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SUMMARY

Metastasis is a highly inefficient process, with the vast majority of disseminated cancer cells failing to form
secondary tumors. To establish brain metastases, cancer cells must traverse the blood-brain barrier and
rapidly adapt to the specialized neural microenvironment. Here, we identify aminopeptidase N (CD13) as a
pro-metastatic factor that supports the early stages of brain metastatic colonization. CD13 is upregulated
in cancer cells during brain metastasis in both mouse models and human samples. CD13 knockdown signif-
icantly delayed metastatic growth and prolonged survival in mouse brain metastasis models while having no
comparable effect on primary tumors. Loss- and gain-of-function experiments further revealed that CD13 en-
hances cancer cell seeding in the brain microenvironment. Together, these findings establish CD13 as an
important mediator of brain metastatic colonization and a potential therapeutic target to prevent or delay dis-

ease progression.

INTRODUCTION

Brain metastasis (BrM) is the most common form of brain malig-
nancy, arising primarily from lung cancer (40%-50%), breast
cancer (BC) (15%-25%), and melanoma (5%-20%)."~* The met-
astatic cascade is a highly complex and inefficient process that
involves cancer cell migration and invasion at the primary
site, intravasation into the circulation, dissemination through
the vascular system, and ultimately colonization of a distant
organ.>® For BrMs, one of the major bottlenecks in this cascade
is the ability of cancer cells to adapt to the unique brain micro-
environment.®” This adaptation requires dynamic interactions
with specialized tissue-resident cell types, including microglia,
astrocytes, and neurons, as well as navigation through a distinct
extracellular matrix (ECM) composition and, critically, the
considerable challenge of traversing and co-opting the highly
selective blood-brain barrier (BBB).”

The BBB is composed of four principal cellular elements:
endothelial cells (ECs), pericytes, astrocytic endfeet, and asso-
ciated microglial cells.>® Cancer cells exploit diverse strategies
to penetrate this barrier, including proteolytic processing of
junctional adhesion molecules'® and expression of factors that
promote BBB transmigration, such as CTSS,'® PLEKHAS,"
PTSG2, HB-EGF, ST6GALNACS5,'? and PLGF."® Once within

Gheck for
Updates

the brain, metastatic cells often grow and survive through attach-
ment along existing blood vessels—a process termed vascular
co-option—which is supported by cell adhesion molecules
such as L1CAM." Notably, different BC subtypes, including
triple-negative BC (TNBC) and HER2-positive tumors, display
distinct patterns of vascular interaction during early brain coloni-
zation, resulting in varied tumor architectures.'® Moreover, met-
astatic cancer cells can evade BrM-suppressive mechanisms,
such as plasmin-mediated degradation, through the expression
of serpin proteins.'* Despite these insights, BrM remains incur-
able, underscoring the critical need to identify additional mech-
anisms that enable metastatic cancer cells to adapt, survive,
and expand within the brain parenchyma.

One such candidate is aminopeptidase N, also known as
CD13, which is a membrane-bound metalloprotease expressed
by various cell types, including cancer cells, immune cells, and
cells within the angiogenic vasculature.'®'” High CD13 expres-
sion correlates with poor prognosis in several cancers, including
colon'® and non-small cell lung cancer,’ among others.'®
Through its enzymatic activity, CD13 modulates the function of
various bioactive peptides, including endorphins, enkephalins,
and angiotensin 1Il.'®"” Beyond its peptidase function, CD13
acts as a “moonlighting” enzyme,'®'” with roles in cell adhesion,
migration, invasion, angiogenesis,?° and integrin recycling.?’
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These diverse functions make CD13 a compelling candidate
mediator of brain metastatic colonization and a potential thera-
peutic target. However, its role in BrM has not been previously
explored. In this study, we investigate CD13 in clinical samples
and preclinical models to investigate its contribution to meta-
static seeding and growth in the brain.

RESULTS

CD13 overexpression is induced in vivo in mouse breast-
BrM

To investigate the changes that occur in cancer cells during
the process of metastatic colonization, we performed RNA
sequencing (RNA-seq) analysis comparing the brain-homing
PyMT-BrM3 cell line cultured in vitro with PyMT-BrM3 cells
freshly isolated from established metastases in syngeneic mice
(C57BL/6J background). PyMT-BrM3 cells originate from the
transgenic MMTV-PyMT breast primary tumor model and were
enriched for brain tropism through three rounds of in vivo
passaging.”> BrMs were induced by intracardiac injection of
the brain-homing cells, and this model faithfully recapitulates
multiple stages of the metastatic cascade.?”

Differential expression analysis (in vivo vs. in vitro) was per-
formed, and we queried the top differentially expressed genes
(DEGs) for targetable candidates that could drive metastatic
colonization (Table S1). We found that Anpep (encoding the
CD13 protein) was significantly upregulated in the in vivo BrM con-
dition (Figures 1A and 1B). This finding was validated by flow cyto-
metry, which showed significantly higher CD13 levels in PyMT-
BrM3 cells harvested directly from intracardially generated in vivo
BrMs compared with in vitro cultures (Figures 1C and 1D), and
was further confirmed by quantitative reverse-transcription PCR
(RT-gPCR) (Figure 1E). Additional immunofluorescence (IF) anal-
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ysis of tissue sections using antibodies recognizing EpCAM (tu-
mor cells), CD31 and PDGFRp (endothelial and mural cells,
respectively), and CD13 revealed that ~98% of tumor cells ex-
pressed CD13 in the breast-BrM model (Figures 1F and 1G). We
also found that CD13 protein levels were lower in perivascular re-
gions compared with non-perivascular tumor areas (Figure S1A).

We next examined whether CD13 is also upregulated in
BrM models of lung (Sv2T3-BrM1) and melanoma (Yumm1.1-
BrM4) primary origin,”>?* using the breast-BrM model as a
positive control. IF analysis distinguished CD13 expression
across different cell types by using CD31 and PDGFRp as
above, CD45 as a pan-immune cell marker, and defining
CD31”PDGFRp'CD45™ cells as cancer cells (Figure 1H). CD13
was highly expressed in cancer cells from the breast-BrM model
in vivo, but not in lung- or melanoma-derived BrMs (Figure 1l).
We also evaluated CD13 in primary breast tumors generated
by injecting tumor cells into the mammary fat pad (MFP). While
MFP tumors expressed CD13 (Figure 1J), the levels were signi-
ficantly higher in breast-BrMs (Figure 1K), as validated by RT-
gPCR (Figure S1B).

