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Tumor-initiating cells (TICs) share features and regulatory pathways with
normal stem cells, yet how the stem cell niche contributes to tumorigenesis
remains unclear. Here, we identify CXCR4* macrophages as a niche population
enriched in normal mammary ducts, where they promote the regenerative
activity of basal cells in response to luminal cell-derived CXCL12. CXCL12
triggers AKT-mediated stabilization of -catenin, which induces Wnt ligands
and pro-migratory genes, enabling intraductal macrophage infiltration and
supporting regenerative activity of basal cells. Notably, these same CXCR4"
niche macrophages regulate the tumor-initiating activity of various breast
cancer subtypes by enhancing TIC survival and tumor-forming capacity, while
promoting early immune evasion through regulatory T cell induction. Fur-
thermore, a CXCR4* niche macrophage gene signature correlates with poor
prognosis in human breast cancer. These findings highlight the pivotal role of
the CXCLI12-CXCR4 axis in orchestrating interactions between niche macro-
phages, mammary epithelial cells, and immune cells, thereby establishing a
supportive niche for both normal tissue regeneration and mammary tumor
initiation.

Tumor-initiating cells (TICs), often referred to as cancer stem cells
(CSCs), share several key characteristics with normal stem cells,
including self-renewal capacity and immune-privileged status'™. It has
long been speculated that regulators of normal stem cells may be
exploited by TICs during the tumorigenesis and progression of many
cancers, such as breast cancer, that originate from organs containing
adult stem and progenitor cells>**.

The mammary gland is a highly dynamic organ that experiences
numerous cycles of proliferation, differentiation, and apoptosis
throughout a female’s life®’. The existence of mammary stem cells
(MaSCs), which are capable of differentiating into three major
mammary epithelial lineages, namely luminal secretory precursors,
luminal hormone-sensing cells, and basal/myoepithelial cells, have
long been speculated to play a key role in mammary gland
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development and homeostasis®’. Earlier studies employing cleared
fat pad transplantation assays and in vivo lineage tracing approaches
have revealed the nature and hierarchy of postnatal MaSCs and
progenitor cells under physiological conditions®'°", Several lines of
evidence suggest that distinct populations of unipotent stem/pro-
genitor cells are self-sustained and independently maintain the
luminal and basal compartments of mammary glands ™, while other
studies provided evidence for the presence of bipotent stem cells
residing in the basal layers that can generate both luminal and basal
lineages®”"**. It is generally believed that while unipotent pro-
genitor cells are primarily responsible for postnatal morphogenesis
and homeostasis during adulthood, multipotent MaSCs are impli-
cated in long-term ductal maintenance or tissue regeneration in
response to injury”. Highly dynamic and heterogenous populations
of MaSCs and progenitors may collectively contribute to mammary
gland homeostasis.

Research in the past two decades, following the initial identifica-
tion of MaSCs®’, has uncovered several MaSC-intrinsic regulators that
also influence TIC activity and function during mammary tumorigen-
esis. These regulators include transcriptional factors such as SLUG”,
ELF5*%, and ANp63?*%°, miRNAs like miR-1992a°"%, cell surface recep-
tors or ligands such as PROCR?*, and DLL1******, These factors govern
self-renewal and differentiation signaling while also regulating local
immune and stromal cell types to promote stemness and immune
tolerance. However, little is known about the surrounding stromal
components, or niches, that regulate MaSC and breast TIC activity.

Mammary gland macrophages have been previously shown to be
essential for ductal morphogenesis during puberty, alveologenesis,
pregnancy, and involution after weaning®~°. Our previous work iden-
tified mammary gland resident macrophages as crucial components of
the MaSC niche”. Mechanistically, basal cells enriched with stem cell
capacities exhibit a high expression level of the Notch ligand Delta-like
1 (DLL1), which activates the Notch signaling pathway in mammary
gland macrophages. This activation induces the production of Wnt,
feeding back to the MaSC-like basal cells to stimulate their stem/pro-
genitor cell property”. Signals within the stem cell niche, including
Notch and Wnt, typically involve short-range juxtacrine signaling®,
This implies that macrophages and MaSCs must maintain close
proximity and direct intercellular contact within the niche. Indeed,
ductal macrophages were found to be intercalated between the lumi-
nal and myoepithelial layers and constantly monitor the epithelium
through dendrite movement®. Furthermore, a recent study identified
crosstalk between ductal macrophages and PROCR" MaSCs via IL1j3-
ILIR-NFkB signaling during estrus cycles and in response to cytotoxic
stress, contributing to stem cell survival and activities®*. However, key
questions remain regarding which sub-population of mammary gland
macrophages supports MaSC function, how these macrophages are
recruited to the intraductal niche—typically separated from the sur-
rounding stroma by the basement membrane (BM)***—and the
mechanisms that initiate reciprocal niche signaling between niche
macrophages and epithelial components to support mammary gland
development.

Although the molecular links between MaSCs and breast TICs have
been well established, the definition of TIC niches and how they con-
tribute to mammary tumor initiation remains mostly unknown. The
role of tissue-resident macrophages in tumor initiation remains con-
troversial, largely due to the heterogeneous nature of macrophages
across different tissues* ™. In this study, we elucidate the pivotal role
of CXCL12-CXCR4 chemokine signaling in the intra-epithelial locali-
zation and the support of regenerative function of basal cells by
mammary gland macrophages. CXCL12, derived from luminal epithelial
cells, activates CXCR4 signaling in CXCR4" ductal macrophages, lead-
ing to AKT-mediated stabilization of P-catenin and its subsequent
transcriptional activity. This signaling cascade results in increased
MMP2, WNT2b, and Cyclin D, which facilitate the degradation of

basement membranes and the migration of CXCR4* macrophages into
the mammary epithelium, with enhanced ability to promote MaSC
capacity of basal cells. Furthermore, we unveil the contribution of
these macrophages to mammary tumor initiation and progression.
Mammary gland CXCR4* macrophages are expanded during tumor-
igenesis and promote mammary tumor-initiating properties. Further-
more, they promote the formation of immunosuppressive niches
through elevated expression of retinoid biogenesis enzyme ALDH1a2
and regulatory T cell (Tregs) induction. Generic depletion and phar-
macological targeting of the CXCL12-CXCR4 axis inhibit tumor initia-
tion, progression, and metastasis by reducing the number and activity
of TICs, decreasing immune suppressive Tregs while increasing cyto-
toxic CD8 T cells. Our study reveals a chemokine-dependent interac-
tion network essential for the recruitment and activation of ductal
niche macrophages, thereby supporting MaSC/TIC functions during
mammary gland development and mammary tumorigenesis.

Results

CXCR4-expressing mammary gland macrophages are adjacent
to the mammary epithelium and are required for branching
morphogenesis of the mammary gland

We previously showed that mammary gland macrophages have dis-
tinct molecular properties that support the self-renewal and pro-
liferating potential of MaSCs while non-resident peritoneal
macrophages are unable to do so”. This finding suggests that reci-
procal interactions between mammary epithelial cells and macro-
phages are crucial for recruiting the latter into direct intercellular
contact with the mammary epithelium. Additionally, these interactions
provide specialized niche signals essential for the maintenance of
MaSC functions throughout the development of the gland. We first
compared the gene expression profiles® of mammary gland resident
macrophages and peritoneal macrophages to identify candidate che-
mokine signaling molecules that could mediate such interactions. A list
of genes encoding cytokines and chemokine receptors highly
expressed in mammary gland macrophages was obtained, including
CX3CR1 which was previously reported to be enriched in ductal mac-
rophages of mammary glands®’. Among these genes, CXCR4 has the
highest expression level based on RNAseq data and has the highest
fold change in differential expression between mammary gland mac-
rophages and peritoneal macrophages (Fig. 1a and Supplementary
Table 1). Analysis of recently published single-cell RNA sequencing
studies of mouse and human mammary gland*’*® confirmed elevated
expression of CXCR4 in particular sub-populations (Ma in mice and m1
in humans) of mammary gland-resident macrophage (Supplementary
Fig. 1a-f). In addition, we assessed the levels of CXCR4 in ductal mac-
rophages (DM) and stromal macrophages (SM), as identified in a
recent study based on their respective physical locations® and found a
higher CXCR4 expression in duct-associated macrophages (Supple-
mentary Fig. 1g); however, these previous studies did not investigate
the importance of CXCR4 in the formation and function of the mac-
rophageal niche for MaSCs.

Flow cytometry analysis verified the presence of CXCR4'F4/
80"CD11b'macrophages in mammary glands while CXCR4 expression
is absent in non-resident peritoneal macrophages (Supplementary
Fig. 2a). Subsequent analysis of CXCR4-expressing macrophages
across various developmental stages of the mouse mammary gland
indicated a notable increase in their numbers within the glands of 6-
week-old mice (Fig. 1b). This elevated population level is sustained
through the adult phase and undergoes additional increases during
both pregnancy and the involution period (Fig. 1b). Immuno-
fluorescence imaging of FFPE tissue sections from different devel-
opmental stages showed CXCR4-expressing macrophages localized
near epithelial ducts (Fig. 1c and Supplementary. Fig. 2b). To assess
the distribution of CXCR4-expressing macrophage in intact mam-
mary gland tissue, we conducted three-dimensional (3D) confocal
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imaging of cleared mammary tissue after immunostaining of CXCR4
together with relevant lineage markers®. We again observed close
proximity of CXCR4-expressing macrophages to epithelial ducts
(Fig. 1d and Supplementary Fig. 2d), consistent with our previous
report of mammary gland macrophages as a key component of MaSC
niche” and a recent study showing intraductal localization of ductal
macrophages®. Quantification of images confirmed the increased
presence of CXCR4-expressing macrophages in the mammary ducts,
and they are particularly enriched at the branching point and at the
cleft of a dichotomous branching structure (Fig. 1d, Supplementary
Fig. 2c, d, and Supplementary Movie 1). Co-immunofluorescent
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staining also confirmed penetration of F4/80" macrophages through
the collagen IV- or Laminin-rich basement membrane to reach the
mammary ductal epithelium (Fig. le, Supplementary Fig. 2e, f, and
Supplementary Movie 2).

Next, we analyzed the expression of CXCR4 in a broader variety of
cell types in the mammary gland and employed lineage-specific mouse
genetic knockout models to evaluate the functional significance of
CXCR4 expression in macrophages for mammary gland development.
While qRT-PCR data and single-cell RNA sequencing (scRNA-seq)
analysis of normal mouse mammary gland, as well as scRNA-seq ana-
lysis of human breast tissue*’, revealed high CXCR4 gene expression in
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Fig. 1| Genetic depletion of CXCR4 in mammary gland macrophage inhibits
mammary branching morphogenesis. a Heatmap showing differentially expres-
sed chemokine/cytokine receptor genes between mammary gland macrophages
(M-Mo) and peritoneal macrophages (P-Mo), with fold changes indicated.

b Percentage of F4/80"CXCR4" M¢ among CD11b" cells (Supplementary Fig. 16b) in
mammary glands from different stages (n =4, 5, 6, 9, biologically independent
samples, Wks weeks, Preg. pregnancy, Inv. involution). ¢ Immunofluorescence (IF)
images of mammary gland at puberty (week 4), adult (week 9), and pregnancy
(P14), stained for CXCR4 (green) and F4/80 (red). White arrows indicate double-
positive cells. d, e Whole-mount mammary gland tissues from 8-week-old females
stained for d Keratin 8 (K8, blue), F4/80 (red), and CXCR4 (green) or e Keratin 8 (K8,
blue), F4/80 (red), and Collagen IV; Col IV (white). Enlarged views of boxed areas are
shown. f qRT-PCR analysis of CXCR4 mRNA expression in M¢ from LysM-Cre lit-
termate control (Ctrl) and CXCR4™¥*° mice (cKO) (n =3, biologically independent
samples). g, h Flow cytometry quantification of F4/80"'CXCR4" M¢ among CD11b*

cells (g) and F4/80°CXCR4~ M¢ among CD11b" cells (h) (Supplementary Fig. 16b) in
LysM-Cre littermate control and CXCR4"**° mice. F4/80 CXCR4™ and F4/

