii). We then stratified these data based on the distance from
the tumor mass, which revealed a prevalence of mCherry+ DAPI+ CD206+ cells outside the metastatic niche compared to mCherry+ DAPI+
CD206-neg cells (Figure 2F). The mCherry+ DAPI+ CD206+ cells located outside the metastatic niche were found in proximity to the CD31"
intensity for the sLP-mCherry+CD206+ cells (Figure S2H), with an accumulation of labeled CD206+ cells closer to the tumoral mass. In sum,
these data show that vessel-associated CD206+ host cells, positive for the sLP-mCherry tag, can be found at considerable distances from the
brain metastatic local niche.

CD206 expression by macrophages is correlated with mCherry retention in vitro

To investigate the potential mechanism of sLP-mCherry uptake outside the local metastatic niche, we further analyzed the labeling system
in vitro (Figure 3A). We co-cultured a murine macrophage cell line (J774A.1) with the PyMT-BrM3 cancer cell line that was transduced with
either the sLP-mCherry construct (Figure 1B) or a mCherry version without the sLP portion (Figure S3A), which is non-secreted and non-
cell permeant. In addition, co-culture with the melanoma cell line B78 mCherry/ovalbumin (OVA) was used as another control (Figure S3B),
to be independent of tumor type. Unexpectedly, after 72 h of co-culture, we detected a considerable fraction of macrophages (CD45" cells,
Figure S3C) retaining mCherry (detected as GFP-neg mCherry+ events by FCM) in the co-culture condition with cancer cell lines transduced
with the non-cell permeant mCherry version (i.e., lacking the sLP; Figures 3B and S3D). By contrast, GFP+ mCherry+ events were barely
detectable in these macrophages (Figures 3C and S3D), indicating the retention of the mCherry protein by macrophages. This result is consis-
tent with the GFP protein being quenched in the acidic environment of the lysosomes, as reported in multiple studies in mammalian cells and
in bacteria while the mCherry protein is known to be stable under these conditions.”*?

We further validated the presence of mCherry in J774A.1 macrophages by performing IF staining of the co-cultures at the endpoint
(Figures 3D and 3E). We also assessed CD206 expression by FCM in the co-cultures and found higher levels of CD206 in CD45" mCherry+
GFP-neg cells compared to the CD45" mCherry-neg GFP-neg cells in the conditions we evaluated (Figure 3F). By FCM, we also detected
increased side scatter (SSC-A) values in CD45" mCherry+ GFP-neg cells (Figure S3E), suggesting a potential morphological alteration asso-
ciated with mCherry uptake. We next assessed the overlap between CD206 and mCherry by imaging FCM (Figure 3G) and detected the high-
est proportion of co-localization in J774A.1 cells co-cultured with the PyMT-BrM3 GFP/mCherry cell line (Figure 3H). We then performed
similar co-culture experiments but separated the cancer cells and macrophages via a 0.4 pm permeable membrane (Figure S3F). As expected,
we observed sLP-mCherry uptake (detected as GFP-neg mCherry+ events) in macrophages co-cultured with PyMT-BrM3 GFP/sLP-mCherry
cells (Figures S3G and S3I). However, there was no mCherry retention (detected as GFP-neg mCherry+ events) in macrophages with PyMT-
BrM3 GFP/mCherry and B78 mCherry/OVA cells (Figures S3G and S3I). This result indicates that the uptake of mCherry protein in the absence
of the sLP portion is via a non-soluble mechanism, and dependent on cell contact. Furthermore, in this setting, GFP+ mCherry+ events were
not detected in macrophages under any of the experimental conditions (Figures S3H and S3l).
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Figure 3. mCherry is retained by macrophages in cell co-cultures and is associated with CD206 expression

(A) Schematic of the experimental design and the cell lines used for co-culture analyses involving J774A.1 as macrophage cell line.

(B and C) Relative quantification of (B) GFP-neg mCherry+ and (C) GFP+ mCherry+ expression associated with J774A.1 macrophages, detected as CD45" cells by
FCM.

(D) Representative cytospin IF images from the co-culture experiment. Top panel: J774A.1 macrophages (CD68") co-cultured with PyMT-BrM3-GFP/sLP-mCherry
cell line, bottom panel J774A.1 co-cultured with PyMT-BrM3-GFP/mCherry cell line. Scale bar 7 um.

(E) Relative quantification of mCherry+ expression associated with J774A.1 macrophages detected as CD68" cells by IF staining.

(F) CD206 levels as quantified by mean fluorescence intensity (MFI) in J774A.1 CD45" macrophages, either GFP-neg mCherry-neg or GFP-neg mCherry+. Dashed
lines indicate paired samples.

(G) Representative images of the imaging flow cytometry experiment. Top panel: J774A.1 macrophages co-cultured with PyMT-BrM3-GFP/sLP-mCherry cell line,
middle panel J774A.1 co-cultured with PyMT-BrM3-GFP/mCherry cell line, bottom panel J774A.1 co-cultured with B78 mCherry/OVA cell line. Scale bar 7 pm.
(H) Quantification of CD206-mCherry co-localization in macrophages by imaging flow cytometry. n = 435 cells counted for PyMT-BrM3-GFP/sLP-mCherry co-
cultures, n = 192 for PyMT-BrM3-GFP/mCherry co-cultures, n = 350 for B78 mCherry/OVA co-cultures.

(I) Schematic of the experimental design and the cell lines used for co-culture analyses with BMDMs as the macrophage source.

(J and K) Relative quantification of (J) GFP-neg mCherry+ and (K) GFP+ mCherry+ expression associated with BMDMs, detected as CD45" CD11b+ F4/80+ cells
by FCM.

(L) Representative cytospin IF images from the co-culture experiment. Top panel: BMDMs (CD68) co-cultured with PyMT-BrM3-GFP/sLP-mCherry cell line,
middle panel BMDMs co-cultured with PyMT-BrM3-GFP/mCherry cell line, bottom panel BMDMs co-cultured with PyMT-BrM3 cell line. Scale bar 7 pm.

(M) Relative quantification of mCherry+ expression associated with BMDMs detected as CD68" cells by IF.