PyMT-BrM3 cells grown in vitro contained a CD13"9" subpop-
ulation (Figure 1L). We sorted both CD13"" and CD13'°" PyMT-
BrM3 populations from the parental cell line and cultured them
separately for several passages. In the first passage post-sort,
CD13"9" cells retained elevated CD13 expression, but this differ-
ence progressively diminished over successive passages
(Figures 1M and S1C), indicating that standard in vitro conditions
are insufficient to sustain high CD13 expression. Based on these
findings, we next investigated whether CD13 expression could
be modulated by extrinsic environmental cues. Focusing on
breast-BrM cells, we compared CD13 levels under different
in vitro conditions, including plating cells on diverse ECM
substrates, culturing as hanging spheres, or embedding in

Figure 1. Aminopeptidase N/CD13 expression in mouse BrM

) Volcano plot of DEGs in PyMT-BrM3 tumors in vivo (n = 6 independent samples) vs. in vitro PyMT-BrM3 cell cultures (n = 4 samples). CD13 is highlighted in the plot.
) Normalized counts of Anpep (encoding CD13) in PyMT-BrM3 tumors in vivo (n = 6) vs. PyMT-BrM3 cells in vitro (n = 4).

C) Representative histogram of CD13 protein expression analyzed by flow cytometry in PyMT-BrM3 cells in vitro vs. in vivo.

D) Flow cytometry quantification of CD13 mean fluorescence intensity (MFI) in PyMT-BrM3 cells in vitro (n = 3) vs. in vivo (n = 6); FC = fold change.

F) Representative IF images of CD13, Epcam (cancer cells), CD31 (ECs), and PDGFR (mural cells), and 4’,6-diamidino-2-phenylindole, dihydrochloride (DAPI)

cell nuclei) in murine breast-BrM tissue. Scale bars, 50 pm.

) Quantification of CD13" cancer cells as a percentage of total cancer cells (defined as Epcam™; CD31~; PDGFRB ™ cells) in breast BrM (n = 4).

A
B
(
(
(E) Anpep mRNA levels measured by RT-qgPCR in PyMT-BrM3 cells in vitro (n = 6) vs. in vivo (n = 4).
(
(
G
H

) Representative IF images of CD13, CD31, PDGFRp, CD45, and DAPI in mouse non-tumor brain samples and BrMs from breast, lung, or melanoma primary

origin. Scale bars, 50 pm.

(
(

n = 4), lung (n = 6), or melanoma (n = 4) primary origin.

1) Quantification of CD13* area in the CD31 PDGFRB"CD45~ population (cancer cells) in mouse non-tumor brain tissue samples (n = 4) and BrMs from breast

(J) Representative IF images of CD13, EpCAM, and DAPI in murine breast-BrM and MFP tumors. Scale bars, 100 pm.

K) Quantification of CD13 protein expression in breast-BrM (n = 4) and MFP tumors (n = 4). Data are represented as mean + SEM.

L) Representative flow cytometry plots of CD13 expression in sorted CD13"°" and CD13M9" PyMT-BrM3 cells across passages P1-P3 after sorting.
M) Quantification of the percentage of CD13"9" cells in passages P1-P3 after sorting (n = 4).

O) Representative bright-field images of PyMT-BrM3 cells cultured in 2D, as hanging spheres, or in 50% Matrigel 3D. Scale bars, 100 pm.
P) Representative histogram (left) and quantification (right) of CD13 MFI in 2D cultures (n = 8) vs. hanging sphere cultures (n = 6).

(
(
(
(N) Representative histogram (upper panel) and quantification (lower panel) of CD13 MFIin PyMT-BrM3 cells cultured in vitro on different ECM substrates (n = 6).
(
(
(

Q) Representative histogram (left) and quantification (right) of CD13 MFI in 2D cultures (n = 5) vs. 50% Matrigel 3D cultures (n = 5).

In(B), (D), (E), (G), (), (K), (M), (N), (P), and (Q), data are represented as mean + SEM. Each dot represents a biological replicate. P.adj values from differential expression
analysis using limma were used in (B). Unpaired two-tailed t tests were used in (D), (E), (K), (P), and (Q). An ANOVA test (p < 0.0001), followed by an unpaired two-tailed
t test with Bonferroni correction for multiple comparisons, was used in (I). A two-way ANOVA followed by Sidak’s multiple comparison test was used in (M). An
ANOVA/Kruskal-Wallis test (p = 0.4569), followed by a Mann-Whitney two-tailed test with Bonferroni correction for multiple comparisons, was used in (N).

P.adj values are reported in (B), (I), (M), and (N), and p values are reported in (D), (E), (K), (P), and (Q): *p < 0.05, **p < 0.01, **p < 0.001, ns = non-significant.
See also Figure S1 and Table S1.
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Matrigel. For ECM induction, PyMT-BrM3 cells were plated on
various substrates, including Matrigel (1%), collagen-I (Coll-l,
100 pg/mL), collagen IV (Coll-IV, 100 pg/mL), fibronectin
(40 pg/mL), laminin (40 pg/mL), hyaluronic acid (100 pg/mL),
and CSPG5 (1 pg/mL). None of these coatings significantly upre-
gulated CD13 under 2D culture conditions (Figure 1N). We then
examined whether 3D culture might induce CD13 expression
by growing PyMT-BrM3 cells either as hanging spheres for
12 h (30 pL drops in an inverted Petri dish) or embedded in
50% Matrigel for 1 week (Figure 10). Notably, only Matrigel cul-
ture led to a significant CD13 increase (Figures 1P and 1Q), sug-
gesting that matrix-derived mechanical forces or biochemical
signals may contribute to CD13 induction in vivo.

CD13 knockdown delays BrM but not primary tumor
growth

Given its elevated expression in human and mouse BrM, we next
evaluated the functional role of CD13 in metastatic progression.
PyMT-BrM3 cells were transduced with two independent short
hairpin RNAs (shRNAs) targeting CD13 (shCD13 #87 and #88).
or a non-targeting control. Knockdown efficiency was confirmed
(Figure S2A), and cell proliferation in vitro was unaffected
(Figure S2B). Because CD13 expression is low under standard
culture conditions (Figures 1B-1E), we generated CD13-over-
expressing (PyMT-BrM3-CD13-OE) cells and subsequently
introduced either of the two independent shRNAs or the non-tar-
geting control into this background. In this context, CD13 knock-
down was similarly efficient (Figure S2C).
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We then performed intracardiac injections of PyMT-BrM3
cells—transduced with shCD13 #87, shCD13 #88, or the non-
targeting control—into C57BL/6J mice and monitored BrM pro-
gression by magnetic resonance imaging (MRI) until symptom
onset (Figures 2A and S2D). CD13 knockdown significantly
prolonged mouse survival (Figure 2B) and reduced both BrM
incidence (Figure 2C) and the number of metastases per mouse
(Figure 2D). Tumor onset, however, was not affected (Figure 2E).
Analysis of mouse survival following the initial BrM detection also
indicated a survival benefit with CD13 knockdown, which was
significant for shCD13 #87 and showed a positive trend for
shCD13 #88 (Figure 2F).