80 CXCR4" cells among CD11b* cells are excluded from the quantification graph
(n =4, biologically independent samples). i Representative images of carmine alum
whole mount staining of mammary glands from control and CXCR4"**° mice

(8 weeks). j, k Quantification of j ductal length (n = 6, biologically independent
samples), k branching (n =11, 12, biologically independent samples). 1 Ki67, K8 and
K14 staining of control and CXCR4M**° mammary glands. m Quantification of
Ki67+ cell percentage among total epithelial cells in the field of view (n =6, biolo-
gically independent samples). Scale bar, 50 um in (c, I), 100 pm in (d, e), and 25 pm
in (i). Data are mean values + s.d. Statistical significance was calculated by two-
tailed unpaired Student’s t-test or one-way ANOVA with Turkey’s test. Box plots
show the median (center line), 25th/75th percentiles (box bounds), whiskers
extending to 1.5 IQR, and outliers plotted individually. Source data are provided as
a Source Data file.

mammary gland macrophages, other immune cells such as T cells, B
cells, and NK cells also expressed CXCR4. Notably, mammary epithelial
cells and other non-immune stromal cells such as fibroblasts express
little or much lower levels of CXCR4 (Supplementary Fig. 3). To rule
out the potential impact of other CXCR4-expressing non-macrophage
cells on mammary gland development, we generated myeloid cell-
specific, LysM-Cre mediated CXCR4 conditional knockout mice
(CXCR4M**%) by crossing LysM-Cre transgenic mice*’ with CXCR4
floxed mice™. Significantly reduced CXCR4 expression in the mam-
mary gland macrophages of knockout mice and reduced percentage of
CXCR4" macrophage was confirmed by qRT-PCR and flow cytometry
assay, respectively (Fig. 1f-h, and Supplementary Fig. 4a). LysM-Cre-
mediated CXCR4 deletion did not affect the number of other immune
populations, including neutrophils, monocytes, or lymphoid CD8"' T,
CD4" T, NK and B cells (Supplementary Fig. 4b and c). We observed
that most non-macrophage immune cells and lineage-negative mam-
mary epithelial cells in mammary glands exhibited very low or no
CXCR4 expression, except for B cells (Supplementary Fig. 4d-f). In
addition, CXCR4 levels remained unchanged in CXCR4-expressing
non-macrophage cell types such as B cells, luminal and basal epithelial
cells in the mammary gland of CXCR4“*° mice (Supplementary
Fig. 4g-i). Furthermore, CXCR4 deletion by LysM-Cre does not impact
other tissue-resident macrophages, including those in the liver, lungs,
and spleen. The overall weight of these tissues as well as the percen-
tage of total macrophages showed no significant differences. Lung and
spleen-resident macrophages exhibited little to no CXCR4 expression,
while liver macrophages expressed CXCR4 at much lower levels
compared to mammary gland macrophages (Supplementary Fig. 4j-1).
Collectively, these results demonstrate macrophage-specific depletion
of CXCR4 in the knockout mice and the lack of impact on other cell
types. Notably, we observed a significant reduction in ductal branching
formation and the number of terminal end buds in CXCR4M**° mice
compared to littermate controls, whereas mammary ductal elongation
was not significantly affected (Fig. 1li-k, Supplementary Fig. 4m and n).
Immuno-staining of Ki67 revealed fewer proliferating epithelial cells in
the mammary glands of CXCR4M®° mice (Fig. 11, m). These results
indicate that CXCR4 expression in mammary duct-associated macro-
phages plays important roles in branching morphogenesis and pro-
liferation of mammary epithelium.

Loss of CXCR4 in macrophages prevents their migration into
intraductal spaces

Next, we evaluated the number, localization, and function of the
mammary gland macrophages in littermate controls and CXCR4M® <k
mice. The number of F4/80"CD11b* macrophages as measured by flow
cytometry analysis was not significantly changed after CXCR4 knock-
out in macrophages (Fig. 2a). Immunostaining of mammary gland
sections demonstrated that F4/80" macrophages are commonly situ-
ated near the mammary ducts and exhibit a close association with the

mammary epithelial layer (Fig. 2b, left panel). In contrast, while F4/80"
macrophages were detected near the ducts in the mammary glands of
CXCR4M*k0 mice, they predominantly remained outside the epithelial
layer (Fig. 2b, right panel). Quantification of intra-epithelial localization
of macrophages confirmed significantly reduced interactions between
macrophages and epithelial cells in CXCR4™**° mice (Fig. 2c). Nota-
bly, we also observed macrophages with an elongated morphology
exclusively within control mammary glands, particularly when in close
association with epithelial cells. This elongated macrophage pheno-
type has been previously identified as a response to a variety of local
environmental signals. It facilitates the formation of an intercellular
network and plays a crucial role in mediating numerous molecular
signaling processes, including macrophage polarization®,

Given the reduced presence of CXCR4™*° macrophages in the
intraepithelial space, we first assessed the migratory property of mac-
rophages with or without genetic knockout of CXCR4. Transwell
migration assay using macrophages isolated from mammary glands of
control and CXCR4M**° mjce showed reduced migration of CXCR4M®&C
mammary gland macrophages compared to control cells in vitro (Fig. 2d
and Supplementary Fig. 5a). To characterize the molecular features of
control and CXCR4"**K® macrophages, we isolated them from adult
mouse mammary glands by fluorescence activating cell sorting (FACS)
and performed RNA sequencing analysis. Gene set enrichment analysis
(GSEA) of transcriptomic data showed that, compared to CXCR4-
deficient macrophages, control macrophages are enriched for cell
migration-related gene signatures (Supplementary Fig. 5b), with ele-
vated expression of genes known to promote macrophage motility and
adhesion in both physiological and pathological settings (Fig. 2e).
CXCR4 loss, however, did not affect the expression of CCL2/CCR2 and
CSF1/CSFIR, major known regulators of macrophage trafficking.

As both CXCR4™ and CXCR4" macrophages exist in the wild-type
mammary gland (Supplementary Fig. 2a), we directly evaluated the
migration ability of these populations by transwell migration assay
with FACS-isolated CXCR4~ and CXCR4® mammary gland macro-
phages. Indeed, CXCR4* macrophages showed higher migration
capacity than CXCR4 macrophages in vitro (Fig. 2f). Similar RNAseq
gene expression profiling was performed on CXCR4" and CXCR4~
macrophages. Gene ontology pathway analysis showed that CXCR4-
expressing macrophages are enriched for migration and chemotaxis-
related pathways (Fig. 2g). Furthermore, distinct signaling pathways
involved in immune regulation and metabolism were shown between
two cells, suggesting that CXCR4 expression marks a specific macro-
phage sub-population that has distinct molecular features (Supple-
mentary Fig. 5c and d).

CXCR4 depletion in macrophages suppresses the function of
mammary gland stem cells

The impaired branching formation and reduced ductal epithelial cell
proliferation shown in CXCR4M**© suggested that CXCR4 depletion in

Nature Communications | (2025)16:4854


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-59972-z

a p=01 D Control CXCRAMi-KO C 40, P=0.0003
£ 15 <
el £ 401
é 101 ; §+O
by 5 X
g 5 Ehe %
3 °
5 0 3 i
=2 0 Ctrl cKO Ctrl cKO
d e Ctrl cKO f g
Mapk3 © [ Up-regulated pathways
607 p=0.0001 Cx3cr1 <« p =0.003
» Ptk2 ~ 250+ b Macrophage migration
g Cx3cl1 e % 200- _T_ . Macrophage chemotaxis
5 404 CD200r4 o O o
@ Ddt = B 150- {1 ]cCRbinding
g Nup85 £ © . Chemokine receptor binding
-= 204 Trem2 o 2 100+
g Eo Mmp14 g E 501 1 Chemokine activity
$+ 0 g,g,ig? é ; 0 1 Eosinophil chemotaxis
Ctrl  cKO Trpvd = CXCR4*CXCR4& 0 2 4 6 8 -log,o(FDR)
h ! J | #ofPacels Take rate k
™ _ (Basal/MaSCs) Ctrl M¢-cKO °
S p=05 p = 0.0005 £
< 157 |—‘ @ 507 e 2000 77 5/7 8
= %j 2 401 1000 8/9 519 ‘
319 ? g 304 500 5/6 216
= @]
2 5 § %1 , 1369 | 11375 <
S E 10+ Repopulating | (1/698— | (1/2498 =
@ ool 2 ol frequency 1/195) | —1/757) x
© Ctrl cKO Ctrl cKO (95% interval) <
BN p =0.002 O
I m n o
604 _ p = 0.002 °
p=0.0002 p = 0.0028 p=0.005p=0.04 g 807 £
* o ® 80 £ o O
© 40 .e o £ 601
g _OCJ 60 . S L _I_
& & . 2 404 X o
Y= ° « 40 -S %
:.2 20 =I=O|: c ° Eé
L4 20_ ﬁ g 20 —3— E
S O
0 o 0- X
P4 ' P4 P4’ Ctl CXCR4*CXCR4™ ¥ Ctl  cKO O
+M¢ +M¢CKO L )
+ Basal/MaSCs

macrophages might suppress the MaSC function. Building on our
previous study showing a critical interaction of MaSCs and macro-
phages via juxtracrine Notch and Wnt signaling for the maintenance of
MaSC survival and functionality during mammary gland
developments®, we proceeded to examine the number and growth of
MaSCs in the mammary gland of CXCR4M**° mice using a set of
established assays as previous reported®***, Lin"CD24*CD29"e" (P4)
MaScC-enriched basal population was analyzed by flow cytometry and

sorted for assessing regenerative growth capacity using in vitro
mammosphere formation assay in ultralow-attachment plates and
limited dilution cleared fat pad repopulation assay in vivo (Supple-
mentary Fig. 6a). Although we detected no difference in the number of
Lin"CD24*CD29"e" (P4) MaSC-enriched basal population (Fig. 2h and
Supplementary Fig. 6b), FACS-isolated P4 populations from mammary
glands of CXCR4M¥K° mice formed significantly fewer mammospheres
in vitro, compared to cells from control mice (Fig. 2i), indicating
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Fig. 2 | CXCR4 is critical for macrophage-mediated stem cell promoting
activity. a F4/80" M¢ among CD11b" cells (Supplementary Fig. 16¢) in control and
CXCR4M*K0 mammary glands (n = 6, 7, biologically independent samples). b F4/80
and K8 IF staining of control and CXCR4"**® mammary glands. Enlarged views of
boxed areas are shown. ¢ Quantification of intraepithelial F4/80" cells per field

(n =4, biologically independent samples, 3 ductal areas were randomly selected per
each section). d Transwell migration assays of control and CXCR4M**° macro-
phages (n = 4, biologically independent samples, 5 microscopic fields were ran-
domly selected from each well). e Heatmap of differentially expressed genes (DEGs)
related to macrophage migration from RNA-seq of control and CXCR4M*<° M.
f Transwell migration of CXCR4" and CXCR4™ macrophages (n = 3, biologically
independent samples, 5 microscopic fields were randomly selected). g Pathway
enrichment analysis from DEGs in CXCR4" vs. CXCR4™ macrophages, highlighting
migration/Chemotaxis pathways ranked by adjusted FDR. h Quantification of
Lin'CD24*CD29"" Basal/MaSCs (P4) cells (Supplementary Fig. 16a) from control and
CXCR4M**0 mammary glands (n =7, biologically independent samples).

i Mammosphere formation of 5000 P4 cells from control and CXCR4M**° mice
(n =3, biologically independent samples). j Limited dilution assay with P4 cells from
control and CXCR4M¥X® mammary glands. Table representing serial dilution
injections with the corresponding take rate and repopulation frequencies (calcu-
lated by ELDA, Pearson’s Chi-squared test, two-sided). k Representative Carmine
alum-stained mammary outgrowths. I, m Mammosphere formation assay using
5000 P4 cells cocultured with 120,000 M¢ from control and CXCR4M®<©, or

m 20,000 CXCR4" and CXCR4™ M¢ (n =3, biologically independent). n Limited
dilution assay of WT P4 injected into control and CXCR4M¢X0 recipient mice; ductal
branching quantified (n =7, biologically independent samples). o Representative
mammary outgrowths. Scale bar, 50 pm in (b) and 25 pm in (k) and (o). Data are
mean values + s.d. Statistical significance was calculated by two-tailed unpaired
Student’s t-test or one-way ANOVA with Turkey’s test. Box plots show the median
(center line), 25th/75th percentiles (box bounds), whiskers extending to 1.5x IQR,
and outliers plotted individually. Source data are provided as a Source Data file.

reduced stem/progenitor activity. We further performed limiting
dilution cleared fat pad reconstitution assay to directly test the
regeneration potential of the MaSC-enriched P4 populations in vivo.
The results showed that CXCR4M*° mice-derived P4 cells had a sig-
nificantly decreased repopulating ability, confirming the reduced
MaSC function of these cells in CXCR4M**° mice (Fig. 2j, k). Consistent
with these phenotypic differences, several stem cell transcription
factors and markers, such as DII*, ANp63*, Sox9%, and Bclilb*
showed consistently reduced expression in P4 cells from CXCR4M®<KC
mammary epithelium compared to those from the littermate control
(Supplementary Fig. 6c).