(N) CD206 MFI of CD45* CD11b+ F4/80+ BMDMs co-cultured with PyMT-BrM3 GFP/mCherry cells, either GFP-neg mCherry-neg or GFP-neg mCherry+. Dashed
lines indicate paired samples. In (B, C, and F), n = 3, experiment repeated 3 independent times, one representative experiment is shown. (E), n = 5 for PyMT-BrM3
GFP/sLP-mCherry and n = 4 for PyMT-BrM3 GFP/mCherry, sum of two independent experiments. (H), single experiment. In (J, K, and N), n = 3, experiment
repeated 2 independent times, one representative experiment is shown. (M), n = 4 for PyMT-BrM3 GFP/sLP-mCherry and PyMT-BrM3 GFP/mCherry. n = 2
for PyMT-BRM3, single experiment. Statistical analysis in (F and N) was performed using two-way ANOVA. Statistical analysis in (H) was performed using one-
way ANOVA. Data are represented as mean + SD. **, p < 0.01; ***, p < 0.001; ****, p < 0.0001.

We also performed the direct co-culture experiment using murine primary bone marrow-derived macrophages (BMDMs) generated
through in vitro administration of colony-stimulating factor (CSF)-1. Following differentiation, we added either LPS or interleukin (IL)-4 in
the media of BMDMs to promote different macrophage activation states. BMDMs were then directly co-cultured with either the PyMT-
BrM3 GFP/mCherry cells lacking the sLP construct or the PyMT-BrM3 GFP/sLP-mCherry cell line as a positive control, or the unlabeled
PyMT-BrM3 cell line as a negative control (Figure 3l). Independently of macrophage activation status, we found mCherry uptake by
BMDM s also without the sLP construct (Figure 3J), confirming our earlier data generated using J774A.1 cells. By contrast, we detected almost
no GFP signal in BMDMs co-cultured with each of the different cancer cell lines (Figure 3K). We next validated mCherry presence in BMDMs by
IF staining (Figures 3L and 3M). By FCM, we also detected higher levels of CD206 in CD45" CD11b+ F4/80+ GFP-neg mCherry+ cells
compared to the mCherry-neg cells among the different co-cultures we evaluated (Figure 3N). Finally, we stained cancer cells using a com-
mercial cell tracker dye prior to the start of the co-culture to assess a different cancer cell labeling system. We found a similar uptake of this cell
tracker dye by BMDMs, independently of the macrophage activation status and cancer cell line used (Figure S3J).

Cancer-cell-derived mCherry, without the sLP portion, is also retained by host cells in breast-to-brain metastatic tissues

To determine whether these cell culture findings were applicable in vivo, we injected the PyMT-BrM3 GFP/mCherry cell line (non-SLP variant)
intracardially in mice to generate breast-BrM (Figure 4A). We analyzed the metastatic tissues by IF staining and detected mCherry+ cells in the
brain parenchyma (Figure 4B panels i, ii). In line with the evidence of a contact-dependent mCherry labeling (Figure S3G), there was a higher
frequency of mCherry+ cells in proximity to the metastatic lesion (Figure 4B, panel i) compared to mCherry+ cells distant to the metastatic
niche (Figure 4B, panel ii) (quantified in Figure 4C). By MRI, we confirmed the presence of a solitary BrM in those brains (Figure S4A), and we
determined by IF a similar ratio of mCherry+ cells in the brain located >500 um from the metastatic lesion to the total proportions of mCherry
cells in the aforementioned PyMT-BrM3 GFP/mCherry model and in the PyMT-BrM3 GFP/sLP-mCherry variant (Figures S4B and 1F). We also
detected a gradient of mCherry+CD206+ cells with an accumulation of labeled CD206+ cells closer to the tumoral mass (Figure S4C), as with
the sLP-mCherry construct (Figure S2H). In addition, we found mCherry+ CD206+ cells as a prevalent cell population both in proximity to and
outside the metastatic niche (Figure 4D) adjacent to blood vessels (Figure 4B, lower panels). The mCherry labeling pattern with the non-sLP
variant (Figure 4B, middle panels) resembled the labeling pattern (Figure 1D, panel iii) of the sLP-mCherry construct in metastatic brains.
Finally, assessing the mCherry uptake by all cells using IF comparing the sLP-mCherry and mCherry variants, we found a higher labeling pro-
portion using the sLP-mCherry construct (Figure 4E), as expected, thus indicating the overall functioning of niche labeling using the sLP-
mCherry system. Collectively, our data indicate the ability of CD206+ macrophages in the brain TME to take up mCherry protein with
high affinity, in a liposoluble tag (sLP)-independent manner, in established brain metastatic tumors, which can be found at a considerable
distance from the labeled cancer cells.

DISCUSSION

Investigating the complex TME in primary and metastatic cancers has revealed various mechanisms of tumor-host interactions,* and different
methods have been developed in recent years to detect communication between cancer and host cells. One such approach involves labeling
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Figure 4. mCherry uptake by host cells in breast-BrM in vivo, in the absence of the cell-penetrating sequence

(A) Schematic for the experimental investigation of the metastatic niche in breast-BrM. Briefly, immunocompetent mice were injected intracardially with GFP/
mCherry-transduced PyMT-BrM3 cells (without the sLP portion) and monitored by weekly MRI to assess BrM outgrowth. At the experimental endpoint, the
brain hemispheres where the BrM was detected by MRI were collected by performing a sagittal cut and processed for IF analysis.

(B) Top panel: representative IF image of whole brain tissue section staining. Scale bar 1 mm. i) Higher magnification of the peri-metastatic area, with the GFP+
cancer cells on the top left of the image. Scale bar 50 um. i) Higher magnification of a parenchymal area considerably further than 500 um from the tumoral lesion,
showing GFP-neg mCherry+ cells. Scale bar 50 pm. White arrows indicate mCherry+ CD206+ cells, with CD206 and CD31 staining together shown in the lower
panels.

(C) Quantification of mCherry+ DAPI+ cells as a proportion of total DAPI+ cells stratified by the distance between the cells and the tumor lesion as calculated by
QuPath. Dashed lines indicate paired samples. Metastatic hemispheres from n = 5 mice.