To determine whether CD13 knockdown also influences tumor
outgrowth when the early stages of metastasis are bypassed, we
directly injected shCD13 or control PyMT-BrM3 cells into the
brain (intracranial injection) and monitored tumor volume by
MRI over time (Figure 2G). In this setting, we observed prolonged
overall survival with shCD13 #87 (Figures 2H and S2E), but no
significant differences in survival after tumor detection
(Figures 21 and S2E). We also observed a modest decrease in
tumor incidence and delayed tumor onset with shCD13 #87
(Figures 2J and 2K).

Finally, to assess whether CD13 knockdown also impacts
primary tumor growth, we injected control or shRNA-trans-
duced PyMT-BrM3 cells into the MFP of C57BL/6J mice
(Figure 2L). Tumor growth was assessed by caliper measure-
ments until tumors reached >500-600 mm?® (Figure S2F). In
this setting, CD13 knockdown did not alter survival, tumor

Figure 2. CD13 knockdown in brain metastasis and primary tumors

(A) Experimental design for cell transduction, intracardiac BrM tumor induction, and MRI monitoring.

(B) Kaplan-Meier survival curves of mice intracardially injected with control (n = 25) or CD13 knockdown (shCD13 #87, n = 24; shCD13 #88, n = 21) PyMT-BrM3
cells. Curves represent animal survival after cancer cell injection. Statistical analysis was performed using the log-rank (Mantel-Cox) test.

(C) Percentage of mice with BrM tumors following injection with control or CD13 knockdown cells (Ncontrol = 25, Nshe7 = 24, Nshgs = 21). The chi-square test was
used for statistical analysis.

(D) Number of brain metastases in mice injected with control or CD13 knockdown cells (Ncontrol = 25, Nshs7 = 24, Nshgs = 21). Data are represented as mean + SEM.
Each dot represents an individual mouse. An ANOVA/Kruskal-Wallis test (o = 0.0012) was performed, followed by a Mann-Whitney two-tailed test with the
Bonferroni correction method.

(E) BrM tumor onset (days) in mice injected with control or CD13 knockdown cells (Ncontrol = 21, Nshg7 = 14, Nsngg = 9). Data are represented as mean + SEM. Each
dot represents an individual mouse. An ANOVA/Kruskal-Wallis test (o = 0.1374) was used, followed by the Mann-Whitney two-tailed test with Bonferroni
correction for multiple comparisons.

(F) Kaplan-Meier survival curves of mice intracardially injected with control or CD13 knockdown cells (Ncontrol = 20, Nshg7 = 14, Nsngg = 9). Curves represent survival
after BrM tumor detection. Statistical analysis was performed using the log-rank (Mantel-Cox) test.

(G) Experimental design for cell transduction, intracranial BrM tumor induction, and MRI monitoring.

(H and I) Kaplan-Meier survival curves of mice intracranially injected with control or CD13 knockdown PyMT-BrM3 cells. (H) Curves represent survival after cancer
cellinjection (Ncontrol = 22, Nshg7 = 21, Nsngg = 16), and (1) survival after BrM tumor detection (Ncontrol = 18, Nshe7 = 12, Nsngs = 13). The log-rank (Mantel-Cox) test was
used for statistical analysis.

(J) Percentage of mice with BrM tumors in mice injected with control or CD13 knockdown cells (Ncontrol = 22, Nshg7 = 21, Nsngg = 16). The chi-square test was used
for statistical analysis.

(K) BrM tumor onset (days) in mice injected with control or CD13 knockdown cells (Ncontrol = 18, Nshe7 = 12, Nshgg = 13). Data are represented as mean + SEM. Each
dot represents an individual mouse. The ANOVA/Kruskal-Wallis test p = 0.0076 was used, followed by a Mann-Whitney two-tailed test with the Bonferroni
correction method.

(L) Experimental design for cell transduction, mammary fat pad (MFP) tumor induction, and MRI monitoring.

(M and N) Kaplan-Meier survival curves of mice injected in the MFP with control or CD13 knockdown PyMT-BrM3 cells (Ncontrol = 10, Nsha7 = 18, Nsngs = 16). Curves
represent survival after cancer cell injection in (M) and survival after detection in (N). The log-rank (Mantel-Cox) test was used for statistical analysis.

(O) Primary MFP tumor onset (days) in mice injected with control or CD13 knockdown cells in the MFP (Ncontrol = 10, Nsng7 = 18, Nshgs = 16). Data are represented as
mean + SEM. Each dot represents an individual mouse. The ANOVA/Kruskal-Wallis test p = 0.5720 was used, followed by a Mann-Whitney two-tailed test with the
Bonferroni correction method.

The subscript in the n value indicates the experimental condition. P.adj values in (D), (E), (K), and (O) and p values in (B), (C), (F), (H), (1), (J), (M), and (N): *p < 0.05,
**p < 0.01, ns = non-significant.

See also Figures S2 and S3.
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(B) Representative flow cytometry plots of control and CD13 knockdown cancer cells in the brain (total cell suspension) 48 h after intracardiac injection, defined by

Epcam+FITC+ staining.
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onset, or growth kinetics (Figures 2M-20). Collectively, these
results indicate that the functional role of CD13 is specific
to breast-BrM and does not extend to primary tumor
development.

CD13 knockdown does not affect the tumor
microenvironment

Given that CD13 knockdown markedly affected BrM progression
following intracardiac injection, we next evaluated its impact on
the tumor microenvironment (TME) in this setting. IF staining
confirmed efficient CD13 suppression in the tumors at endpoint
for both shCD13 constructs (Figures S2G and S2H). To assess
potential alterations in the immune cell compartment, we
performed IF for CD45 (total immune cells), Iba1 (macrophages),
CD3 (total T cells), and CD8 (cytotoxic T cells) (Figure S3A).
Quantification of these immune populations revealed no signifi-
cant differences between control and CD13-knockdown tumors
(Figures S3B-S3E).

Because CD13 has recognized roles in angiogenesis in other
contexts, '®'%2° we also analyzed vascular features by staining
for CD31 and extravascular fibrinogen as a readout of vessel
leakiness®® (Figure S3A). Similar to the immune cell analysis,
we observed no significant differences in vessel size (Figure
S3F), vessel area (Figure S3G), or extravascular fibrinogen levels
(Figure S3H) between groups. Finally, we assessed tumor prolif-
eration by Ki67 staining (Figure S3A), which revealed no differ-
ence in the percentage of proliferating cells upon CD13 knock-
down (Figure S3I). Collectively, these results indicate that the
anti-metastatic effects of CD13 depletion are independent of al-
terations to the TME or proliferative capacity and suggest that
CD183’s predominant role occurs during the metastatic seeding
phase.