We next considered that CXCR4 deficiency may alter cellular
and molecular properties of the resident macrophages, which could
lead to impaired MaSC functions as observed above. We previously
developed an in vitro mammosphere co-culture assay in which
mammary gland macrophages promote sphere formation of
MaSCs*. To test the effect of CXCR4 depletion on the ability of
macrophages to promote stem cell growth, we co-cultured
Lin"CD24'CD29"e" MaSC-enriched basal cells with mammary gland
macrophages from controls and CXCR4™**® mice and measured
sphere formation (Supplementary Fig. 6a). Macrophages from
CXCR4M*K0 mice demonstrated reduced efficacy in facilitating
mammosphere formation by MaSC-enriched basal cells when com-
pared to control macrophages (Fig. 2I). GSEA revealed a decreased
enrichment of gene signatures related to Notch signaling as well as
mammary gland-associated macrophage signature on macrophages
derived from CXCR4M®® mice (Supplementary Fig. 6d). Con-
sistently, the expression of key Notch/Wnt signaling genes, such as
Wnt2b, Wnté and Jag2 were reduced in macrophages lacking CXCR4
(Supplementary Fig. 6e). These results indicate that a down-
regulation of Notch/Wnt signaling activity in macrophages from
CXCR4M¥ K0 mijce adversely affected its stemness-promoting
function.

We also co-cultured Lin"CD24"CD29"€" MaSC-enriched basal cells
with CXCR4" or CXCR4 macrophages to compare the MaSC-
promoting activity of mammary gland macrophages with different
status of CXCR4 expression. Although both types of macrophages
were capable of promoting mammosphere formation by MaSCs, the
CXCR4-positive macrophages exhibited significantly greater efficacy
in stimulating this process (Fig. 2m).

To further validate the influence of CXCR4-expressing macro-
phages in the mammary gland stem cell niche, we conducted a cleared
fat pad reconstitution assay by injecting wild-type MaSC/basal cells
into controls and CXCR4"*X® mice. Wild-type MaSCs could repopu-
late the mammary glands in both recipients. However, we observed a
significantly diminished number of branches in the reconstituted
mammary glands of CXCR4M*° recipients, suggesting that CXCR4-
deficient macrophageal niche could not sufficiently support MaSC-

mediating branching morphogenesis (Fig. 2n, o). Altogether, these
results indicate that the loss of CXCR4 leads to a failure in positioning
macrophages close to the stem cell niche, as well as a disruption of the
Notch/Wnt-dependent signaling required for sustaining MaSC capa-
city during mammary branching morphogenesis.

Chemokine CXCL12 produced by luminal epithelial cells is
pivotal to mammary gland ductal morphogenesis

The CXCR4 chemokine receptor is activated by the cognate chemo-
kine CXCL12 to initiate downstream signals, such as migration and
proliferation®**. We next sought to determine the cellular source of
CXCLI12 that attracts CXCR4" macrophages to the mammary epithe-
lium. To this end, we first analyzed the expression of CXCL12 in
mammary gland epithelial cells. Our previous gene expression analysis
of mammary gland epithelial cells**° revealed that the level of CXCLI2
is 13-fold greater in MaSC-enriched basal cells, compared to luminal
cells (Supplementary Fig. 7a). qRT-PCR assay validated the higher
CXCL12 mRNA in MaSC/basal cells (Supplementary Fig. 7b). Next, we
measured CXCLI2 protein expression and its localization in the
mammary epithelium. Surprisingly, immunofluorescent staining of
CXCLI12 together with either basal marker, Keratin-14 (K14), or luminal
marker, Keratin-8 (K8) revealed co-localization of CXCL12 with K8-
expressing luminal cells, instead of K14-positive basal cells (Fig. 3a). To
validate this discordant mRNA and protein expression of CXCL12 in
basal and luminal cells, we took advantage of a technique, PrimeFlow,
to simultaneously detect mRNA and protein levels in single cells by
flow cytometry analysis. Consistently, luminal cells showed a higher
protein expression of CXCL12 protein whereas MaSC/basal cells with a
higher CXCL12 mRNA exhibited a lower protein level (Fig. 3b). We
further confirmed the expression of CXCL12 in estrogen receptor (ER)
and progesterone receptor (PR)-positive luminal cells (Supplementary
Fig. 7c). This is consistent with the previous finding that CXCLI2 is
highly localized with PR* luminal cells**. Immunostaining of mammary
glands from different stages—normal, pregnancy, lactation, and invo-
lution—indicated that CXCLI2 is mostly co-localized with K8-positive
cells throughout these stages (Supplementary Fig. 7d, e). This dis-
cordant result between CXCL12 mRNA and protein expression implies
that CXCL12 is likely tightly regulated at both transcriptional and
translational levels in different epithelial compartments during mam-
mary gland development. Future research should delve into the intri-
cate molecular mechanisms responsible for the observed disparity
between low mRNA and high protein levels of CXCL12 in luminal cells,
in contrast with the reverse pattern in basal cells.

These findings suggest that luminal epithelial cells are the major
sources of CXCL12, which recruits macrophage to mammary epithe-
lium to promote the MaSC capacity of basal epithelial cells. To inves-
tigate the role of luminal-CXCL12 on mammary gland development, we
generated luminal epithelial cell-specific CXCL12 conditional knockout

Nature Communications | (2025)16:4854


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-59972-z

a b Basal/MaSCs ) Luminal
T 108 103
jo4
L 104 1043
Q ]
2 ]
510 103
2o 0 4
s T el B [ I Bl
© 105 010° 10¢ 105 -1030 103 104 105
CXCL12 RNA—»
c d e
Control K8-CreER;CXCL 12 (cKO) ’g 15, p = 0.0008 g 150, p = 0.0001
& 2
< 101 S
© = 10 S 1001
xE > . p= [o]
§ 2 5 2 5o Lo %
T O ©
g 2
o
o 0+ 04
ctrl kO F Ctrl cKO
f g h,
© 2501 p=0.008 D 40,
E 200 j = p = 0.009
2 5 30-
< £ 150, EE' S
o) o & 20
o) 5 100 Y +
= 8 50 g 109
2 <
5 o 5 01
3+ Ctrl cKO X Ctrl cKO
[ J 2 5- p=0.02
5 |+
So0{ bl T
S
5 | 4
5 104 °
£ .
5 S
e 0
& Ctrl cKO
n
— Take rate
3 201 # of P4 cells
2 p = 0.001 Control C)iCKIb12-
< 15 3 4 2000 718 5/8
@ $ 5
]
%10. -3 -§ 1000 8/10 3/8
@ 5 500 5/7 217
[0]
o 5] H g ** _ 1648 | 1/1951
& Repopulating | (1/1101- | (1/3696
‘5 e . requency _
o\oo Ctrl CKO O Ctrl CKO (95% interva|) 1/382) 0 0061;1030)
p=0.

mice (CXCL12*¥X%) by crossing CXCLI2 floxed mice” with mice
expressing luminal-specific K8-CreER™. A significantly reduced CXCL12
expression in luminal mammary epithelial cells of CXCL12X¢K® mice
was validated by qPCR and flow cytometry assay, while CXCL12
expression in basal cells remained unchanged (Supplementary
Fig. 8a—c). Notably, we observed a delay of mammary gland develop-
ment in CXCLI2*¥° mice, with a significantly reduced mammary

ductal length and branching at 6 weeks of age, and tertiary branching
at 14 weeks compared to the control mice (Fig. 3c-g). In contrast,
basal-specific CXCLI2 conditional knockout (CXCLI2K*) mice
showed only a statistically insignificant moderate reduction in both
ductal elongation and branching formation (Supplementary Fig. 9a-f),
suggesting a non-essential role of basal cells as the source of CXCL12
during mammary gland development. Immunofluorescent staining of
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Fig. 3| CXCL12 is mainly produced by luminal epithelial cells and is required for
mammary ductal morphogenesis. a IF images of CXCL12 with Keratin 14 (K14) or
Keratin 8 (K8) in WT mammary epithelium. b Representative flow cytometry plots
showing CXCLI12 protein and mRNA expression in basal/MaSCs and luminal cells.
¢, f Representative carmine alum-stained mammary glands from K8-CreER control
(Ctrl) and CXCL12X8° (cKO) mice at 6 and 14 weeks. d, e, and g Quantification of
ductal length (d), and branching (e and g) in week 6 (n=10, 14) and week 14 (n=4,
6, biologically independent samples) mammary glands. h Quantification of Ki67+
epithelial cell in control vs. CXCL124*® mammary glands (n =4, 5, biologically
independent samples). i F4/80 and K8 IF staining of control and CXCL12*8*°
mammary glands. Right panels show enlarged boxed regions. j Quantification of
intraepithelial F4/80" cell per field (n =3, biologically independent samples, 2-3
ductal areas were randomly selected per each gland section for quantification).

k Flow cytometry quantification of Lin"CD24"CD29"! P4 cells (basal/MaSCs)

(Supplementary Fig. 16a) in control and CXCL12X¥*® mammary glands (n=9, 11,
biologically independent samples). | Mammosphere formation assay with 5000 P4
cell from control and CXCL12*¥*C (n =3, biologically independent samples).

m, n Limited dilution assay with basal/MaSCs from control and CXCL12*¢°
mammary glands. Representative mammary outgrowths. Table representing serial
dilution injections with the corresponding take rate and repopulation frequencies
(calculated by ELDA, Pearson’s Chi-squared test, two-sided). Scale bar, 50 pm (aand
i), 25 um (c, f, and m). Data are shown as mean values + s.d. Statistical significance
was calculated by two-tailed unpaired Student’s ¢-test or one-way ANOVA with
Turkey’s test. Box plots show the median (center line), with box bounds repre-
senting the 25th and 75th percentiles (lower and upper quartiles). Whiskers extend
to the most extreme values within 1.5x the interquartile range (IQR); points beyond
this range are plotted as outliers. Source data are provided as a Source Data file.

Ki67 further revealed a significant decrease in proliferating mammary
epithelial cells in CXCLI2*¥**® mice (Fig. 3h and Supplementary
Fig. 8d), mirroring the phenotype of CXCR4V*° mice (Fig. 1I, m).
Altogether, these results indicate that chemokine CXCL12 is mainly
produced by luminal cells, and is pivotal to ductal branching mor-
phogenesis during mammary gland development.