(D) Relative quantification by IF image analysis of mCherry+ DAPI+ cells in the CD206-neg and CD206+ fractions, stratified based on the distance between the
detected cells and the tumoral lesion. Dashed lines indicate paired samples. Metastatic hemispheres from n = 5 mice.

(E) Relative quantification of mCherry+ DAPI+ cells as a proportion of total DAPI+ cells by IF image analysis. Metastatic hemispheres from n = 5 mice for both

GFP/sLP-mCherry and GFP/mCherry constructs. Statistical analysis in (C and D) was performed using paired t test. Data are represented as mean + SD. *,
p < 0.05 ** p <0.01.

proximal TME niche cells, which are in communication with metastatic cancer cells, by first transducing cancer cells with a plasmid encoding
both GFP and a cell-permeable (sLP) mCherry molecule.® We used this niche labeling strategy herein with BrM models from either breast
cancer or lung cancer origin. Our results revealed the presence of mCherry+ cells at considerable distances outside the metastatic niche
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compartment in established breast-BrM, which were found to be macrophages expressing CD206, and located in proximity to blood vessels.
Moreover, based on our in vitro and in vivo data, the traditional form of mCherry (without the sLP portion) was also taken up by macrophages
with high CD206 expression in a contact-dependent manner.

The GFP/sLP-mCherry niche labeling system has been used in vivo in several independent models, with a prominent proportion of
mCherry+ macrophages evident in these different settings, including breast-to-lung® and prostate-to-liver”> models. The cancer cell lines
used in these other studies show a shorter metastatic latency and a faster outgrowth compared to the PyMT-BrM3 cells®* we have used herein,
with the development of several metastases in the same organ. Itis plausible that TAMs engulf metastatic cells since they can be recruited by
cancer cells via different chemoattractant molecules and that this phenomenon would be more prevalent in labeled cancer cells which are
growing for longer periods in the organ. In addition, as recently reported in a different context investigating antigen uptake using a melanoma
cancer cell line labeled with a panel of fluorescent molecules, a variable percentage of labeled TAMs and dendritic cells in the draining lymph
node was reported for each of the different fluorescent labels.”

Together, our data indicate a potential communication between cancer cells and vessel-associated CD206+ macrophages even at a
considerable distance from established BrM. The mannose receptor, CD206, is a C-type lectin receptor that internalizes different endogenous
and pathogen-associated ligands. CD206 is expressed mainly by myeloid cells and is associated with an M2-like polarization state,”**’ while it
is constitutively expressed by border-associated macrophages in the brain.'” Future experiments will be important to investigate how mac-
rophages are taking up the mCherry protein, the potential roles of these cells in the metastatic process, and their presence at a considerable
distance from cancer cells. It will also be of interest to investigate the association between CD206 expression and sLP-Cherry and mCherry
uptake and fluorescence retention in brain macrophages.

In sum, the investigation of the metastatic niche using the GFP/sLP-mCherry system revealed several unexpected challenges within the
unique environment of long-term BrM. Moreover, these data suggest that, to avoid the unexpected effect of fluorescently labeled cells
growing for extended periods of time in the tissue, the use of short-term inducible labeling systems could be explored. This study also un-
derscores the importance of performing the relevant technical controls and the need to carefully interpret results regarding phagocytic cells
such as macrophages in systems where fluorescent reporters are incorporated, both in cancer and in other pathological and physiological
contexts.

Limitations of the study

There are some limitations to our study. We evaluated metastasis-bearing brain tissue at the endpoint, which may result in potential differ-
ences compared to previous studies using this niche labeling system at earlier time points in different organs and mouse models. The PyMT-
BrM3 breast-BrM model is an oligometastatic BrM model that phenocopies BrM development in patients. For IF analyses, we purposely
selected mice with only a solitary BrM to assess mCherry distribution in the brain without the added complication of other BrM lesions in
different 3D planes potentially interfering with the signal. It is possible that this specific inclusion criterion may lead to a source of potential
bias in the representation of the model. Moreover, the presence of mCherry+ cells in the area outside the metastatic niche was evaluated in
the experimental breast-BrM model alone. While other findings were confirmed using the lung-BrM model, analysis of the spatial distribution
of macrophages was not performed for lung-BrM, as the labeled cancer cells are injected intracranially in this context, and thus could poten-
tially spread within the meninges, which are enriched in CD206+ macrophages. In addition, further experiments are needed to investigate the
mechanism of mCherry retention in perivascular macrophages in the area distant from the brain metastatic niche in relation to the co-culture
results, which indicates a contact-dependent mechanism of mCherry uptake by macrophages. Collectively, investigating the role of resident
CD206+ macrophages in BrM remains to be fully elucidated and represents an important scientific question to address.

STARXxMETHODS

Detailed methods are provided in the online version of this paper and include the following:

o KEY RESOURCES TABLE
o RESOURCE AVAILABILITY
O Lead contact
O Materials availability
O Data and code availability
o EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS
O Celllines
O Animals
O Brain metastasis in vivo models
o METHOD DETAILS
O Bone marrow-derived macrophage generation
O Co-culture experiments
O Flow cytometry
O Imaging flow cytometry
O Immunofluorescence staining of co-culture experiments and analysis

iScience 27, 110284, July 19, 2024 9




¢? CellPress

OPEN ACCESS

iScience

O Immunofluorescence staining of tissue sections and analysis
o STATISTICAL ANALYSIS

SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.1016/}.isci.2024.110284.

ACKNOWLEDGMENTS

We thank all members of the Joyce lab for insightful comments and discussion. This research was supported in part by the Swiss National
Science Foundation Advanced Grant TMAG-3_209224, Breast Cancer Research Foundation, Ludwig Institute for Cancer Research, University
of Lausanne, and Charlie Teo Foundation (to J.A.J.). M.M. gratefully acknowledges support for his postdoctoral fellowship jointly awarded
from the Italian Association of Cancer Research (AIRC) and the Marie Sktodowska-Curie grant agreement no. 800924. E.N. and .M. received
their core funding from Cancer Research UK (FC001112), the UK Medical Research Council (FC001112), the Wellcome Trust (FC001112), and a
European Research Council grant (ERC CoG-H2020725492). Experimental schematic images were generated using BioRender.