CD13 plays a role in early cancer cell seeding

Considering the BrM-specific effects of CD13 knockdown
(Figure 2) and the absence of detectable changes in the TME
of tumors at endpoint (Figure S3), we hypothesized that CD13
might act during the early stages of brain metastatic seeding.
To test this, control and CD13-knockdown PyMT-BrM3 cells
were labeled with a fluorescent cell tracker dye and injected
intracardially into C57BL/6J mice. Mice were sacrificed 48 h
post-injection, brains were digested, and cancer cells were
quantified by flow cytometry (Figure 3A). Immune cells were
excluded using CD45 and CD11b markers (gating on the
CD45~ CD11b™ population), and the brain-seeded cancer cells
were identified by cell tracker fluorescence (fluorescein isothio-
cyanate [FITC]) and the epithelial cell marker EpCAM. Notably,
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CD13 knockdown significantly reduced the percentage of can-
cer cells detected in the brain (Figures 3B and 3C).

To further validate the role of CD13 in early seeding, we used
the CD13-overexpressing PyMT-BrM3-CD13-OE cells. CD13
expression was confirmed by flow cytometry (Figure S4A), and
overexpression did not alter in vitro growth (Figure S4B). We
applied the same experimental strategy as above—cell labeling,
intracardiac injection, and analysis 48 h later (Figure 3D). Con-
sistent with the knockdown results, CD13 overexpression
significantly increased the proportion of brain-seeded cells
(Figures 3E and 3F). To gain insight into the mechanisms under-
lying this enhanced brain seeding, we performed RNA-seq
comparing CD13-OE cells and control cells. Gene set enrich-
ment analysis (GSEA) revealed an enrichment of pathways asso-
ciated with metastatic potential, including GTPase signaling,
ECM interactions, angiogenesis, and proliferation (Figure 3G;
Table S2) in CD13-overexpressing cells.

Together, these findings demonstrate that CD13 promotes
early cancer cell seeding in the brain, independent of evident
TME alterations, and underscores its specific function during
the initial colonization phase of metastasis.

CD13 is overexpressed in a subset of human BrMs

Given the effect of targeting CD13 in our murine analyses, we
next examined its expression in human BrM samples. Using IF
staining, we analyzed CD13 protein levels in non-tumor brain tis-
sue and BrMs originating from breast, lung, and melanoma pri-
mary tumors (Figure 4A; Table S3). To distinguish CD13 expres-
sion across different cell types, we used CD31 and PDGFRp as
vascular markers and CD45 as a pan-immune cell marker and
defined CD31 " PDGFRpCD45™ cells as cancer cells. We found
that a subset of breast- and lung-derived BrMs exhibited sub-
stantial CD13 overexpression, specifically in the cancer cell pop-
ulation, compared with non-tumor brain tissue, accounting for
approximately 30% of all samples analyzed (Figures 4B and
4C). Notably, none of the melanoma BrMs analyzed showed
cancer cell CD13 overexpression (Figure 4B). Across all BrM
samples—breast, lung, and melanoma—CD13 was also ex-
pressed in the vasculature (defined as the CD31" and/or
PDGFRp* areas) (Figures S5A and S5B) and in a subset of infil-
trating immune cells (Figures S5A and S5C). However, these
non-cancer cell expression patterns were consistent across tu-
mor types and did not differ significantly. To further quantify
the proportion of cancer cells expressing CD13, we performed
IF analysis in a subset of CD13* tumors, including a pan-cytoker-
atin marker to label cancer cells, along with ER-TR7 and CD31 to
exclude fibroblasts and ECs, respectively, and CD13 (Figure 4D).

(C) Quantification of control (n = 8) and CD13 knockdown (n = 8) cancer cells in the brain 48 h after intracardiac injection. Data are represented as mean + SEM.
Each dot represents an individual mouse. An unpaired two-tailed t test was used for statistical analysis.

(D) Experimental design for cell transduction, cell labeling, and intracardiac cell injection in gain-of-function cell seeding assays.

(E) Representative flow cytometry plots of control and CD13-OE (overexpressing) cancer cells in the brain 48 h after intracardiac injection, defined by Ep-

cam+FITC+ staining.

(F) Quantification of control (n = 10) and CD13-OE (n = 12) cancer cells in the brain 48 h after intracardiac injection. Data are represented as mean + SEM. Each dot
represents an individual mouse. A Mann-Whitney test was used for statistical analysis.
(G) Dot plot representation of the normalized enrichment score (NES) of selected positively enriched gene sets from the Hallmark, Reactome, and/or GOBP

databases in PyMT-BrM3 CD13-OE vs. control cells (GSEA, cutoff: P.adj <0.05).

p values in (C) and (F): **p < 0.01, ***p < 0.001.
See also Figure S4 and Table S2.
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Figure 4. CD13 expression in human BrM

(A) Representative IF images of CD13, CD31 (ECs), PDGFRp (mural cells), and CD45 (immune cells) in human non-tumor brain tissue samples and BrMs from
breast, lung, or melanoma primary origin. Scale bars, 100 pm.

(B) Quantification of CD13* area in the CD31~PDGFRB CD45~ population (cancer cells) in human non-tumor brain samples (n = 5) and BrMs from breast (n = 11),
lung (n = 10), or melanoma (n = 6) primary origin. Data are represented as mean + SEM. Each dot represents an individual patient sample. An ANOVA/Kruskal-
Wallis test (p = 0.0019) was used, followed by a Mann-Whitney two-tailed test with the Bonferroni correction method for multiple comparisons.

(legend continued on next page)
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This analysis revealed that an average of ~73% of cancer cells
expressed CD13 (Figure 4E), with no spatial preference between
perivascular and non-perivascular regions (Figure S5D).

To determine whether CD13 expression is also altered in pri-
mary tumors, we analyzed transcriptomic data from publicly
available breast and lung cancer cohorts. In BC datasets
(The Molecular Taxonomy of Breast Cancer International
Consortium (METABRIC) and Metastatic Breast Cancer Project
[MBC]; see STAR Methods), CD13 expression did not vary by
tumor stage (Figure S5E). By contrast, CD13 levels differed
significantly across receptor subtypes, including estrogen re-
ceptor positive (ER+), progesterone receptor positive (PR+),
human epidermal growth factor 2 (HER2+), and TNBC
(Figure S5F). TNBC samples showed the highest median
CD13 expression (Figure S5F). In patients with HER2*, specif-
ically, high CD13 expression was associated with reduced sur-
vival probability (Figures 4F and S5G). Furthermore, analysis of
matched primary breast tumors and metastases from various
sites—including brain, bone, lymph node, and liver—revealed
significantly higher CD13 expression in metastases, including
the one in the brain (Figure 4G).