Luminal cell-derived CXCL12 is essential for the interaction of
MaSCs with macrophages to create a stem cell-promoting niche
The abnormal mammary gland development shown in CXCL12*4<°
mice could be due to the lack of MaSC-supporting macrophages within
the epithelial niche. To test this possibility, we first measured the
number of total and CXCR4-expressing macrophages in the mammary
gland by flow cytometry analysis. The result showed a significantly
reduced number of both total and CXCR4-expressing macrophages in
the mammary glands of CXCL12¥%° mice, compared to control mice
at both 6 and 14 weeks after birth (Supplementary Fig. 8e-h). No such
defect was observed in CXCL12*"***° mice (Supplementary Fig. 9g). To
test the possible impact of luminal CXCLI2 depletion on CXCR4-
expressing non-macrophage cells within the mammary glands, we
measured the levels of CXCR4 in epithelial cells isolated from
CXCLI2*¥%© mouse mammary glands. CXCR4 levels remained
unchanged in basal cells and showed a moderate, statistically insig-
nificant increase in luminal cells (Supplementary Fig. 8i). We further
observed that luminal CXCL12 depletion did not alter the numbers of
lymphoid cells, including CD8'T, CD4"' T, NK and B cells, nor did it
affect CXCR4 expression on B cells (Supplementary Fig. 8j, k). These
data provide evidence that luminal CXCL12 primarily acts on CXCR4*
macrophages. Using immunofluorescent staining of F4/80 in the
mammary gland of control and CXCL12¥¢k® mice, we observed a lack
of the close association of macrophages with mammary ducts in
CXCLI2"¥9 mice, similar to what we observed in CXCR4™**® mice
(Fig. 3i, j). Next, we performed in vitro transwell assay to further
evaluate migration properties of macrophages and observed reduced
migratory ability of macrophages from CXCL12*¥*® mice compared to
controls (Supplementary Fig. 81). The number of migrated cells was
significantly increased with treatment of recombinant CXCL12 or in the
presence of CXCLI12-expressing luminal cells, and this effect was
diminished when AMD3100, an inhibitor of CXCL12-CXCR4 signaling
was added (Supplementary Fig. 8m, n). Supporting these findings,
gene ontology pathway analysis showed that migration and
chemotaxis-related pathways were highly upregulated in mammary
macrophages from control mice compared to those from CXCL12K8<kC
mice (Supplementary Fig. 10a). GSEA further confirmed that enrich-
ment of macrophage-specific chemotaxis and migration gene sets in
mammary macrophages derived from control mice compared to those
from CXCL12*4°%° mice (Supplementary Fig. 10b).

These results indicate that CXCLI12 produced by luminal cells is
essential for the recruitment of ductal macrophages, which we have
previously shown to provide critical niche signals to support the MaSC

activity of basal cells*. Therefore, we investigated whether a delayed
mammary ductal elongation and branching in CXCL12*¥*° mice is due
to a reduction in MaSC number or activity. We observed a significantly
reduced number of Lin"CD24'CD29"e" (P4) MaSC-enriched basal
population in CXCL12*¥*® mice (Fig. 3k). Furthermore, FACS-isolated
P4 populations from CXCLI2*¥**° mice formed significantly fewer
mammospheres in vitro, compared to cells from control mice (Fig. 31).
We further performed limiting dilution cleared fat pad reconstitution
assay and revealed that CXCLI12X®K® mice-derived P4 basal cells
showed a significantly decreased repopulating ability (Fig. 3m and n).
Taken together, these results indicate reduced MaSC properties of
basal cells in mice lacking luminal expression of CXCLI2.

To understand molecular features associated with diminished
MaSC function in CXCL12*¥*° mice, we isolated P4 cells from control
and CXCL12*¥*® mammary glands by FACS for RNA sequencing. GSEA
indicated enrichments of Wnt activity and MaSC gene signature in P4
cells from controls versus CXCL12¥4K® mice. Conversely, Wnt and [3-
catenin downregulated genes as well as luminal signatures were enri-
ched in P4 cells from CXCL12*¥*® mammary glands (Supplementary
Fig. 10c). qRT-PCR analysis confirmed downregulation of several stem
cell transcription factors and markers in P4 basal cells of CXCL12X¢<°
mammary gland (Supplementary Fig. 10d), similar to the decreased
expression of these genes in P4 cells from CXCR4M**° mice (Supple-
mentary Fig. 6¢). Overall, there is marked similarity in both cellular
phenotype and gene expression changes between CXCR4M*° and
CXCLI2*¥0 -derived macrophages and P4 cells. This finding sug-
gested that CXCR4 activation in macrophages is likely triggered by
luminal cell-derived CXCL12. Such CXCL12-CXCR4 signaling axis in the
macrophageal niche plays a critical role in sustaining Wnt-dependent
regenerative activity of basal cells in the mammary gland.

CXCL12/CXCR4-AKT-B-catenin signaling cascade activates the
migratory activity of mammary gland macrophages and sup-
ports a macrophageal niche for MaSCs

Our data provide evidence supporting the role of a CXCL12-CXCR4-
mediated signaling cascade in facilitating interactions among macro-
phages, luminal, and basal cells, which leads to the formation of a
localized niche that supports MaSC functions. CXCLI2 is known to
induce several downstream signaling events, including the PI3K-AKT
and MAPK signaling pathways, primarily through the mediation of G
protein-coupled receptors (GPCR)*®. Furthermore, it exerts a variety of
regulatory effects on cells in both physiological and pathological
contexts’*.  To  explore the molecular impact of
CXCLI12-CXCR4 signaling on mammary gland macrophages, we per-
formed RNA sequencing of in vitro culturing of mammary gland-
derived macrophages with or without treatment of recombinant
CXCLI2. Gene set enrichment analysis indicated elevated activity of
Wnt and Notch pathways in mammary gland-derived macrophages
upon CXCLI12 stimulation (Fig. 4a and Supplementary Fig. 11a). Con-
sistent with in vitro CXCLI2 treatment effects on mammary
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macrophages, both AKT and Wnt/fB-catenin signaling were among the
most enriched pathways in mammary gland macrophages from con-
trol mice compared to those from CXCL12X$K® mice (Supplementary
Fig. 11b). Similarly, these pathways, including PI3K-Akt, Wnt, and Notch
signaling, were found as the enriched pathways in CXCR4" macro-
phages compared to CXCR4 macrophages (Supplementary Fig. 11c).
The roles of Wnt/B-catenin signaling in regulating macrophage polar-
ization, proliferation and activity have been reported previously®"*%
Therefore, we hypothesized that CXCL12 binding on CXCR4 induces
AKT-mediated B-catenin stabilization and promotes its transcriptional
activity in the mammary gland macrophages. Given that activated AKT
stabilizes (-catenin via phosphorylation and inactivation of GSK3f
and/or direct phosphorylation of B-catenin at Ser’*?, leading to nuclear
translocation of -catenin and promotion of target gene
transcription®®° (Supplementary Fig. 11d), the expression of activated
AKT and different forms of (3-catenin was first accessed by flow cyto-
metry analysis. We detected a higher level of phosphorylated-AKT
(pAKT) and phosphorylated-B-catenin at Ser®? (p-B-catenin) in CXCR4"
macrophages, compared with CXCR4 cells (Fig. 4b, c). A higher
expression of active -catenin without GSK3f-mediated phosphoryla-
tion at Ser’*” was also observed in CXCR4* macrophages (Supple-
mentary Fig. 11e, f). In vitro, the expression of pAKT and p-f-catenin at
Ser*2 was increased in mammary gland-derived macrophages after
recombinant CXCL12 treatment, and this was significantly blocked
with an AKT inhibitor, GSK690693, and a CXCR4 inhibitor, AMD3100
(Fig. 4d-g, Supplementary Fig. 12a-c). Immunofluorescent imagining
confirmed the nuclear expression of p-B-catenin at Ser®? in the mac-
rophages surrounding the mammary epithelium. In contrast, macro-
phages in the mammary gland of CXCL12*¥**© and CXCR4M®**° mice
showed the absence of nuclear p-B-catenin expression as well as
reduced epithelial association (Fig. 4h).

Next, we evaluated the impact of the CXCL12-CXCR4-AKT path-
way on Wnt/B-catenin target genes. Mammary gland-derived macro-
phages were pre-treated with an AKT inhibitor, GSK690693, prior to
CXCLI12 stimulation and subsequently subjected to RNA sequencing
analysis. CXCL12 treatment stimulated the expression of Wnt/B-cate-
nin target genes which are essential to cell survival (e.g. Birc5/Survivin
and Cdc25a), proliferation (e.g. Ccnd2 and Ccnd3) and migration (e.g.
Mmp2, Mmp12, Mmp13), and this was diminished when combined with
AKT inhibitor treatment (Fig. 5a, b). GSEA performed on mammary
gland macrophages cultured with recombinant CXCL12 only or in
combination with AKT inhibitor further confirmed that blocking of
AKT signaling significantly downregulated gene signatures related to
[B-catenin transactivation, cell proliferation and ECM responses which
is induced by CXCL12 stimulation (Supplementary Fig. 12d). The
expression of several Wnt/B-catenin targets was validated by flow
cytometry analysis, which showed a higher protein levels of WNT2b,
CCND3, and MMP2 in CXCR4-positive macrophages, compared with
CXCR4-negative cells (Fig. 5c, d).

A previous study identified Lyve-1* mammary gland macrophages
which are associated with the extracellular matrix (ECM)-rich mam-
mary stroma®®, suggesting that macrophages may be involved in ECM
remodeling during mammary gland development. Here, we observed
the breach of the basement membrane (Fig. 1e) by mammary ductal
macrophages to form direct cellular contact with the epithelial cells
and induce juxtracrine stem cell niche signaling”**’. This indicated
increased ability of ductal macrophage in ECM remodeling and inva-
sion through the basement membrane. Indeed, expression of several
proteases in mammary gland macrophages was induced upon CXCL12
treatment, and such increase was abolished by AKT inhibitor
GSK690693 (Fig. 5a). To functionally evaluate the invasive ability of
mammary gland macrophage, we performed in vitro invadopodia
assay with macrophages pre-treated with recombinant CXCL12 and
AKT inhibitor. Invadopodia are actin-rich protrusions associated with
the degradation of the basement membrane®®. We observed

stimulation of invadopodia formation of mammary gland-derived
macrophages (Fig. 5e), as indicated by increased degraded gelatin in
the presence of recombinant CXCL12 (Fig. 5f, g). AKT inhibitor (GSK)
treatment resulted in significantly decreased invasive ability of mac-
rophages (Fig. 5e-g). MMP2 has been identified as one of the
invadopodia-relevant MMP isoforms®. We detected increased
expression of MMP2 in the mammary gland macrophages after
CXCLI12 treatment, and this was blocked with the AKT inhibitor (Fig. 5a,
Supplementary Fig. 12e and f).

We and others have previously identified various sources of niche
Whnts, including hormone receptor-positive luminal cells, basal cells,
and tissue-resident macrophages***°72., To validate the functional
importance of Wnts produced by luminal cells and macrophages on
MaSC activity, we performed an in vitro mammosphere co-culture
experiment using transwell systems. The results showed enhanced
mammosphere formation of MaSC/basal cells when co-cultured with
either luminal cells or macrophages, with this effect further increased
in the presence of both cell types. Treatment with a Wnt signaling
inhibitor, ICG-001, eliminated the ability of both luminal cells and
macrophages to promote mammosphere formation under these co-
culture conditions (Supplementary Fig. 12g). These findings highlight
the critical role of both epithelial and macrophages-derived Wnts in
supporting the MaSC activity of basal cells. In the current study, we
further found that the CXCL12-AKT pathway stimulates the expression
of Wnt ligands, such as Wnt2b, in CXCR4-positive macrophages
(Fig. 5b—d), which may play a role in regulating MaSC activity. Immu-
nofluorescent staining confirmed abundant expression of WNT2b in
ductal macrophages within the mammary epithelium (Fig. 5h). Next,
we sought to directly assess the role of the AKT-B-catenin signaling
cascade in mediating the MaSC-promoting function of CXCR4" mam-
mary gland macrophage stimulated by CXCL12. To this end, MaSC-
enriched P4 basal cells were co-cultured with mammary gland-derived
macrophages pre-treated with or without recombinant CXCL12 and
AKT inhibitor. The results showed enhanced mammosphere formation
of P4 cells by CXCL12 primed-mammary gland macrophages and this
was significantly diminished by the presence of an AKT inhi-
bitor (Fig. 5i).