AUTHOR CONTRIBUTIONS

M.M. and J.A.J. conceived the study, designed the experiments, and interpreted the data. M.M. performed all experiments and analyses, with
support for certain experiments from B.D. and V.W. |.M. provided the GFP/sLP-mCherry construct, and E.N. labeled the PyMT-BrM3 cell line
with this original GFP-mCherry construct. W.H. provided the non-cell-permeant mCherry construct without the sLP portion. M.M. prepared
the figures. M.M. and J.A.J. wrote the manuscript. J.A.J. supervised the study. All authors reviewed, edited, or commented on the manuscript.

DECLARATION OF INTERESTS

M.M. is currently affiliated to the Institute of Oncology Research (IOR), Bellinzona 6500, Switzerland, and V.W. to TRON-Mainz, Germany.
J.AJ. has received an honorarium for speaking at a research symposium organized by Bristol Meyers Squibb and previously served on the

scientific advisory board of Pionyr Immunotherapeutics (last 3 years disclosures).

Received: October 17, 2023
Revised: December 14, 2023
Accepted: June 13, 2024
Published: June 15, 2024

REFERENCES

1.

Achrol, AS., Rennert, R.C., Anders, C.,
Soffietti, R., Ahluwalia, M.S., Nayak, L., Peters,
S., Arvold, N.D., Harsh, G.R., Steeg, P.S., and
Chang, S.D. (2019). Brain metastases. Nat.
Rev. Dis. Primers 5, 5. https://doi.org/10.
1038/s41572-018-0055-y.

. Boire, A, Brastianos, P.K., Garzia, L., and

Valiente, M. (2020). Brain metastasis. Nat.

. Ombirato, L., Nolan, E., Passaro, D., Kurelac,

I, Bridgeman, V.L., Waclawiczek, A., Duarte,
D., Lo Celso, C., Bonnet, D., and Malanchi, I.
(2021). Generation of neighbor-labeling cells
to study intercellular interactions in vivo. Nat.
Protoc. 16, 872-892. https://doi.org/10.1038/
s41596-020-00438-5.

. Zomer, A., Maynard, C., Verweij, F.J.,

11.

Klemm, F., Maas, R.R., Bowman, R.L.,
Kornete, M., Soukup, K., Nassiri, S., Brouland,
J.P., lacobuzio-Donahue, C.A., Brennan, C.,
Tabar, V., et al. (2020). Interrogation of the
Microenvironmental Landscape in Brain
Tumors Reveals Disease-Specific Alterations
of Immune Cells. Cell 181, 1643-1660.e17.
https://doi.org/10.1016/j.cell.2020.05.007.

Rev. Cancer 20, 4-11. https://doi.org/10. Kamermans, A., Schafer, R., Beerling, E., 12. Maas, R.R., Soukup, K., Fournier, N., Masslara,
1038/541568-019-0220-y. Schiffelers, R.M., de Wit, E., Berenguer, J., M., Galland, S., Kornete, M., Wischnewski, V.,

3. Quail, D.F., and Joyce, J.A. (2017). The Ellenbroek, S.1.J., etal. (2015). In Vivo imaging Lourenco, J., Croci, D., Alvarez-Prado, AF,,
Microenvironmental Landscape of Brain reveals extracellular vesicle-mediated etlal. (202.3)‘ The local microenvironment
Tumors. Cancer Cell 31, 326-341. https://doi. phenocopying of metastatic behavior. Cell drl\{es activation of neutrophils in human
org/10.1016/j.ccell 2017.02.009. 161, 1046-1057. hitps://doi.org/10.1016/]. brain tumors. Cell 186, 4546-4566.627.

) cell 2015.04.042. https://doi.org/10.1016/j.cell.2023.08.043.

4. de V|§ser, KE, an}d Joycg, J-A. (2023). The 13. Chen, Q., Boire, A, Jin, X, Valiente, M., Er,
evolvmg T(L‘Jm.or mlcroenV|r0Qment: From . W.atson’ S.S., Dug, B., Kang, Z.,deTonnac, A., E.E., Lopez-Soto, A., Jacob, L., Patwa, R,
cancer initiation to metastatic outgrowth. Eling, N., Font, L., Whitmarsh, T., Massara, Shah, H., Xu, K., et al. (2016). Carcinoma-
Cancer Cell 41, 374-403. https://doi.org/10. M.; iMAXT Consortium, and Bodenmiller, B., astrolcyté galp ju’nctions promote brain
1016/j.ccell.2023.02.016. etal. (20_24); Mi_croenyironmental . metastasis by cGAMP transfer. Nature 533,

5. Dominiak, A., Chelstowska, B., Olejarz, W., reorganization in brain tumors following 493-498. https://doi.org/10.1038/
and Nowicka, G. (2020). Communication in radiotherapy and recurrence revealed by nature182648.
the Cancer Microenvironment as a Target for hyperplexed immunofluorescence imaging. 14. Priego, N., Zhu, L., Monteiro, C., Mulders, M.,
Therapeutic Interventions. Cancers 12, 1232. Nat. Commun. 15, 3226. https://doi.org/10. Wasilewski, D., Bindeman, W., Doglio, L.,
https://doi.org/10.3390/cancers12051232. 1038/541467-024-47185-9. Martinez, L., Martinez-Saez, E., Ramén Y

6. Ombrato, L., Nolan, E., Kurelac, 1., . Klemm, F., Mackl, A., Salamero-Boix, A., Cajal, S., et al. (2018). STAT3 labels a
Mavousian, A., Bridgeman, V.L., Heinze, I., Alekseeva, T., Schéffer, A., Schulz, M., Niesel, subpopulation of reactive astrocytes required
Chakravarty, P., Horswell, S., Gonzalez- K., Maas, R.R., Groth, M,, Elie, B.T., et al. for brain metastasis. Nat. Med. 24, 1024—
Gualda, E., Matacchione, G., et al. (2019). (2021). Compensatory CSF2-driven 1035. https://doi.org/10.1038/s41591-018-
Metastatic-niche labelling reveals macrophage activation promotes adaptive 0044-4.
parenchymal cells with stem features. Nature resistance to CSF1R inhibition in breast-to- 15. Bejarano, L., Kauzlaric, A., Lamprou, E.,

10

572, 603-608. https://doi.org/10.1038/
s41586-019-1487-6.

iScience 27, 110284, July 19, 2024

brain metastasis. Nat. Cancer 2, 1086-1101.
https://doi.org/10.1038/s43018-021-00254-0.