In contrast, analysis of primary lung cancer samples (The Can-
cer Genome Atlas [TCGA] and UCologne cohorts; see STAR
Methods) revealed no significant variation in CD13 expression
by tumor stage (Figure S5H) and no association between CD13
levels and patient survival (Figure S5I).

DISCUSSION

Despite decades of intensive research aimed at developing
effective therapeutic strategies, metastasis remains the leading
cause of cancer-related mortality worldwide. Among metastatic
sites, the brain represents a particular challenge for metastatic
colonization due to the presence of the BBB and its tightly regu-
lated vasculature.®° Cancer cells must employ specialized
mechanisms to cross the multiple protective layers of the brain
vasculature and establish viable colonies within this unique
tissue microenvironment.'®'> These barriers, combined with
the limited penetration of many therapeutics across the BBB*®
and the immunosuppressive milieu characteristic of brain
tumors,?”° significantly hinder effective treatment.*’ Thus,
elucidating the molecular drivers of early brain metastatic coloni-
zation is crucial for the development of preventative therapeutic
approaches.

In this study, we identified the aminopeptidase CD13 as a key
mediator in a subset of human BrMs originating from breast and
lung cancers, with approximately 30% of samples exhibiting
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cancer cell-specific CD13 expression. Notably, this prevalence
aligns with previous reports in breast and lung primary tumors.
In BC, CD13 cancer cell expression was documented in 36%
of patient samples analyzed, with higher rates in invasive ductal
carcinoma,®’ while in lung cancer, 35% of patients analyzed
were positive for cancer cell CD13 expression.®” These obser-
vations suggest that CD13 expression is maintained during met-
astatic progression to the brain, underscoring its potential as a
therapeutic target. Importantly, CD13 expression in primary
lung cancer is associated with significantly reduced survival,
with a similar trend in BC.®"*? Consistent with these data, we
show here that patients with HER2+ BC with CD13"9" tumors
have significantly poorer clinical outcomes. These findings
emphasize the importance of stratifying patients by CD13 status
to better assess both its prognostic significance and therapeutic
potential.

To gain mechanistic insight into CD13 function, we employed
murine BrM models from three primary origins (breast, lung, and
melanoma) that recapitulate distinct stages of the metastatic
cascade. Notably, only the breast-BrM model exhibited robust
CD13 expression, suggesting that lung cancer and melanoma
may rely on alternative, CD13-independent mechanisms to colo-
nize the brain. CD13 knockdown in breast-BrM cells significantly
prolonged survival and reduced metastatic seeding following
intracardiac injection. This effect was less pronounced when
cancer cells were introduced directly into the brain parenchyma
(intracranial injection) or implanted at the primary site (MFP),
underscoring CD13’s predominant role during the initial coloni-
zation phase of metastasis.

Both gain- and loss-of-function experiments confirmed
CD18'’s functional importance in metastatic seeding. CD13 has
been described as a moonlighting enzyme with diverse cellular
functions relevant to regulating metastasis,'®"” including p1 in-
tegrin recycling,”’ cell migration,?’ and activation of the MAPK
and PI3K pathways.®® Based on our RNA-seq analysis, CD13
overexpression may further enhance metastatic efficiency
through activation of Rho family GTPases and effectors that
orchestrate cytoskeletal remodeling, endothelial cell adhesion,
and transendothelial migration.** These features position CD13
as a compelling anti-cancer target; indeed, CD13 inhibition has
been explored in several therapeutic development efforts. How-
ever, no brain-permeable CD13 inhibitor has yet been approved
worldwide for clinical use,'® representing a critical gap in the
translational landscape.

In summary, we show that CD13 is not only overexpressed
in a substantial subset of breast and lung BrMs but also func-
tionally promotes brain metastatic seeding. These findings

(C) Proportion of breast- and lung-derived BrMs with high CD13 expression (threshold: area CD13/area tumor cells >20%), and CD13 low for the remainder.
(D) Representative IF images of CD13, pan cytokeratin (pan CK; cancer cells), ER-TR7 (fibroblasts), and CD31 (ECs) in human non-tumor brain tissue samples and

BrMs from breast, lung, or melanoma primary origin. Scale bars, 100 pm.

(E) Quantification of the percentage of CD13* cancer cells from total cancer cells (defined as pan CK*; CD31~; ER-TR7" cells) in BrM (n = 5). Data are represented

as mean = SEM. Each dot represents an individual patient sample.

(F) Survival proportions in patients with HER2+ breast cancer with high or low CD13 expression, with expression data split at the median. A Mantel-Cox test was

used for statistical analysis.

(G) CD13 expression (Z score) in matched primary breast (n = 14) and metastasis samples (n = 13). A paired t test was used for statistical analysis. Note that one
patient had two primary tumors, resulting in a higher number of primary samples, and that there is only one matched BrM sample.

P.adj values in (B), p values in (G): *p < 0.05, *p < 0.01, ns = non-significant.
See also Figure S5 and Table S3.
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support the concept of CD13 as a promising therapeutic
target for both the prevention and treatment of BrMs. Future
efforts should prioritize the development of brain-penetrant
CD13 inhibitors to enable the clinical translations of these
discoveries.

Limitations of the study

While we provide robust evidence of CD13 expression in cancer
cells from breast and lung human BrMs, CD13 was not detected
in melanoma-derived BrMs. However, the limited size of our mel-
anoma BrM cohort may restrict the ability to detect rare CD13-
positive cases, and additional studies with larger sample sets
are warranted. Furthermore, among the three preclinical BrM
models analyzed, only the breast-BrM model exhibited cancer
cell CD13 expression, limiting our functional experiments to
this setting. Future studies should explore whether alternative
in vivo models or patient-derived xenografts could reveal addi-
tional context-specific roles for CD13. Finally, although our
data demonstrate that CD13 expression is induced in vivo, the
specific microenvironmental or mechanical cues responsible
for this regulation remain to be determined, representing an
important direction for future research.
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MoFlo Astrios EQ Beckman Coulter N/A

BD FACSAria Il BD N/A

Axio Scan.Z1 slide scanner Zeiss N/A

Tissue-Tek Cryomold Standard Sakura Finetek Cat#4557
Rectangular cover glasses Menzel Glaser, VWR Cat#631-1339
Multifly needle, 25G x 3/4”, 80 mm Sarsted Cat#85.1642.005
LSRFortessa flow cytometer BD N/A

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Human subjects

Clinical human tissue samples were processed in accordance with the ethical standards of the institutional and/or national research
committees and with the 1964 Helsinki declaration and its later amendments or comparable ethical standards. All participants
included in this study provided informed consent. The collection of tumor tissue at the Biobank of the Brain and Spine Tumor Center
(BB_031_BBLBGT) and Lundin Family Brain Tumor Center of the Center Hospitalier Universitaire Vaudois (CHUV, Lausanne,
Switzerland) was approved by the Commission Cantonale d’éthique de la recherche sur I'étre humain (CER-VD, protocol PB
2017-00240, F25/99). As part of standard clinical care, pathological review of tumor tissues was performed at CHUV; comprehensive
clinical information is detailed in Table S1.