CXCR4* mammary gland macrophages promote mammary
tumor initiation and progression in multiple models

Similar to MaSCs that interact with a specialized niche and niche-
associated signals during normal development, breast tumor-initiating
cells (TICs) are influenced by various niche factors and stromal cells
within a specific tumor-initiating niche, promoting malignant
progression*’>”*, For example, in a Trp53 null mouse model of basal-
like breast cancer, it has been previously reported that heterogeneous
populations of tumor cells co-exist within the same tumor, with
CXCLI12-expressing tumor cells supporting the TIC activity of CXCR4"
TICs”. However, it remains largely unknown which specific stromal cell
types exist in the niche and how they support TICs. After identifying a
unique population of CXCR4* mammary gland macrophages that
supports MaSCs via the CXCL12-CXCR4-AKT-fB-catenin signaling
cascade, we sought to determine whether the identical macrophageal
niche and its associated signals also contribute to promoting TIC
activity during mammary tumorigenesis. To this end, we first exam-
ined the presence of CXCR4" macrophages during mammary tumor-
igenesis. Flow cytometry analysis revealed a significant increase in
CXCR4'F4/80"CD11b" macrophages during the progression from nor-
mal glands to preneoplasia lesions and tumors in the MMTV-PyMT
model, which represent the luminal subtype of mammary gland
tumors’® (Fig. 6a, b). IF imaging of FFPE tissue sections from PyMT
mice indicated that CXCR4-expressing macrophages localized near
preneoplasia glands and tumors (Fig. 6¢ and Supplementary Fig. 13a).
We next sought to determine the cellular source of CXCL12 in pre-
neoplasia glands and early tumors, which may contribute to the
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Fig. 4 | CXCL12-CXCR4 axis induces AKT-mediated B-catenin activation in
CXCR4" mammary gland macrophages. a Pathway enrichment analysis from
differentially expressed genes in CXCLI12-treated versus non-treated control M.
b, c Flow cytometry histogram presentation of the expression and mean fluor-
escent intensity (MFI) of phosphorylated-AKT (b) and phosphorylated-B-catenin
(Ser’®?) (c) in CXCR4" and CXCR4™ mammary gland macrophages (n =4, 3, biolo-
gically independent samples). d, f Flow cytometry histogram presentation of the
expression of phosphorylated-AKT (d) and phosphorylated-B-catenin (Ser*?) (f) in
mammary gland macrophages cultured in vitro with 200 ng/ml recombinant

CXCL12 (rCXCL12), 10 uM AKT inhibitor, GSK690693 (GSK) and 10 uM CXCR4
inhibitor AMD3100 (AMD). e, g MFI of phosphorylated-AKT (e) and

CXCL12K8cKo

CXCR4Mé-cko

B-catenin

phosphorylated-B-catenin (Ser®?) (g) in macrophages with different treatment
conditions measured by flow cytometry analysis (n =3, biologically independent
samples). h IF co-staining of F4/80 with phosphorylated-B-catenin (Ser®?) in lit-
termate control, CXCL12¥K® and CXCR4M®K® mammary glands. The enlargement
of areas marked by dashed line boxes is shown on the right panels. White arrows
indicated double-positive cells. Scale bar, 50 um in (h). Flow cytometry analysis of
M¢ gate (Supplementary Fig. 16b) for MFI quantification in (b-g). Data are pre-
sented as mean values + s.d. Statistical significance was calculated by two-tailed
unpaired Student’s t-test or one-way ANOVA with Turkey’s multiple comparisons
test. Source data are provided as a Source Data file.
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Flow cytometry analysis revealed that while HR" luminal cells are the = mentary Fig. 13b).

primary source of CXCLI12 in the normal mammary gland, CXCLI12
levels are significantly elevated in basal cells, luminal progenitors (LP),
and smooth muscle actin (SMA)-positive fibroblasts during tumor
progression. It is notable that SMA* cancer-associated fibroblasts
(CAFs) have been previously identified as a key cellular source of

CXCL12 in cancer”’, which is consistent with our findings (Supple-

To investigate the importance of CXCR4" macrophages during
autochthonous mammary tumor progression, we crossed CXCR4M®<k0
mice with MMTV-PyMT mice to generate PyMT;CXCR4M®*© animals.
Significantly reduced CXCR4 expression in the macrophages of these
knockout mice was confirmed by flow cytometry assay while the
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Fig. 5 | CXCL12/CXCR4-AKT-B-catenin signaling induces invasive and MaSC-
promoting activity of CXCR4"* mammary gland macrophages. a, b Heatmaps
showing differentially expressed genes related to Wnt/B-catenin pathways from
RNA seq analysis of mammary gland-derived macrophages cultured with recom-
binant CXCL12 (rCXCL12) or AKT inhibitor GSK690693 (GSK), or both. ¢ Flow
cytometry histogram presentation of the expression of Wnt2b, CCND3, and MMP2
in CXCR4" and CXCR4~ mammary gland macrophages (Supplementary Fig. 16b).
d MFI of Wnt2b, CCND3, and MMP2 in macrophages measured by flow cytometry
analysis (n=6, 3, 3 per each group, biologically independent samples).

e Representative images of mammary gland-derived macrophages forming inva-
dopodia stained with DAPI and Phalloidin (red), and images of fluorescein-gelatin
(green—on the bottom) f, g Quantification of invadopodia formation ability mea-
sured by (f) the percentage of the macrophages that co-localize with degraded

versus non-degraded gelatin area and (g) the size of gelatin degradation in a
defined area (n =35, biologically independent samples). h IF co-staining of F4/80
with Wnt2b in WT mammary glands. Enlargement of areas marked by dashed line
boxes is shown at the right panels. i, Quantification of mammosphere formation
assay with 5000 P4 cells from WT cocultured with 20,000 macrophages pre-
treated with recombinant CXCL12 and AKT inhibitor (n =35, biologically indepen-
dent samples). Scale bar, 10 pm in (e) and 50 pm in (h). Data are presented as mean
values + s.d. Statistical significance was calculated by two-tailed unpaired Stu-
dent’s t-test or one-way ANOVA with Turkey’s multiple comparisons test. Box plots
show the median (center line), with box bounds representing the 25th and 75th
percentiles (lower and upper quartiles). Whiskers extend to the most extreme
values within 1.5x the interquartile range (IQR); points beyond this range are
plotted as outliers. Source data are provided as a Source Data file.

percentage of total F4/80'CD11b" macrophages remained unaffected
(Supplementary Fig. 13c-e). We observed a significant delay in tumor
onset in PyMT;CXCR4M*X_ The average age of tumor occurrence in
the control littermate group was about 90 days, consistent with pre-
vious reported average latency of 92 days of PyMT mammary tumors
in the C57BL/6) background’®’®, whereas the PyMT;CXCR4M*° group
developed tumors after 112 days (Fig. 6d). We also found delayed
primary tumor growth and suppressed lung metastasis in
PyMT;CXCR4M*° mice (Fig. 6e, f). The whole mounts and hematox-
ylin and eosin-staining sections of mammary glands at 10 weeks of
preneoplastic stage showed that PyMT;CXCR4M*X glands exhibited
fewer and smaller hyperplasia foci mingled with normal ductal struc-
tures compared to expensive hyperplasia in the glands of PyMT lit-
termate control (Fig. 6g and Supplementary Fig. 13f). These results
indicate the contribution of mammary tissue-resident CXCR4" mac-
rophages to early PyMT tumorigenesis.

We next examined the composition of mammary epithelial cells
(MECs) in preneoplastic glands using CD24, CD29, and CD61, which are
commonly used to identify luminal and basal MEC subsets®**°. Com-
pared to littermate PyMT controls, the percentage of
CD24*CD29"*CD61" luminal progenitors (LPs) significantly decreased
in PyMT;CXCR4M**° preneoplastic glands. In contrast, basal cells
remained unchanged, and total luminal cells showed a moderate
reduction in PyMT;CXCR4M**® mice (Fig. 6h-j). It is noteworthy that a
lower number of LP was also observed in the normal non-tumor
bearing mammary glands of CXCR4"**® mice compared to controls,
suggesting a conserved role of CXCR4" macrophages in LP survival and
maintenance during tissue homeostasis and tumorigenesis (Supple-
mentary Fig. 13g).

Previous transcriptomic analysis has reported luminal progeni-
tors as the cell of origin of PyMT tumors®*> and they are expanded
during tumorigenesis®***. This result suggests a functional role for
CXCR4" macrophages in supporting the expansion of PyMT TICs. To
further test whether CXCR4 depletion in macrophages influences the
tumor-initiating properties of TICs, we sorted either MECs or LPs
from PyMT control and PyMT;CXCR4V*<K® preneoplastic glands to
assess tumor-forming capacity using in vitro tumorsphere formation
and in vivo limited dilution tumorigenesis assay. We also isolated LPs
from wild-type and CXCR4M**° mice to evaluate their
mammosphere-forming ability. In contrast to similar mammosphere
forming ability of LPs from normal mammary glands of control and
CXCR4M¥K0 mijce (Supplementary Fig. 13h), LPs from preneoplastic
glands of CXCR4M*9 mice formed significantly fewer tumorspheres
in vitro compared to those from control mice (Supplementary
Fig. 13i), suggesting a higher dependence of LP activity on CXCR4"
macrophages after oncogenic transformation. We also co-cultured
MECs with CXCR4" or CXCR4~ macrophages and found that the
CXCR4" macrophages exhibited significantly greater efficacy in sti-
mulating the tumorsphere-forming capacity of MECs (Fig. 7a).
Moreover when MECs or LPs isolated from wild-type PyMT pre-
neoplastic glands were orthotopically transplanted into controls and

CXCR4M*K% mice, we observed significantly reduced incidence and
volumes of tumors grown in CXCR4M¥K° recipients (Fig. 7b and c and
Supplementary Fig. 13j and k). These results suggest that a CXCR4-
deficient macrophageal niche could not sufficiently support the
tumorigenic potential as well as the expansion of TICs during
tumorigenesis.

We next sought to validate the tumor-initiating properties of
CXCR4" niche macrophages in the MMTV-Wnt model, which produces
basal-like mammary tumors, as well as the allograft models using
luminal B cancer-like E0771*° and the basal/TNBC (triple-negative
breast cancer)-like Py8119%. Compared to Wnt littermate controls,
Wnt;CXCR4M*<K mice also showed significantly delayed tumor onsets
(Fig. 7d). We conducted an in vivo limited dilution tumorigenesis assay
by injecting wild-type Wnt MECs into controls and CXCR4M®° mice,
and observed reduced tumor incidence and volume in the CXCR4M®*©
recipients (Fig. 7e, f). These phenotypes closely resembled those
observed in the MMTV-PyMT tumor model. Next, two allograft models
were employed for further validation. We orthotopically implanted
E0771 and Py8119 mouse mammary tumor cell lines into control and
CXCR4M®0 mice. While significantly delayed primary tumor growth
was observed only in EO771-injected CXCR4"*X® mice, both E0771 and
Py8119 tumor-bearing CXCR4“*°® mice showed significantly sup-
pressed lung metastasis (Supplementary Fig. 131-q).

To characterize the molecular features of control and CXCR4M¢<k°
macrophages derived from preneoplastic PyMT glands, we performed
RNA sequencing analysis. GSEA revealed increased enrichment of gene
signatures related with Notch and Wnt signaling in control macro-
phages compared to CXCR4M*© macrophages (Fig. 7g). Similarly, the
expression of key Notch/Wnt genes, such as Wnt2b, Wnt5b, Ccnd3,
Mmp2, Mmp8, and Birc5 was reduced in macrophages derived from
CXCR4M®<0 preneoplastic glands (Fig. 7h). We detected a higher level
of pAKT, p-B-catenin at Ser’*’, WNT2B, and MMP2 in PyMT-derived
CXCR4" macrophages, compared with CXCR4 cells (Fig. 7i). In addi-
tion, tumorsphere assay with PyMT MECs co-cultured with macro-
phages pre-treated with recombinant CXCL12, or combined with
CXCR4, Akt, and Wnt inhibitors, demonstrated that CXCLI12 primed-
macrophages enhanced tumorsphere formation of TICs and this effect
was significantly diminished by the presence of these inhibitors
(Fig. 7j). These results suggest that CXCR4 expression in preneoplasia
niche macrophages promotes Akt/B-catenin/Wnt-dependent signal-
ing, which is required to sustain TIC activity, similar to its role in
maintaining MaSCs during normal development.