Lourenco, J., Fournier, N., Ballabio, M.,
Colotti, R., Maas, R., Galland, S., Massara, M.,


https://doi.org/10.1016/j.isci.2024.110284
https://doi.org/10.1038/s41572-018-0055-y
https://doi.org/10.1038/s41572-018-0055-y
https://doi.org/10.1038/s41568-019-0220-y
https://doi.org/10.1038/s41568-019-0220-y
https://doi.org/10.1016/j.ccell.2017.02.009
https://doi.org/10.1016/j.ccell.2017.02.009
https://doi.org/10.1016/j.ccell.2023.02.016
https://doi.org/10.1016/j.ccell.2023.02.016
https://doi.org/10.3390/cancers12051232
https://doi.org/10.1038/s41586-019-1487-6
https://doi.org/10.1038/s41586-019-1487-6
https://doi.org/10.1038/s41596-020-00438-5
https://doi.org/10.1038/s41596-020-00438-5
https://doi.org/10.1016/j.cell.2015.04.042
https://doi.org/10.1016/j.cell.2015.04.042
https://doi.org/10.1038/s41467-024-47185-9
https://doi.org/10.1038/s41467-024-47185-9
https://doi.org/10.1038/s43018-021-00254-0
https://doi.org/10.1016/j.cell.2020.05.007
https://doi.org/10.1016/j.cell.2023.08.043
https://doi.org/10.1038/nature18268
https://doi.org/10.1038/nature18268
https://doi.org/10.1038/s41591-018-0044-4
https://doi.org/10.1038/s41591-018-0044-4

iScience

et al. (2024). Interrogation of endothelial and
mural cells in brain metastasis reveals key
immune-regulatory mechanisms. Cancer Cell
42, 378-395.e10. https://doi.org/10.1016/].
ccell.2023.12.018.

. Zeng, Q., Michael, I.P., Zhang, P., Saghafinia,

S., Knott, G., Jiao, W., McCabe, B.D., Galvan,
J.A., Robinson, H.P.C., Zlobec, I., et al. (2019).
Synaptic proximity enables NMDAR
signalling to promote brain metastasis.
Nature 573, 526-531. https://doi.org/10.
1038/s41586-019-1576-6.

. Sanchez-Aguilera, A., Masmudi-Martin, M.,

Navas-Olive, A., Baena, P., Hernandez-Oliver,
C., Priego, N., Cordon-Barris, L., Alvaro-
Espinosa, L., Garcia, S., Martinez, S., et al.
(2023). Machine learning identifies
experimental brain metastasis subtypes
based on their influence on neural circuits.
Cancer Cell 41, 1637-1649.e11. https://doi.
org/10.1016/j.ccell.2023.07.010.

. Bowman, R.L., Klemm, F., Akkari, L.,

Pyonteck, S.M., Sevenich, L., Quail, D.F.,
Dhara, S., Simpson, K., Gardner, E.E.,
lacobuzio-Donahue, C.A,, et al. (2016).
Macrophage Ontogeny Underlies
Differences in Tumor-Specific Education in
Brain Malignancies. Cell Rep. 17, 2445-2459.
https://doi.org/10.1016/j.celrep.2016.10.052.

. Van Hove, H., Martens, L., Scheyltjens, I., De

Vlaminck, K., Pombo Antunes, A.R., De Prijck,
S., Vandamme, N., De Schepper, S., Van
Isterdael, G., Scott, C.L., etal. (2019). Asingle-
cell atlas of mouse brain macrophages

20.

21.

22.

23.

24.

reveals unique transcriptional identities
shaped by ontogeny and tissue environment.
Nat. Neurosci. 22, 1021-1035. https://doi.
org/10.1038/541593-019-0393-4.

Riccio, V., Vissa, M., McQuibban, A., and Kim,
P.K. (2019). Lysosome Targeting RedGreen-
assay: Selective Autophagy Sensing Assay for
Mammalian Cells. Bio. Protoc. 9, e3455.
https://doi.org/10.21769/BioProtoc.3455.
Pinilla-Redondo, R., Riber, L., and Sorensen,
S.J. (2018). Fluorescence Recovery Allows the
Implementation of a Fluorescence Reporter
Gene Platform Applicable for the Detection
and Quantification of Horizontal Gene
Transfer in Anoxic Environments. Appl.
Environ. Microbiol. 84, e02507-e02517.
https://doi.org/10.1128/AEM.02507-17.
Dobherty, G.P., Bailey, K., and Lewis, P.J.
(2010). Stage-specific fluorescence intensity
of GFP and mCherry during sporulation In
Bacillus Subtilis. BMC Res. Notes 3, 303.
https://doi.org/10.1186/1756-0500-3-303.
Liu, K., Jing, N., Wang, D., Xu, P., Wang, J.,
Chen, X., Cheng, C., Xin, Z., He, Y., Zhao, H.,
et al. (2021). A novel mouse model for liver
metastasis of prostate cancer reveals
dynamic tumour-immune cell
communication. Cell Prolif. 54, e13056.
https://doi.org/10.1111/cpr.13056.

Croci, D., Santalla Méndez, R., Temme, S.,
Soukup, K., Fournier, N., Zomer, A., Colotti,
R., Wischnewski, V., Flgel, U., van Heeswijk,
R.B., and Joyce, J.A. (2022). Multispectral
fluorine-19 MRI enables longitudinal and

25.

26.

27.

28.

¢? CellPress

OPEN ACCESS

noninvasive monitoring of tumor-associated
macrophages. Sci. Transl. Med. 14,
eabo2952. https://doi.org/10.1126/
scitranslmed.ab02952.