Mouse models

The Institutional Animal Care and Use Committees of the University of Lausanne and Canton Vaud, Switzerland, granted approval for
all animal studies, with license numbers VD3314 and VD3688. Mice were accommodated in individually ventilated cages in the Agora
In Vivo Center (AIVC) animal facility, following a 12h light/dark schedule at 22°C. Mice had continuous access to standard autoclaved
lab diet and water. C57BL/6J mice were purchased from Charles River Laboratories. PDGFRB-CreERT2-R26Tom mice (C57BL/6J
background) generated in our previous studies®* were used for mural cell labeling.

Cell lines

PyMT-BrM83 (breast-BrM), Sv2T3-BrM1 (lung-BrM), Yumm1.1-BrM4 (melanoma-BrM) and 293T cell lines were cultured in DMEM-
F12 (1:1) + Glutamax (Gibco) supplemented with 10% fetal bovine serum (FBS, Gibco) and 1% penicillin/streptomycin (P/S, Gibco).
The three cell lines were maintained under adherent conditions. The Sv2T3-BrM1 cell line was cultured in 30 pL hanging drops in an
inverted plate 12h prior to injection (see section of Generation of experimental brain metastasis). PyMT-BrM3 were culture in 30 pL
hanging drops to assess CD13 levels (see section 3D cell cultures: Matrigel and hanging spheres). Every cell line is routinely tested for
mycoplasma contamination and confirmed negative before experiments.

The PyMT-BrM3 breast cell line originated from the murine parental 99LN cell line, after three rounds of in vivo selection to the
brain.?” The parental cell line was isolated from a metastatic lymph node lesion that arose in the MMTV-PyMT (murine mammary tu-
mor virus; polyoma middle T antigen) breast cancer model, C57BL/6J background. The Yumm1.1-BrM4 melanoma line was estab-
lished from the Yumm.1.1 cell line*? after four rounds of in vivo selection.”® The Sv2T3-BrM1 cell line was generated by subjecting a
parental line derived from the Kras-St—G12D/WT. 553l (KP) Jung cancer model to one round of in vivo passaging to the brain.?*

METHOD DETAILS

Immunofluorescence staining

Mice were euthanized through terminal anesthesia using pentobarbital, and subsequent intracardiac perfusion was performed with
PBS and periodate-lysine-paraformaldehyde (PLP) buffer. Brains were dissected, immersed in PLP for 24h, and changed to 30%
sucrose for an additional 24h at 4°C. The tissue was then embedded in OCT and preserved at —80°C for subsequent sectioning
at 10 pm thickness and mounting on slides.

Clinical samples were embedded in OCT through immersion in cold 2-methyl butane (Sigma-Aldrich). Samples were stored at
—80°C, sectioned at 10 um thickness and mounted on glass slides. After air-drying, the tissue was fixed in ice-cold 100% methanol
(Thermo Fisher) for 10 min and rehydrated with three washes of 5 min each in 1x PBS (Gibco).

Mouse and human tissue sections were permeabilized with 0.2% Triton X-100 (Applied Chemicals) in PBS for 30 min and 3h,
respectively, at room temperature (RT); and blocked with 10% normal donkey serum (NDS) (EMD Millipore) in PBS for a minimum
of 1h at RT. The blocking buffer was removed, and the tissue was incubated with the primary antibody mix (see Key Resource table)
overnight at 4°C, followed by 3 washes of 10 min each with 0.2% Tween (Applied Chemicals) in PBS on a shaker at RT. The secondary
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antibody mix (see Key Resource table) and DAPI (Life Technologies) were incubated for 1h at RT, followed by three additional washes
(as explained above). If applicable, the slides were incubated with the conjugated antibody mix for 1h at RT and washed three times.
In the final step, the slides were mounted using Dako fluorescence mounting medium (Agilent) and covered with a coverslip. An Axio
Scan.Z1 slide scanner (Zeiss) was used for imaging using a 20x objective.

Analysis of human Anpep expression in public datasets

Gene expression and clinical data from multiple breast and lung cancer cohorts were integrated to evaluate associations between
Aminopeptidase N (ANPEP) mRNA expression and tumor grade/stage. Data were sourced from the following publicly available re-
positories and included both microarray and RNA-seq platforms:

The Molecular Taxonomy of Breast Cancer International Consortium (METABRIC)®: This dataset included 2,000+ primary breast
tumors with lllumina microarray-derived mRNA z-scores (downloaded on Dec 14th, 2023).

The Cancer Genome Atlas (TCGA): RNA-seq expression data were analyzed in LUAD and LUSC (lung adenocarcinoma/nonsqu-
amous carcinoma, combined n = 864 (downloaded on July 17th, 2024).

U Cologne Small-Cell Lung Cancer Dataset®: A publicly available cohort provided RNA-seq profiles from 120 SCLC tumors and
matched normal lung tissues (downloaded on May 25th, 2023).

The Metastatic Breast Cancer Project (MBC): This dataset release is derived from 379 samples, including both primary and/or met-
astatic tumor specimens (FFPE) from 301 patients who developed metastatic breast cancer (downloaded on May 25th, 2023).

To harmonize technical variability between platforms, ANPEP mRNA expression Z score values were used. Shapiro tests indicated
non-normal distributions of ANPEP expression across tumor grades/stages. Consequently, non-parametric Kruskal-Wallis tests
were applied to assess differences in ANPEP expression levels among groups within each cohort. Where significant effects
(p < 0.05) were detected, pairwise comparisons between tumor grades/stages were conducted using Dunn’s test with Bonferroni
correction for multiple testing. For survival analysis, patients were stratified by ANPEP expression median cutoffs to evaluate asso-
ciations with clinical outcomes. Kaplan-Meier curves and log rank tests were used to assess differences in overall survival (OS). Sta-
tistical analyses were performed in R (version 4.3.2) using packages such as ‘survival‘ (version 3.5-7) and ‘survminer* (version 0.4.9)
for Kaplan-Meier curves, ‘FSA’ (version 0.9.6) for Dunn’s tests, ‘cBioPortalData‘ (version 2.14.2) and ‘GEOquery‘(version 2.70.0) for
data accession.