CXCR4* mammary gland macrophages facilitate the formation
of an early immunosuppressive niche by inducing regulatory

T cells

Gene expression profiling also revealed that macrophages derived
from preneoplasia glands showed enrichment of immune-related sig-
natures, including “Tumor escape from immune attack”, “TNFa sig-
naling via NFkB”, and “Negative regulation of T cell receptor signaling”
(Fig. 7g). This suggests that macrophage with CXCR4 expression may
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Fig. 6 | Genetic depletion of CXCR4 in mammary gland macrophage inhibits
mammary tumorigenesis. a Representative flow cytometry plots showing the
percentage of CXCR4'F4/80" M¢ among CD11b" cells from the normal mammary
gland (MG) from 8-week-old wild-type female mice, preneoplasia glands from 10-
week-old PyMT mice, and tumors from 18-week-old PyMT mice. b The percentage
of CXCR4'F4/80"CD11b* M@ by flow cytometry analysis (Supplementary Fig. 16b)
(n =4, biologically independent samples). ¢ IF images of cells co-stained with
antibodies against CXCR4 (green) and F4/80 (red) in preneoplasia glands from 10-
week-old PyMT mice, and tumors from 14- and 18-week-old PyMT mice. White
arrows indicated double-positive cells. The enlargement of areas is shown on the
right panels. d Kinetics of mammary tumor onset in PyMT;control (n =20) and
PyMT;CXCR4M#k0 mice (n=20) as shown by Kaplan-Meier plot. P value by two-
tailed log-rank test and hazard ratio (HR) measured. e Primary tumor growth rate of
PyMT;control (n =9, Ctrl) and PyMT;CXCR4M¢K0 (1= 9, cKO) mice. f The number of

lung metastasis in PyMT;control (n=9) and PyMT;CXCR4YX° (n =9) mice.

g Carmine alum whole mount staining of preneoplastic glands from PyMT;control
and PyMT;CXCR4"**° mice at 10 weeks. h-j Quantification of flow cytometry
analysis (Supplementary Fig. 16a) showing the percentage of
Lin"CD24*CD29"*CD61" cells (luminal progenitor, LP) (h), Lin"CD24*CD29" luminal
cells (i), and Lin"CD24*CD29" basal/MaSCs (j) from PyMT;control and
PyMT;CXCR4M%k° preneoplasia glands (n =4,5 per each group, biologically inde-
pendent samples). Scale bar, 50 um in (c) and 25 pum in (g). Data are presented as
mean values + s.d. Statistical significance was calculated by two-tailed unpaired
Student’s t-test or one-way ANOVA with Turkey’s multiple comparisons test. Box
plots show the median (center line), with box bounds representing the 25th and
75th percentiles (lower and upper quartiles). Whiskers extend to the most extreme
values within 1.5x the interquartile range (IQR); points beyond this range are
plotted as outliers. Source data are provided as a Source Data file.

involve in regulating anti-tumor immune response in the early stages
of tumorigenesis. Recent studies have shown that TICs develop unique
immune-escape properties, driving malignant tumor growth and
progression®*°, Given that solid cancers often originate from tissue-

specific stem or progenitor cells that acquire oncogenic mutations and
malignant traits™°?, normal MaSCs and their niche components are
likely co-opted during tumorigenesis to confer an immunosuppressive
advantage to tumor cells.
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To gain molecular insights into the role of CXCR4" macrophages
in the tumor-initiating niche and their interactions with TICs and
other immune components, we performed single-cell RNA sequen-
cing of preneoplasia glands isolated from PyMT controls and
PyMT;CXCR4M*<K® mjce (Supplementary Fig. 14a-d). We observed a
decreased frequency of regulatory T cells (Treg) and an increased
frequency of CD8" T cells in PyMT;CXCR4**° preneoplasia glands
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compared with PyMT controls (Fig. 8a, b). It has been shown that
Tregs protect various normal stem cells from immune attacks,
effectively creating an immune-privileged niche®**. In breast cancer,
an increased frequency of Tregs is observed in ductal carcinoma
in situ (DCIS) and is associated with its invasive progression’?.
Similarly, a study of early lung adenocarcinoma shows that Tregs are
the major immune components, with a striking increase in tumor
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Fig. 7 | Genetic depletion of CXCR4 in mammary gland macrophages inhibits
TIC activity. a Tumorsphere formation assay using S000 MECs co-cultured with
and without 20,000 CXCR4" and CXCR4~ macrophages from PyMT control pre-
neoplastic glands (n =3, biologically independent samples). b Limited dilution
tumorigenesis assay with luminal progenitor (LP) cells from PyMT preneoplastic
glands injected into LysM-Cre control (Ctrl) and CXCR4M®X® (cKO) recipient mice.
Table representing serial dilution injections with the corresponding take rate and
repopulation frequencies (calculated by ELDA, Pearson’s Chi-squared test, two-
sided). ¢ Tumor weights from PyMT LPs injected into LysM-Cre control (n=8) or
CXCR4M®<KO recipients (n = 8). d Kaplan-Meier curve showing tumor onset in
MMTV-Wnt control (n =13) and MMTV-WntT;CXCR4Y* (n =13) mice; log-rank p-
value and hazard ratio (HR) shown. e Limited dilution tumorigenesis assay using
MECs from MMTV-Wnt preneoplastic glands injected into control and CXCR4M#<k0
mice. Table representing serial dilution injections with the corresponding take rate
and repopulation frequencies (calculated by ELDA, Pearson’s Chi-squared test, two-

sided). f Tumor weights from MMTV-Wnt MECs injected into control (n=8) or
CXCR4M®<KO recipient (n = 8) mice. g GSEA of pathways enriched in M¢ from PyMT
control vs. PyMT;CXCR4M*° mice. h Heatmap of differentially expressed Notch/
Whnt-related genes from RNA-seq of PyMT control and PyMT;CXCR4M®K® M¢.

i Flow cytometry histograms showing expression and MFI of pAKT, p-B-catenin
(Ser’*?), WNT2B, and MMP2 in CXCR4" vs. CXCR4 PyMT preneoplastic gland M¢
(Supplementary Fig. 16b) (n =3, biologically independent samples). j Tumorsphere
assay using 5000 MECs co-cultured with 20,000 M¢ pre-treated with rCXCL12
(200 ng/ml), AMD3100 (10 uM), AKT inhibitor GSK690693 (GSK, 10 uM), or Wnt
inhibitor, ICG-001 (20puM) (n = 3, biologically independent samples). Data are mean
values + s.d. Statistical analysis by two-tailed unpaired Student’s t-test or one-way
ANOVA with Turkey’s test. Box plots show the median (center line), 25th/75th
percentiles (box bounds), whiskers extending to 1.5x IQR, and outliers plotted
individually. Source data are provided as a Source Data file.

lesions compared to adjacent healthy tissues”. These findings sug-
gest that Tregs are crucial for facilitating early immune evasion,
which is necessary for the maintenance and activity of TICs. Flow
cytometry analysis confirmed fewer Tregs in PyMT;CXCR4M®<k0
preneoplasia glands compared with controls (Fig. 8c, d). We also
detected a significant reduction of Tregs in Py8119 tumors grown in
the CXCR4M*K® mice and in MMTV-WNT;CXCR4*° preneoplasia
glands (Supplementary Fig. 14e and f). Furthermore, flow cytometry
analysis and IF staining revealed increased CD8 T cell infiltrations in
PYMT;CXCR4"*<K® tumors (Fig. Se and Supplementary Fig. 14g),
consistent with scRNA-seq data. Moreover, differential expression
analysis of cKO vs control CD8 T cells revealed increased expression
of cytotoxic lymphocyte markers, such as Gzma, Gzmb, Kirkl and
Ifitm2, in CD8 T cells from PyMT;CXCR4"*<k® sample (Fig. 8f), con-
firming that Treg-mediated suppression of anti-tumor immunity is
diminished in PyMT;CXCR4M®*X° mice.

To examine whether CXCR4* macrophages directly regulate Treg
differentiation, we conducted an in vitro Treg differentiation assay by
co-culturing primary macrophages isolated from PyMT control and
PyMT;CXCR4M¥<K® preneoplasia glands with naive T cells. While both
types of macrophages induced Treg differentiation, the control mac-
rophages exhibited significantly greater efficacy at promoting the
differentiation of naive T cells into Treg cells than CXCR4-depleted
macrophages (Fig. 8g). We confirmed that CXCR4" macrophages have
a greater capacity to induce the differentiation of Tregs compared to
CXCR4 macrophages (Fig. 8h). We further tested whether CXCL12 sti-
mulation could enhance macrophages’ ability to promote Treg dif-
ferentiation. Indeed, Treg induction was significantly increased when
naive T cells were co-cultured with CXCLI2-primed macrophages,
suggesting a direct effect of CXCLI12 on Treg differentiation (Supple-
mentary Data Fig. 14h).

We next sought to uncover the molecular mechanisms by which
CXCR4* macrophages induce Tregs differentiation. Bulk RNA
sequencing analysis comparing control versus CXCR4M*<® macro-
phages revealed decreased expression of ALDHla2, a key enzyme
involved in retinoic acid (RA) biogenesis, in CXCR4"*K° macrophages
(Supplementary Fig. 14i). It has been reported that ALDH1a2-mediated
RA production in dendritic cells promotes Treg differentiation’®®?,
however its role in macrophage-mediated breast tumorigenesis and
immune suppression remains largely unexplored. Flow cytometry
analysis confirmed higher ALDHI1a2 expression in CXCR4" macro-
phages derived from PyMT preneoplasia glands compared to CXCR4
macrophages (Supplementary Fig. 14j). Additionally, CXCR4 knockout
in macrophages significantly decreased ALDH enzymatic activity in the
Aldefluor assay (Supplementary Fig. 14k). To investigate the functional
importance of ALDH1a2 in macrophage-mediating immune suppres-
sion, we utilized an ALDH1a2 inhibitor recently developed in our lab,
KyA33 (US patent US12,162,855), to assess its efficacy in inhibiting Treg
differentiation and tumorigenesis. We first validated that

KyA33 significantly reduced ALDH enzymatic activity in control mac-
rophages to a level similar to those in CXCR4M**° macrophages
(Supplementary Fig. 14k). Importantly, we observed that KyA33
effectively suppressed macrophage-induced Treg differentiation
in vitro (Supplementary Fig. 141). Next, we tested the in vivo efficacy of
KyA33 using a limited dilution tumorigenesis assay. PyMT MECs were
injected into wild-type C57BL/6) mice, which were subsequently trea-
ted with KyA33 in their feed. KyA33 treatment resulted in a significant
reduction in both tumor incidence and volume (Supplementary
Fig. 14m-o0). In vivo treatment of KyA33 also decreased the percentage
of Tregs in the tumors (Supplementary Fig. 14p). Together, these
findings demonstrate that elevated expression of ALDH1a2 in CXCR4*
macrophages contributes to the increased ability of CXCR4" macro-
phages in promoting Treg differentiation and breast tumorigenesis.
We also conducted pathway analysis with differentially expressed
genes (DEGs) in luminal cells from control and CXCR4™**® mammary
tumors. PyMT;CXCR4M®© luminal cells expressed distinct molecular
features associated with the apoptotic process and immune response,
whereas control cells expressed pathways related to tumor progres-
sions, such as migration and angiogenesis (Supplementary Fig. 14q).
Differential expression analysis revealed an increased expression of
multiple interferon-related genes in luminal cells from PyMT;CXCR4"%
0 sample, while control cells expressed genes involved in tumor-
igenesis and progression (Supplementary Fig. 14r). Taken together,
these results indicate that CXCR4" macrophages closely interact with
tumor cells early during tumorigenesis, and promote Treg differ-
entiation and infiltration, thereby protecting tumors from CD8" T cell-
dependent anti-tumor immunity.