Yi, R., Chen, E., Roberts, EW., Krummel, M.F.,
and Serwas, N.K. (2022). Impact of protein
identity on tumor-associated antigen uptake
into infiltrating immune cells: A comparison
of different fluorescent proteins as model
antigens. PLoS One 17, e0272857. https://
doi.org/10.1371/journal.pone.0272857.

van der Zande, H.J.P., Nitsche, D.,
Schlautmann, L., Guigas, B., and Burgdorf, S.
(2021). The Mannose Receptor: From
Endocytic Receptor and Biomarker to
Regulator of (Meta)Inflammation. Front.
Immunol. 12, 765034. https://doi.org/10.
3389/fimmu.2021.765034.

Mantovani, A., Allavena, P., Marchesi, F., and
Garlanda, C. (2022). Macrophages as tools
and targets in cancer therapy. Nat. Rev. Drug
Discov. 21, 799-820. https://doi.org/10.1038/
s41573-022-00520-5.

Garcia-Martin, A.B., Zwicky, P., Gruber, T.,
Matti, C., Moalli, F., Stein, J.V., Francisco, D.,
Enzmann, G., Levesque, M.P., Hewer, E., and
Lyck, R. (2019). VLA-4 mediated adhesion of
melanoma cells on the blood-brain barrier is
the critical cue for melanoma cell
intercalation and barrier disruption. J Cereb.
Blood Flow Metab. 39, 1995-2010. https://
doi.org/10.1177/0271678X18775887.

iScience 27, 110284, July 19, 2024 11



https://doi.org/10.1016/j.ccell.2023.12.018
https://doi.org/10.1016/j.ccell.2023.12.018
https://doi.org/10.1038/s41586-019-1576-6
https://doi.org/10.1038/s41586-019-1576-6
https://doi.org/10.1016/j.ccell.2023.07.010
https://doi.org/10.1016/j.ccell.2023.07.010
https://doi.org/10.1016/j.celrep.2016.10.052
https://doi.org/10.1038/s41593-019-0393-4
https://doi.org/10.1038/s41593-019-0393-4
https://doi.org/10.21769/BioProtoc.3455
https://doi.org/10.1128/AEM.02507-17
https://doi.org/10.1186/1756-0500-3-303
https://doi.org/10.1111/cpr.13056
https://doi.org/10.1126/scitranslmed.abo2952
https://doi.org/10.1126/scitranslmed.abo2952
https://doi.org/10.1371/journal.pone.0272857
https://doi.org/10.1371/journal.pone.0272857
https://doi.org/10.3389/fimmu.2021.765034
https://doi.org/10.3389/fimmu.2021.765034
https://doi.org/10.1038/s41573-022-00520-5
https://doi.org/10.1038/s41573-022-00520-5
https://doi.org/10.1177/0271678X18775887
https://doi.org/10.1177/0271678X18775887

¢? CellPress

OPEN ACCESS

iScience

STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies
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Abcam

Thermo Fisher Scientific

Cat# 612975; RRID: AB_2870247

Cat# 612977; RRID: AB_2870249

Cat# 563553; RRID: AB_2738276

Cat# 128037; RRID: AB_2562630

Cat# 127628; RRID: AB_2562567

Cat# 123131;

RRID: AB_2563102

Cat# 564397; RRID: AB_2738789

Cat# 141708; RRID: AB_10900231

Cat# 141717,

RRID: AB_2562232
Cat# 141723;

RRID: AB_2562445

Cat# 107621; RRID: AB_493726

Cat# ab13970; RRID: AB_300798

Cat# ab183628; RRID: AB_2650480

Cat# AF2535; RRID: AB_2063012

Cat# 550274; RRID: AB_393571

Cat# MCA1957; RRID: AB_322219

Cat# 703-545-155; RRID: AB_2340375

Cat# A-31572; RRID: AB_162543
Cat# ab150155; RRID: AB_2813835
Cat# SA5-10091; RRID: AB_2556671

Chemicals, peptides, and recombinant proteins

DMEM-F12 (1:1), GlutaMAX
HBSS
Penicillin/Streptomycin

Fetal Bovine Serum (FBS)
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Gibco, Thermo Fisher
Gibco, Thermo Fisher
Gibco, Thermo Fisher
Gibco, Thermo Fisher

Cat# 31331028
Cat# 14175-095
Cat# 15140122
Cat# 10270-106

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Trypsin-EDTA (0.05%), phenol red Gibco, Thermo Fisher Cat# 25300054

PBS Gibco, Thermo Fisher Cat# 20012027

Tissue-Tek® O.C.T. Compound Tissue-Tek, Sakura Finetek Cat# 4583

Triton X-100 Applied Chemicals Cat# A4975

Fluorescence Mounting Medium Dako, Agilent Cat# 5302380
Bovine Serum Albumin Jackson ImmunoResearch Cat# 001-000-162
UltraPure™ 0.5M EDTA Invitrogen Cat# 15575020
Normal donkey serum SigmaAldrich Cat# S30-M
Pentobarbital CHUV Hospital, Lausanne, Switzerland N/A

Gadobutrol (Gadovist) Bayer N/A

Attane™ Isoflurane Attane N/A

Critical commercial assays

Zombie NIR Fixable Viability Kit BioLegend Cat# 423106

4, 6- Diamidino-2-Phenylindole, Life Technologies Cat# D1306

Dihydrochloride (DAPI)

Brain Tumor Dissociation Kit (P) Miltenyi Cat# 130-095-942
Myelin Removal Beads Il kit Miltenyi Cat# 130-096-433
Translucent High Density PET Membrane, Falcon Cat# 353493

0.4 um pores

Experimental models: Cell lines

MMTV-PyMT (murine mammary tumor virus; Croci et al. Available upon request
Polyoma middle T antigen); PyMT-BrM3 Prof. J.A. Joyce