Extracellular matrix coating

12-MW plates were coated overnight at 4°C with 0.5 mL of Matrigel (Corning) 1% in basal media, collagen-I (Corning) 100 pg/mL in
H»0, collagen-1V (Cultrex) 100 pg/mL in H,O, fibronectin (Advance biomatrix) 40 ug/mL in PBS, laminin (Corning) 40 pg/mL in PBS,
high molecular weight hyaluronan (R&D systems) 100 pg/mL in PBS and neuroglycan C/CSPG5 (R&D systems) 1 pg/mL in PBS. Un-
coated wells were used as controls. PyMT-BrM3 cells were incubated for 72h and detached with trypsin to proceed with the FACS
protocol as detailed in the section “Flow cytometry analysis of CD13 levels and sorting”.

3D cell cultures: Matrigel and hanging spheres

For hanging spheres culture, PyMT-BrM3 cells were resuspended at a concentration of 67000 cells/ml and seeded in 30 pL drops on
the lid of a p150 plate. The lid was inverted, and cells were incubated for 12h. PBS was added in the bottom of the plate to prevent
liquid evaporation. For Matrigel culture, PyMT-BrM3 cells were incubated in 50% Matrigel (Corning) 50% DMEM-F12 (1:1) + Gluta-
max (Gibco) supplemented 10% FBS and 1% P/S for one week. Matrigel was disrupted with Cell Recovery Solution (Corning)
following the manufacturer’s instructions. Spheres were dissociated mechanically before proceeding with the FACS protocol as
detailed in the section “Flow cytometry analysis of CD13 levels and sorting”.

Flow cytometry analysis of CD13 levels and sorting

Samples were stained with Zombie NIR fixable viability dye (Biolegend) for 20 min, followed by a 10 min blocking step with Purified
Rat Anti-Mouse CD16/CD32 (BD). The antibody mix (see Key Resource Table) was incubated for 15 min in the dark. Samples were
washed and resuspended on FACS buffer containing 0.5% BSA (Jackson ImmunoResearch) and 2 mM EDTA (Invitrogen). PyMT-
BrM3 cell sorting into CD13-high and CD13-low populations was performed using the multicolor fluorescence-activated cell sorter
(BD FACSAria or MoFlo Astrios EQ). Data acquisition was performed using a 5-Laser LSRFortessa flow cytometer (BD). Data was
analyzed using FlowJo software (BD).

Lentivirus transduction
For virus production, 293T cells were transfected with VSVG and pPAX2 packaging vectors and the plasmids of interest. For CD13
knockdown experiments, a pLKO non-targeting control and TRC pLKO CD13 shRNAs were used (RMM3981-201761394 clone
TRCNO0000031087 and RMM3981-201761395 clone TRCN0000031088, Horizon). For overexpression studies, pLV-C-GFPSpark
CD13 overexpression vector and the corresponding empty vectors were used (MG50001-ACGLN and LVCV-01, Sino Biological).
PyMT-BrMs3 cells were incubated with the viral particles for at least 24h in the presence of protamine (8ug/ml, Sigma-Aldrich) and
selected either with puromycin (1ug/ml, Millipore) for the shRNA knockdown or by sorting of GFP* cells for CD13 overexpression.
Multiple rounds (~3) of sorting were needed to obtain a pure cell population.
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RNA extraction and real-time PCR

Total RNA from cells or tumors was extracted with the RNeasy kit (QIAGEN) and reverse transcribed using the High-Capacity cDNA
Reverse Transcription Kit (Applied Biosystems), following the manufacturer’s instructions. Quantitative real-time PCR was performed
with the QuantStudio 6 Flex (Applied Biosystems) using the TagMan Universal PCR Master Mix (Applied Biosystems) and the
TagMan probes for CD13 (Mm00476227_m1, Mm00476226_g1) and GAPDH (Mm99999915_g1).

Generation of experimental brain metastasis by intracardiac or intracranial injection

For breast- or melanoma-BrM generation in immunocompetent mice, a total of 1x10° PyMT-BrM3 cells or 50x10° Yumm1.1-BrM4
cells (resuspended in HBSS) were inoculated into the left cardiac ventricle of 6-10 weeks old mice (C57BL/6J background). For lung-
BrM generation in immunocompetent mice, cells were resuspended at a concentration of 67000 cells/ml in DMEM-F12 (1:1) + Glu-
tamax (Gibco), supplemented with 10% FBS and 1% P/S. Cells were seeded in 30 pL drops in the lid of a Petri dish and incubated for
12h with the lid inverted, to enable the formation of hanging spheres. To prevent evaporation, PBS was added to the Petri dish during
the incubation time. To minimize the outgrowth of lung and melanoma cancer cells in the injection site, cancer cells were not directly
injected into the heart. Instead, a Multifly-needle (25G, 80mm, SARSTED) with an attached syringe filled with PBS was inserted into
the left cardiac ventricle of 6-10 weeks old mice (C57BL/6J background), followed by cancer cell injection into the catheter tube (four
hanging drops per mouse) and a flush with PBS.

Mouse monitoring by magnetic resonance imaging (MRI)
Mice were weekly monitored by MRI using a 3 Tesla small animal MR scanner (Bruker BioSpin MRI, Ettlingen, Germany) with an
82-mm volume coil as a transmitter combined with a 2 x 2 mouse brain phased array surface coil for signal reception.

Mice were anesthetized with 2.5% isoflurane (Attane) in oxygen for 1-2 min, followed by injection with 150 pL of gadolinium (Ga-
dovist, 1 mmol/mL,Bayer) as a contrast agent. Anesthesia was maintained throughout the whole procedure, monitoring the respira-
tion rate with a respiration pillow placed bellow the mouse abdomen (SA Instruments, Stony Brook, New York, USA). The body tem-
perature was kept constant at 37.0 + 0.5°C using a tubing system circulating warm water. Data was acquired with Paravision 360 v2.0
software (Bruker BioSpin MRI, Ettlingen, Germany). To assess the mouse head position, a 3-slice localizer was employed, followed
by a T1-FLASH (fast low-angle shot magnetic resonance) sequence with the following parameters: repetition time (TR) = 232.9 ms,
echo time (TE) = 5.2 ms, flip angle = 50°, number of averages (NA) = 4, number of slices = 9, slice thickness (ST) = 0.7 mm, field of view
(FOV) = 20 x 20 mm?2, matrix size (MS) = 128 x 128, pixel size 0.156 x 0.156 mm?, acquisition time (Tacq) = 1m33s. Images were
acquired in axial planes. Tumor volume was quantified with MIPAV software (National Institutes of Health, USA). Mice were sacrificed
when symptoms developed.

Generation of mammary fat pad tumors

PyMT-BrM3 cells were resuspended at a concentration of 7x10° cells/ml in 50% HBSS 50% Matrigel (Corning) and kept on ice until
injected. Mice were anesthetized with 2.5% isoflurane (Attane) in oxygen and 100 pL of the cell suspension was injected subcuta-
neously into the MFP. Tumor growth was monitored over time by biweekly caliper measurements.