Next, we sought to determine whether pharmacological targeting
of the CXCL12-CXCR#4 axis could attenuate mammary tumor initiation
and progression. To this end, MMTV-PyMT mice were treated with
either distilled water (control) or AMD3100 (Plerixafor) in drinking
water starting as early as 6 weeks of age for a long-term treatment
procedure. Notably, we found significantly delayed tumor onset, pri-
mary tumor growth, and suppressed lung metastasis in PyMT mice
with AMD3100 treatment (Fig. 8i-k). Flow cytometry analysis showed
that AMD3100 treatment decreased the percentage of Tregs and
luminal cells, while the number of CXCR4" macrophages remained
unchanged (Supplementary Fig. 14s).

To explore the clinical significance of macrophage with CXCR4
expression in breast cancer, we performed bulk-RNA sequencing of
whole preneoplasia gland cells isolated from PyMT control and
PyMT;CXCR4M*** mice, and generated a gene signature with the top
30 DEGs in control vs CXCR4M*0 samples. This CXCR4"Mg-
associated gene signature was then used to measure correlations
with the overall survival of subtype-specific breast cancer patients
from the KM plotter data set'®°. Kaplan-Meier plots of survival
probability showed that high expression of the CXCR4" M¢ gene
signature is associated with poor survival in breast cancer patients,
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especially in HER2-positive and basal subtypes of breast can-

cers (Fig. 8l).

Discussion
In the study of adult stem cell systems, defining a specific niche
population and its relevant functional mechanisms often represents a
major advance in our understanding of how normal and cancerous
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stem cells interact with their surrounding niches and benefit from such
interactions. Examples of such landmark discoveries include the
identification of CXCL12-abundant reticular cells (CAR) as key com-
ponents of perivascular niche for hematopoietic stem cells
(HSCs) 7101192 CD81'PDGFRA®", and RSPO3'GREMI' fibroblasts as
niche cells for intestinal stem cells (ISCs)'*>'**, CD10*GPR77" CAFs as
part of cancer stem cell niche’® and STAT3" astrocytes as drivers of
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Fig. 8 | CXCR4" macrophages form an immune suppressive niche via Treg
induction and are associated with poor prognosis in breast cancer patients.
a UMAP visualization of T cell subclusters colored by cell type. b Bar plot showing
the relative abundance of each T cell subcluster in PyMT;control vs.
PyMT;CXCR4M**C groups. ¢ Representative flow cytometry of FOXP3*CD25"
among CD4" cells (Regulatory T cell, Tregs) from preneoplastic glands.

d, Quantification of FOXP3'CD25'CD4" Tregs by flow cytometry (n =3, biologically
independent samples). e CD45°CD8" T cells in PyMT;control vs. PyMT;CXCR4M¢<k0
glands (n=4, 5, biologically independent samples). f Volcano plot of differentially
expressed genes in CD8 T2 cluster from PyMT;control or PyMT;CXCR4M®<K°_ Each
dot represents a gene. Genes with absolute average log, fold change > 0.5 and
adjusted p < 0.05 are highlighted in colors. Representative upregulated genes in the
cKO group are labeled. g The percentage of FOXP3'CD25'CD4" Tregs differentiated
from naive T cells in vitro by co-culturing of macrophages isolated from PyMT;-
control and PyMT;CXCR4M*k° preneoplasia glands assessed by flow cytometry
analysis (n =4 in each group, biologically independent samples). h Percentage of

FOXP3'CD25'CD4" Tregs differentiated from naive T cells in vitro by co-culturing of
CXCR4" and CXCR4- macrophages (n =4, biologically independent samples).

i Kaplan-Meier curve showing tumor onset in control (n=30) and AMD3100
(n=30) treated PyMT mice; two-tailed log-rank p-value and hazard ratio (HR).

Jj Primary tumor growth in control (n=13) and AMD3100-treated (n =17) PyMT
mice. k Quantification of lung metastases in the same groups as (j). I Kaplan-Meier
survival analysis of breast cancer patients with all type or luminal B, HER2-positive,
and basal subtype stratified by a 30-gene CXCR4"M¢ signature derived from bulk
RNA-seq of PyMT;control vs. PyMT;CXCR4M#k° preneoplasia glands. P value by
two-tailed log-rank test and hazard ratio (HR) measured. Flow cytometry analysis of
Tregs and CD8 T cells (Supplementary Fig. 16b) in (c-e, g, and h). Data are mean
values = s.d. Statistical significance calculated by two-tailed unpaired Student’s ¢-
test or one-way ANOVA with Turkey’s test. Box plots show the median (center line),
25th/75th percentiles (box bounds), whiskers extending to 1.5x IQR, and outliers
plotted individually. Source data are provided as a Source Data file.

brain metastasis'®. Tissue-resident macrophages have emerged as a
pivotal component of the MaSC niche, uniquely supporting the activity
of MaSCs**>*%*_ However, these studies employed global macro-
phage depletion approaches, such as CSF1 knockout or Clodronate
liposomes treatment, and utilized markers, such as CSFIR, CCR2, and
CX3CR1, which are broadly expressed in macrophages from other
tissues and are not specifically enriched in mammary gland resident
macrophages (Fig. 1a). Given the diversity and versatility of macro-
phages, there is an unmet need to identify a distinct macrophage
subset that is specific for the MaSC niche and uniquely possesses
MaSC-promoting functions, and to investigate their potential role in
tumor initiation. Uncovering the specific signaling molecules that
regulate the spatial arrangement and function of niche macrophages
will help elucidate how TICs hijack MaSC-supporting functions of the
niche to promote tumorigenesis. Furthermore, while adult stem cells
and TICs are noted to enjoy an immune privileged status®**"%5%1%7,
how MaSC/TIC niche components support immune evasion of MaSC/
TICs remains largely unknown.

In this study, we address these key questions by identifying
CXCR4 as a phenotypic and functional marker of MaSC niche macro-
phages within the mammary ducts, with MaSC/TIC supporting func-
tions. A unique tripartite CXCL12-CXCR4 chemokine signaling axis
among macrophages, luminal, and basal cells within the mammary
duct exists to recruit macrophages to the niche and prime them with
MaSC-sustaining functions in normal mammary development, and
further TIC-supporting functions during breast tumorigenesis (Sup-
plementary Fig. 15). A specific subset of mammary gland macrophages
express high levels of CXCR4 and are recruited to the mammary ducts
through chemotaxis induced by luminal cell-derived CXCLI2.
CXCR4 signaling in macrophages activates AKT, which in turn phos-
phorylates -catenin at Serine 552, leading to its stabilization and the
activation of transcriptional activity. The downstream genes of [3-
catenin include pro-migratory genes such as MMP2, which facilitates
invadopodia formation, ECM remodeling, and the insertion of CXCR4*
macrophages into intraductal spaces. Activation of the [-catenin
pathway in macrophages also induces the expression of pro-
proliferation genes such as CCND3, and multiple Wnt ligands, includ-
ing WNT2b, which signal basal/MaSCs to enhance their mammary stem
cell properties (Supplementary Fig. 15). Importantly, we demonstrate
the increased presence of the same CXCR4" niche macrophages in
breast TIC niches and their critical roles during breast tumorigenesis.
Similar to its role in the MaSC niche, CXCR4" niche macrophages
promote TIC expansion and its tumor-initiating properties through the
AKT-pB-catenin-Wnt pathway. In addition, CXCR4 expression in niche
macrophages induces immune-suppressive regulatory T cell differ-
entiation and infiltration through elevated expression of ALDH1a2,
mediating evasion of immune surveillance in early-stage tumors, and
thus enabling tumor initiation and progression (Supplementary

Fig. 15). The identification of CXCR4" macrophages as a specific stro-
mal niche population for MaSCs and breast TICs represents a sig-
nificant advance in our understanding of stromal niche for MaSC/TICs,
parallel to the identification of unique niche components for other
adult stem cell systems®”'*"'** or cancers'*>'%,

CXCLI12 and its cognate receptor CXCR4 play pivotal roles in the
migration, polarization, proliferation, and survival of various cell types
including hematopoietic cells and stem cells***>'%, Furthermore, the
CXCLI2-CXCR4 axis and its downstream signaling pathways have
been linked to tumorigenesis, metastasis, and interactions within the
tumor microenvironment in various cancers, including breast
cancer™'°*!°, While a few studies have revealed the involvement of
cytokine or chemokine signaling in mammary gland
development®*™" and tumorigenesis”>*"*, a comprehensive inves-
tigation into the roles of CXCL12-CXCR4 chemokine signaling axis in
forming the niche in support of mammary tissue renewal or tumor
initiation remains absent to date. While CXCR4 expression in mam-
mary cells®® and tumors’ has been previously reported, the regulation
of the MaSC/TIC-supporting macrophageal niche through the sig-
nificant impact of CXCL12-CXCR4 signaling on other non-macrophage
cell types is unlikely. Through lineage-specific deletion of CXCR4 in
macrophages and CXCL12 in luminal epithelial cells, we elucidated the
critical role of macrophage CXCR4 in regulating both the spatial dis-
tribution of niche macrophages and the branching morphogenesis of
mammary ducts, while having little effect on the CXCR4 expression in
other cell types and their distribution. The deletion of CXCR4 in
macrophages led to: (1) diminished epithelial association of macro-
phages, (2) compromised stem cell activity, primarily due to the loss of
localized Notch-Wnt signaling, and (3) impaired branching morpho-
genesis and reduced terminal end buds. These findings align with the
observed concentration of CXCR4-positive macrophages at the ductal
branching points and the previously documented significant impact of
stromal factors on branching events during development™>™”, Given
the multifaceted interactions macrophages can form with other niche
cell types, it is possible that the deficient branching morphogenesis
observed in CXCR4-cKO mice is partially attributable to reduced
luminal cell proliferation or altered fibroblast-mediated ECM degra-
dation, in addition to the impaired regenerative function of MaSC/
basal cells. Direct reconstitution of CXCR4" macrophages into knock-
out mice could provide additional validation and help delineate the
specific contributions of this macrophage subset to branching mor-
phogenesis. These possibilities warrant further investigations.

In our pursuit to identify the cellular source of CXCL12 within the
mammary epithelium, we encountered the unexpected discovery that
luminal cells, instead of basal cells, express high levels of CXCLI12. By
acting as a source of CXCL12 to attract macrophages that support the
stem cell activity of basal cells, luminal cells do not merely arise as
progenies of MaSCs but actively contribute to the establishment of a

Nature Communications | (2025)16:4854

17


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-59972-z

niche that sustains MaSCs. Notably, we observed marked similarities in
both cellular phenotypes and gene expression profiles between
CXCR4M®0 and CXCL12X¢K® mice, indicating that the survival and
activation of CXCR4" macrophages are primarily regulated by
CXCLI12 secreted by luminal cells. However, given the heterogenous
expression of CXCL12-CXCR4 across various cell types, it would be
interesting to explore whether the expression levels and cellular
localization of CXCR4-CXCL12 vary depending on different develop-
mental stages, hormone milieus, and types of tumors. Furthermore,
our gene expression analysis revealed upregulation of additional
chemokine receptors, such as CXCR3 and CXCR6, in mammary gland
macrophages compared to peritoneal macrophages (Fig. 1a), sug-
gesting that other chemokine axes may contribute to stem cell niche
maintenance. Further studies will be needed to systemically evaluate
the broader chemokine network and potential compensatory
mechanisms.

Whnt signaling is recognized as a fundamental pathway driving
tissue renewal and stem cell activity across most adult tissues®>"5"*,
Several sources of niche Wnt have been identified during mammary
gland development. Progesterone-induced Wnt4 in luminal cells and
Wnté6 in basal cells likely play important roles in MaSC survival and
function®®7%, Our prior research pinpointed mammary macrophages
as an important source of MaSC-promoting Wnt ligands, revealing that
mammary gland macrophages enhance the production of Wnt ligands
in response to Notch receptor activation by DII1, which is prominently
expressed in MaSCs?. Our current study indicates that these different
sources of Wnt combine to optimally support MaSC activity. Given that
stem cell-niche signaling, such as Notch and Wnt, often depends on
juxtacrine or paracrine signaling between stem cells and stromal niche
components, how such signaling events can occur is unclear if the
mammary epithelium is physically isolated from stromal components
by the basement membrane. Here, we revealed that activation of
CXCR4-Akt signaling in macrophages not only stimulates their extra-
cellular matrix (ECM) remodeling activity but also directly recruits
them into the mammary epithelium via chemotaxis. AKT-mediated
phosphorylation of B-catenin at Ser’ leads to the stabilization of -
catenin and the transcriptional activation of genes that promote
macrophage proliferation, survival, migration, and Wnt production.
The formation of MMP2-rich invadopodia facilitates macrophage
transmigration across the basement membrane (BM), enabling direct
cellular contact with luminal and basal cells/MaSCs. This process sus-
tains a locally enriched Wnt-B-catenin signaling milieu that is instru-
mental in shaping the functions of both mammary epithelial cells and
niche macrophages.