LLC (Lewis lung carcinoma); LLC-BrM3 This study, Available upon request

B78 mCherry/OVA

J774A1

Prof. J.A. Joyce

Garcia-Martin et al.?
Prof. R. Lyck

ATCC

Available upon request

Available upon request

Experimental models: Organisms/strains

C57BL/6J mice

The Jackson Laboratory

RRID: IMSR_JAX:000664

Recombinant DNA

Plasmid: GFP I. Malanchi N/A

Plasmid: sLP-mCherry Ximbio Cat# 155083

pCMV delta R8.2 Addgene Cat# 12263
pCMV-VSV-G Addgene Cat# 8454

Plasmid: MSCV-IRES-mCherry W. Held N/A

Software and algorithms

FlowJo, version 10.5.3 Tree Star https://www.flowjo.com/

GraphPad Prism v10.0.3

ZEN software

QuPath version 0.4.2
IDEAS® V6.2

GraphPad Software

Zeiss

Bankhead et al.*

Cytek Biosciences

https://www.graphpad.com/scientific-

software/prism/

https://www.zeiss.com/microscopy/en/

products/software.html
https://qupath.github.io/
https://cytekbio.com/pages/

imagestream#tab-options

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Other

gentleMACS Octo Dissociator Miltenyi Cat# 130-095-937
gentleMACS C Tubes Miltenyi Cat# 130-096-334
LS Columns Miltenyi Cat# 130-042-401

Fortessa flow cytometer
Axio Scan.Z1 slide scanner
Imagestream X MKII
Tissue-Tek Cryomold
Hydrophobic pen
Coverslip

Microscope slide

Vetbond tissue adhesive

BD Bioscience

Zeiss

Cytek Biosciences
Sakura

Daido Sangyo, Plano
ThermoFisher
Fisherbrand

3M

N/A

N/A

N/A

Cat# 4557

Cat# 22304

Cat# BB02400500A113FSTO
Cat# 12-550-15

Cat# 1469SB

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to, and will be fulfilled by, the lead contact Prof. Johanna
Joyce (johanna.joyce@unil.ch).

Materials availability
PyMT-BrM3 GFP/sLP-mCherry, PyMT-BrM3 GFP/mCherry, LLC-BrM3, LLC-BrM3 GFP/sLP-mCherry were generated for this study and they
are available upon request to the lead contact.

Data and code availability
e Data reported in this paper will be shared by the lead contact upon request.
e This paper does not report original code.
e Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell lines

The PyMT-BrM3 cell line was generated as previously described.”® Briefly, the brain-homing capacity of a cell line first isolated from a met-
astatic lymph node from an MMTV-PyMT mouse was enriched for via three rounds of in vivo selection and in vitro expansion. LLC-BrM3 cells
were generated for this study using a similar strategy to increase the brain-homing capacity, starting from parental LLC cells (purchased from
the ATCC). The J774A.1 cell line was purchased from the ATCC. The B78 mCherry/OVA cell line was kindly provided by Prof. Ruth Lyck, The-
odor Kocher Institute, University of Bern, Switzerland.”® All cell lines were maintained in DMEM-F12 media (Gibco, ThermoFisher, cat. no.
31331028) supplemented with 10% FBS (Gibco, ThermoFisher, cat. no. 10270-106), 1% penicillin/streptomycin (P/S, Gibco, ThermoFisher,
cat. no. 15140122). To generate PyMT-BrM3 GFP/sLP-mCherry cells, the original unlabeled PyMT-BrM3 cell line was transduced with GFP
and sLP-mCherry plasmids as previously described.®’ Briefly, cancer cells were transduced using a second-generation lentivirus coding
for GFP (provided by Prof. I. Malanchi), consequently transduced with a lentivirus coding for sLP-mCherry (provided by Prof. I. Malanchi),
and finally FACS-sorted for enriching GFP+ mCherry+ cells. To generate PyMT-BrM3 GFP/mCherry cells, the original unlabeled PyMT-
BrM3 cell line was transduced using a lentivirus coding for GFP (provided by Prof. I. Malanchi) and subsequently with a mouse stem cell virus
(MSCV) coding for the mCherry construct (provided by Prof. W. Held), and lacking the sLP portion (but otherwise identical to the sLP-mCherry
construct).

Animals

Wild-type C57BL/6J mice were bred within the University of Lausanne animal facilities, and all animal studies were first approved by the
Institutional Animal Care and Use Committees of the University of Lausanne and Canton Vaud, Switzerland under licenses VD3314 and
VD3688.
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Brain metastasis in vivo models

To generate breast-BrM, 6- to 10-week-old females were injected in the left cardiac ventricle with 1x10° PyMT-BrM3 cells resuspended in
100 pL HBSS (Gibco, ThermoFisher, cat. no. 14175-095) under isoflurane anesthesia (O, + 2% isoflurane). To generate a single parenchymal
lung-BrM lesion, LLC-BrM3 cells were injected intracranially. 25x10% LLC-BrM3 cells resuspended in 0.5 uL HBSS were inoculated intracranially
in 6- to 8-week-old males. To detect BrM, mice were imaged weekly by 3T MRI (Bruker), following intraperitoneal (i.p.) injection with 150 pL
Gadobutrol (Gadovist, 1 mmol mL~", Bayer). Mice were sacrificed and tissue was collected at the humane endpoint of the experiment.

METHOD DETAILS

Bone marrow-derived macrophage generation

Bone marrow was harvested from femurs and tibias of female C57BL/6J mice. Cells were filtered using a 70 um strainer (Greiner, cat. no.
352350). Cells were centrifuged and resuspended at 0.75x10° cells/ml in RPMI 1640 media (Gibco, ThermoFisher, cat. no. 61870010) supple-
mented with 10% FBS +1% P/S + CSF-1 (M-CSF) 50 ng/mL (Miltenyi, cat. no. 130-101-700). Then, 1.5x10° cells were plated in a 6-well plate.
Two days after cell plating, 500 pL of fresh complete media with CSF-1 was added to each well. On day 5 and 7 after cell plating, media was
replaced with fresh complete media with CSF-1. On day 7, BMDMs were activated by adding either LPS O111B4 20 ng/mL (Merck, cat. no.
12630) or IL-4 20 ng/mL (R&D systems, cat. no. 404-ML) to the complete media with CSF-1. On day 8, BMDMs were harvested in PBS with
EDTA 10 nM (Thermo Fisher Scientific, cat. no. 15575020) by pipetting on ice after 10 min, and co-cultured with cancer cells as described
below.