Brain seeding experiments

PyMT-BrM3 cells were resuspended at a concentration of 2-4x10° cells/ml in prewarmed serum free medium. Cel tracker green (In-
vitrogen) is prepared in serum-free medium at a concentration of 10 pM and added to the PyMT-BrM3 cells in 1:1 ratio for a final con-
centration of 5 pM. After an incubation of 30 min at 37°C, cells were washed and filtered through a 100 pm strainer with HBSS. Mice
were injected intracardially with a total of 5x10° PyMT-BrM3 cells. After 48h, mice were euthanized through terminal anesthesia using
pentobarbital and perfused with PBS. The brain tissue was minced for <5 min and digested using the brain tumor dissociation kit
(BTDK) in a gentleMACS Octo Dissociator (Miltenyi). Cell suspension was resuspended in 1 mL of PBS, transferred into a tube con-
taining 4 mL of 22% Percoll solution (Sigma-Aldrich) and centrifuged 10 min at 560g without the break on. After centrifugation the
supernatant was removed, the cell suspension was washed with PBS (Gibco) and transferred to a FACS tube to proceed with the
staining, as described in the section “Flow cytometry analysis of CD13 levels and sorting”. Data acquisition was performed using
a 5-Laser LSRFortessa flow cytometer (BD). Gating was performed on Zombie™ CD45~ CD11B™ cells (to discard dead and immune
cells), followed by Epcam*GFP* gating to detect seeded cancer cells. The brain-seeded cancer cells are calculated as percentage
from CD45~ CD11B™ cells.

RNA-sequencing
In the PyMT-BrM83 in vivo vs. in vitro analysis, in vitro cells were detached from culture plates with Trypsin+0.05% EDTA (Gibco). For
the in vivo condition, mice bearing BrM at humane endpoint were anesthetized with a lethal dose of pentobarbital, intracardially
perfused with 10 mL of ice-cold PBS, and brain metastatic lesions were dissected from surrounding healthy tissue. Single-cell sus-
pensions were generated by dissociating tumors using the Tumor Dissociation Kit (TDK) for mouse (Miltenyi) and the mTDK2 protocol
on a gentleMACS Octo Dissociator (Miltenyi).

For both in vitro and in vivo samples, single-cell suspensions were filtered, counted and stained with Zombie NIR, CD45 and
EpCAM fluorescent antibodies. Zombie™ CD45~ EpCAM™ cells were sorted on a MoFlo Astrios EQ. After sorting, cells in ice-cold
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complete DMEM/F12 were immediately washed with PBS, pelleted, and immediately stored at —80°C until RNA extraction. RNA
purification was performed using the RNeasy Mini kit following the manufacturer’s instructions and prepared at a concentration of
5 ng/uL in RNAse-free water. Libraries were prepared using the lllumina TrueSeq stranded mRNA kit and sequenced on an lllumina
Novaseq 6000. Raw fastq files were quality-checked, trimmed and aligned to the mouse reference genome mm10 (murine genome
version 39 with GENCODE M26 annotation) using STAR (v2.7.9a) and RSEM (RSEM v1.3.1) with default parameters. FPKM values
were computed using tximport (v1.20.1). Gene summarized raw counts produced by tximport were processed as follows: non-pro-
tein coding genes, pseudogenes, predicted genes, predicted pseudogenes, and genes with FPKM = 0 in all samples were filtered
out. The final matrix of 11 samples and 15,420 genes was normalized for library size using the TMM method from EdgeR (v4.2.2)
and voom from limma (v3.60.6). Differential expression between groups was computed using limma (ImFit and eBayes), and p values
were adjusted for multiple testing using the Benjamini-Hochberg method.

In the PyMT-BrM3 CD13-OE vs. control analysis, transfected cell lines were generated as described in the Lentivirus transduction
section. Cells in culture were detached with Trypsin+0.05% EDTA (Gibco) and RNA extracted using the RNeasy Mini Kit (QIAGEN)
according to the manufacturer’s instructions. Libraries were prepared using the Watchmaker mRNA protocol and sequenced on an
lllumina Novaseq 6000. Raw fastq files were quality-checked, trimmed, and aligned to the mouse reference genome GRCm38 using
nf-core/rnaseq (v3.20.0-gb971ba1) pipeline with default parameters. Gene summarized raw counts produced by Salmon (v1.10.3)
and tximport (v1.20.1) were processed as follows: genes with low read counts (average TPM <1 or average counts <5 per sample)
and non-protein-coding genes were filtered out. The final matrix of 8 samples and 10,697 genes was normalized for library size using
the TMM method from EdgeR (v4.2.2) and voom from limma (v3.60.6). Differential expression between groups was computed using
limma (ImFit and eBayes), and p values were adjusted for multiple testing using Benjamini-Hochberg method. Pathway enrichment
was performed with clusterProfiler (v4.12.6) using GSEA and the following gene set collections: Hallmark, Reactome, and Gene
Ontology (GO) biological process from msigdbr (v7.5.1).

Image analysis

VIS Image Analysis software (Visiopharm) or QuPath v0.3.0 and v0.5.0*° image analysis software was used for image analysis.
Visiopharm analysis

For each individual sample, a region of interest (ROI) was manually defined excluding tissue edges and aberrant signals, such as
those resulting from tissue folds, dust particles, or air bubbles. To classify objects, detection thresholds were determined based
on pixel intensity.

Qupath analysis

For each sample, a ROl was manually defined excluding tissue edges and aberrant signals such as those resulting from tissue folds,
dust particles, or air bubbles. Nuclear segmentation was performed with the The StarDist method** powered by the dsb2018_hea-
vy_augment.pb deep learning model with the following parameters: threshold = 0.5; channels = ‘DAPI’; pixelSize = 0; cellExpansion =
3; cellConstrainScale = 1.5; measureShape = true; measurelntensity = true; includeProbability = true; nThreads = 10. To classify ob-
jects, detection thresholds were determined based on pixel intensity. To define the perivascular area, a pixel classifier was generated
to perform a mask over the vessels based on CD31 expression. The perivascular area was calculated as the combination of the mask
and an expansion of 15 pm diameter from the external border of the mask, excluding objects less than 50 pm?.

QUANTIFICATION AND STATISTICAL ANALYSIS

GraphPad Prism software and R (v4.3.2) were used for basic statistical analysis. Summary data are presented as mean + standard
error of the mean (SEM). When the data followed a continuous normal distribution, Student’s t test and ordinary ANOVA were applied;
when data distributions failed normality tests the equivalent non-parametric Mann-Whitney and Kruskal-Wallis tests were used.
When comparing multiple groups, individual p-values were corrected for multiple testing using the Bonferroni correction method un-
less otherwise stated. Differences were considered statistically significant at p < 0.05 or P.adj < 0.05.
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