Co-culture experiments

For the in vitro assays involving J774A.1 as the macrophage source, 7x10° PyMT-BrM3 GFP/sLP-mCherry, PyMT-BrM3 GFP/mCherry, or B78
mCherry/OVA cells were co-cultured with 9x10% J774A.1 cells directly or in the presence of a high density, translucent PET membrane with
0.4 um pores (Falcon, cat. no. 353493) in a 6-well plate in DMEM-F12 media +10%FBS +1% P/S. After 72 h, cells were collected using 0.05%
Trypsin (Gibco, ThermoFisher, cat. no. 25300054) and then stained with antibodies listed in Table S1 for flow cytometry and imaging flow cy-
tometry analyses, and with antibodies listed in Table S2 for cytospin IF analyses. For the in vitro assays involving BMDMs as the macrophage
source, 7x10° PyMT-BrM3 GFP/sLP-mCherry, PyMT-BrM3 GFP/mCherry, or unlabeled PyMT-BrM3 cells were stained with Cell Tracker deep
red (Invitrogen, cat. no. C34565) for 45 min at 37°C, diluted 1/1000 in PBS, followed by two washes in complete media. Cancer cells were then
co-cultured with 9x10* activated or control BMDMs directly in a 6-well plate in DMEM-F12 media +10%FBS +1% P/S. After 72 h, cells were
collected in PBS with EDTA 10 nM (Thermo Fisher Scientific, cat. no. 15575020) by pipetting on ice after 10 min, and then stained with anti-
bodies listed in Table ST for flow cytometry analyses, and with antibodies listed in Table S2 for cytospin IF analyses.

Flow cytometry

Mice were euthanized by terminal anesthesia using pentobarbital (Lausanne University Hospital, CHUV), followed by transcardial perfusion
with PBS (Gibco, ThermoFisher, cat. no. 20012027). Tissue was digested using a Brain Tumor Dissociation Kit (P) (Miltenyi, cat. no. 130-095-942)
following the manufacturer’s protocol. The cell suspension was filtered using a 100 um filter and washed with FACS buffer (PBS, 0.5% BSA
(Jackson ImmunoResearch, cat. no. 001-000-162), 2mM EDTA (Thermo Fischer Scientific, cat. no. 15575020)). Myelin was removed using
Myelin Removal Beads Il (Miltenyi, cat. no. 130-096-433) following the manufacturer’s protocol. To exclude dead cells from analysis, cells
were stained with Near Far-Red Zombie (BioLegend, cat. no. 423106) in PBS. The single-cell suspension was stained with antibodies listed
in Table ST For the co-culture experiment, the single-cell suspension was directly stained with antibodies listed in Table S1 All antibodies
were purchased from BD Bioscience and BioLegend. Flow cytometry data were acquired using an LSR Fortessa (BD Bioscience), and data
were analyzed with FlowJo Software v10.5.3 (Tree Star).

Imaging flow cytometry

Cells were stained as reported in the flow cytometry section (antibodies listed in Table S1) and up to 20,000 total events were acquired using a
using a dual camera ImageStream X MKII (Cytek Biosciences) and a 60x magnification lens. Single stained controls were acquired to generate
a compensation matrix using the software IDEAS V6.2 (Amnis). Focus cells were selected and single cells were identified based on the area
and aspect ratio of the brightfield channel. CD45" cells were gated on negative live/dead marker and the Bright Detail Similarity R3 of CD206
and mCherry was determined by the software IDEAS V6.2 as log transformed Pearson’s correlation coefficient of the localized bright spots
with a radius of three pixels or less within the brightfield area in the two channels.

Immunofluorescence staining of co-culture experiments and analysis

Cells in the direct co-cultures were collected using 0.05% Trypsin (Gibco, ThermoFisher, cat. no. 25300054). Cells were washed and resus-
pended at 1x10° cells/ml in PBS +40% FBS. 100 um of the cell solution were loaded into a cytofunnel (Fisher scientific, cat. no. 11911788)
with a slide attached, and cells were spun at 700 rpm for 3 min at room temperature. Then, the cytofunnels were removed and the slides
were air-dried for 1 h at room temperature. Cells were fixed on the slide with periodate-lysine-paraformaldehyde (PLP) buffer for 15 min
at room temperature. Slides were washed twice in PBS and cells were then permeabilized with 0.1% Triton X-100 (PanReac AppliChem,
cat. No. A4975) in PBS for 10 min at room temperature and blocked in 10% donkey serum (EMD Millipore, Merck, cat. No. S30-M) in PBS
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for 1 h atroom temperature, followed by incubation with primary antibodies (listed in Table S2) in PBS with 5% donkey serum overnightat4 °C.
Secondary staining was performed in PBS with 5% donkey serum with antibodies (listed in Table S2) for 1 h at room temperature. Finally, slides
were mounted with mounting media (Dako, cat. No. $302380) and a coverslip (Menzel-Glaser, Thermo Scientific, cat. No. 631-0973). Stained
tissue sections were imaged with an Axio Scan.Z1 slide scanner (Zeiss) with a Colibri 7 LED light source (Zeiss) using a Plan-Apochromat x20/
0.8 DIC M27 objective (Zeiss). 2D images were analyzed using QuPath v0.4.2.

Immunofluorescence staining of tissue sections and analysis

Mice were euthanized by terminal anesthesia using pentobarbital (Lausanne University Hospital, CHUV), followed by transcardial perfusion
with PBS and PLP. Perfused organs were further fixed overnight in PLP buffer at 4°C and then transferred to 30% sucrose overnight at 4°C.
Tissues were embedded in OCT (Tissue-Tek, Sakura Finetek, cat. No. 4583) and 10-um cryostat tissue sections of frozen tissue were used
for subsequent analyses. Tissues were permeabilized, stained, and slides acquired as indicated in the section above. 2D images were
analyzed using QuPath v0.4.2. Cells in the brain parenchyma were stratified based on the shorter distance from the tumoral area.

STATISTICAL ANALYSIS

Prism 10 was used to perform statistical analysis and graphically plot all data. Data were tested for normal distribution with the Shapiro-Wilk
test. Parametric data were analyzed by a paired two-tailed Student's t test. Non-parametric data were analyzed by a paired two-tailed Stu-
dent’s t test with Wilcoxon correction. p < 0.05 was considered statistically significant. Each specific statistical test used is reported for each
experiment in the figure legends.
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