The function of tumor-associated macrophages (TAMs) in mam-
mary tumorigenesis and progression has been extensively studied,
mostly focusing on CSFI-CSFIR or CCL2-CCR2 signaling, which is
broadly involved in the regulation of bone marrow-derived TAMs
across various tissues'°'? and are not particularly enriched in mam-
mary resident macrophages (Fig. 1a). In this study, we highlight the
tissue-specific role of CXCR4" macrophages in mammary glands and
their direct impact on the survival and functional activity of breast
tumor-initiating cells. We observed a progressive increase of CXCR4"
macrophage during mammary tumorigenesis, possibly due to
increased CXCL12 in other cell types such as fibroblasts during
tumorigenesis. The functional importance of CXCR4" macrophage in
breast cancer initiation was validated in multiple mouse models of
breast cancer representing ER+, luminal B, and basal subtypes of breast
cancer. Importantly, CXCR4" macrophages not only promote TIC
activity but also create an immunosuppressive microenvironment by
elevating the presence of Tregs. We also present molecular mechan-
isms demonstrating that CXCR4" macrophages upregulate ALDH1a2,
which drives Treg differentiation and facilitates breast tumorigenesis.
The identification of CXCR4" mammary gland niche macrophages that
support breast TIC functions and the formation of an immune

suppressive TIC niche is of great importance and could provide new
insights for developing novel therapeutic or preventive treatments.
Notably, our study highlights the potential therapeutic efficacy of
targeting the CXCLI2-CXCR4 axis using AMD 3100 or blocking
ALDHIa2 with KyA33 in TIC-supporting macrophages to suppress
mammary tumor onset and growth. Additionally, we confirm the cor-
relation between the expression of CXCR4" macrophage signatures
with poor survival of breast cancer patients, indicating that the level of
infiltration of CXCR4-expressing macrophages could serve as a prog-
nosis marker for breast cancer patients and a potential predictive
marker for targeted therapy. Additional future validation of this
prognosis analysis, including integrative genomic and scRNA-seq data
to enable the inference of the abundance of CXCR4" macrophages
based on bulk RNA transcriptomes, as well as immuno-histological
analysis of patient samples to assess correlations with clinical out-
comes, will facilitate the clinical development of such therapeutic
strategy. Moreover, identifying additional downstream molecules
responsible for CXCR4"'macrophage-mediating immune evasion, and
targeting these pathways could improve current strategies to control
cancer by targeting tumor-associated macrophages.

Methods

Ethical regulations

This study complies with all ethical regulations. All animal procedures
presented in this study were approved by the Institutional Animal Care
and Use Committee (IACUC, protocol 1881) at Princeton University and
conducted in compliance with ethical standards and international
guidelines for animal experimentation. In accordance with our
approved IACUC protocol (1881), In vivo experiments were terminated
at predefined time points or when mice reached human endpoints,
including a single tumor reaching 20 mm in any dimension, a com-
bined tumor volume of 4000 mm? in cases of multiple spontaneous
tumors, >20% body weight loss, or signs of severe distress (lethargy,
impaired mobility). Mice were monitored daily and euthanized
according to IACUC-approved protocols when endpoint criteria
were met.

Animal studies

All animals were housed and bred in an AALAC-approved SPF barrier
facility using contemporary practices. Animal facility was maintained
at 20-22 °C with 14 h:10 h light:dark cycles at 40-70% relative humid-
ity. Mice were routinely tested for potentially confounding infections.
Animal procedures were conducted in compliance with the Institu-
tional Animal Care and Use Committee (IACUC, protocol 1881) of
Princeton University. C57BL/6J, CXCR4-floxed, LysM-Cre, CXCLI2-
floxed, tamoxifen inducible-Krt8-Cre/ERT2, Krtl4-Cre mice, MMTV-
PyMT, and MMTV-WNT mice were obtained from Jackson Laboratory.
For all animal experiments, 6-8-week-old females of wild-type, Cre
control littermate, and knockout animals were utilized, unless other-
wise indicated in the figure legend. Cre activity was induced in Krt8-
Cre/ERT2 mice by a single injection of tamoxifen (1.5 mg) as reported
previously®. Cre control littermates and CXCL12**K° mice were given
tamoxifen at 3-4 weeks of age and harvested after 3 or 10 weeks. For
cleared fat-pad injection experiment, C57BL/6) wild-type mice at
3-4 weeks old were anaesthetized and a small incision was made to
reveal the mammary gland. Mammary epithelial cells (MECs) as spe-
cified in each experiment were injected into cleared inguinal (#4)
mammary fat pads according to the standard procedures™'*. For
spontaneous tumorigenesis experiments, MMTV-PyMT or MMTV-
WNT female mice with C57BL/6] background were crossed with
CXCR4M®<%0 mice to generate knockout animals. PyMT;littermate
controls and PyMT; CXCR4“**° mice were examined weekly for
mammary tumors. For AMD3100 (Plerixafor) treatment, MMTV-PyMT
mice were treated with either distilled water (control) or 0.06 mg/ml of
AMD3100 in drinking water starting as early as 6 weeks of age for a
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long-term treatment procedure. For in vivo KyA33 treatment, experi-
mental mice were fed either a normal diet (control) or a diet supple-
mented with KyA33 (270 ppm, equivalent to an approximate dosing of
40 mg/kg in mice) until the completion of the experiment. Tumors
were considered established when they became palpable for 2 con-
secutive weeks. For allograft studies, 8 weeks C57BL/6) females were
used. Cells were suspended in 50% PBS and 50% Matrigel for mammary
gland injection (MFP). Tumors were measured by calipers for the cal-
culation of tumor volumes. Lung nodules were counted directly after
fixation with Bouin’s solution.

Cell lines

Py8119 and E0771 cells (C57BL/6) background) were obtained from the
American Type Culture Collection (ATCC, Py8119: CRL-3278, EQ771:
CRL-3461). Py8119 was cultured in F-12K Medium containing 10% FBS,
20 ng/ml EGF, 5pg/ml insulin, 2 pg/ml hydrocortisone, and 100 U
penicillin/0.1 mg/ml streptomycin, while EO771 were cultured in RPMI-
1640 medium with 10% FBS, 1% HEPES, and 100 U penicillin/ 0.1 mg/ml
streptomycin.

Limiting dilution assay (LDA)

Primary cell suspension of mammary epithelial cells (MECs) isolated
from 6 to 7-week-old wild-type (WT), Cre control littermates,
CXCR4M¥ KO or CXCL12%¥K® mammary glands were subjected to flow
cytometry sorting using lineage makers (CD31, Terl19, and CD45),
CD24, and CD29 to enrich for the MaSC-containing basal subsets
(Lin"CD24'CD29""). The sorted cells were then transplanted into
cleared mammary fat pads of recipient Cre control littermates or
CXCR4M¥K0 mice. Outgrowths were analyzed 6-8 weeks post-
injection. Transplantation was performed with the indicated num-
ber of cells resuspended in a 1:1 mixture of Matrigel and PBS. The
frequency of MaSCs in the injected cells was calculated using L-calc
software (StemCell Technologies) or the ELDA (extreme limiting
dilution assay)"'®. MaSC's self-renewal capacity was accessed by its
ability to regenerate functional mammary glands in virgin mice fol-
lowing transplantation. For tumorigenesis assays, single-cell sus-
pension of primary MECs from PyMT or WNT mice were transplanted
into wild-type C57BL/6), Cre control littermates, or CXCR4M®<k0
recipients. The same quantitative method was used in limiting dilu-
tion mammary fat pad injections to calculate TIC frequency in PyMT
and WNT MECs.

Mammosphere assays/Tumorsphere assays

Single cells were plated in ultralow-attachment plates (Corning) with
the standard mammosphere media'®. The number of cells plated is
indicated for each specific experiment in the figures. The spheres were
counted 7-10 days later depending on the experiment. For co-culture
mammosphere and tumorsphere assay, sorted MECs and macro-
phages were combined at a 1:4 ratio and cultured in mammosphere
media on ultralow-attachment plates. This ratio was previously deter-
mined as the optimal in vitro coculture condition for macrophage-
mediated enhancement of mammosphere formation by basal/
MaSCs*. For the double- or triple-cell co-culture experiment, we uti-
lized a transwell culture system. Tranwells with 0.4 um pore inserts
were placed in ultralow-attachment plates. Basal/MaSCs were seeded
at the bottom, while macrophage and luminal cells were seeded on top
of the insert, either separately or together, depending on the experi-
mental setting.

Whole-mount staining of mammary glands

The 4th inguinal mammary glands were dissected, mounted on glass
slides, and fixed overnight at room temperature in 10% formalin. After
rehydration through a series of decreasing ethanol concentrations,
tissues were stained overnight with Carmine Alum solution (0.2%
carmine and 0.5% aluminum potassium sulfate). Stained-whole mounts

were subsequently dehydrated in ethanol and cleared with a Histo-
Clear solution. Images were acquired using a Zeiss microscope.
Quantification of the lengths and numbers of branches was performed
using ImageJ. The ductal length was measured as the distance between
the lymph node and the distal end point of the longest duct. Ductal
branching was quantified by manually counting the total number of
branch nodes within 4-5 fields either adjacent to the sides of the lymph
node for the mammary gland or randomly distributed for the recon-
stituted mammary gland. The manual counting was done in triplicate
by three independent researchers including at least one blinded to the
samples.

Immunohistochemistry (IHC), immunofluorescence (IF), and
whole mount 3D IF

For histological analysis, mammary gland specimens were fixed over-
night in neutral buffered formalin, dehydrated, and embedded in
paraffin. Tissue blocks were sectioned into 5pm. Antibodies and
dilutions used for IHC and IF are listed in Supplementary Table 2.
Sections from FFPE (formalin-fixed paraffin-embedded) specimens
were dewaxed, rehydrated, and treated with target retrieval solution
(Dako) according to the manufacturer’s instructions. For IHC staining,
after treatment with 3% H,0, for 30 min to block endogenous perox-
idase, slides were incubated with 3% bovine serum albumin for
blocking, and incubated with primary antibodies at 4 °C overnight.
Following washes with PBS, slides were then incubated with HRP-
conjugated secondary antibody for 30 min at room temperature.
Sections were stained by DAB and then counterstained with Hema-
toxylin. For IF staining, slides were blocked with 3% bovine serum
albumin and incubated overnight with primary antibodies at 4 °C fol-
lowed by Alexa Fluor-conjugated secondary antibody. The nuclei were
counterstained with DAPL.

For whole-mount 3D IF staining'*’, mammary glands from 8 to 9-
week-old female mice were dissected and fixed in 4% paraformalde-
hyde (PFA) pH 7.4 for 2 h at 4 °C on a roller mixer. Tissues were washed
in PBS with 0.1% Tween-20 for 10 min, then incubated for 30 min in
wash buffer (WB) (PBS, 0.1% Tween-20, 50 mg/ml ascorbic acid,
0.05 ng/ml reduced t-Glutathione), followed by a 2-3 h incubation in
WBI (PBS, 0.2% Tween, 0.2% Triton, 0.02% SDS, 0.2% BSA, 50 mg/ml
ascorbic acid, 0.05ng/ml reduced L-glutathione) at 4 °C. Primary
antibodies were diluted 1:50 in cold WB2 (PBS, 0.1% Triton, 0.02% SDS,
0.2% BSA, 50 mg/ml ascorbic acid, 0.05ng/ml L-Glutathione) and
incubated overnight at 4 °C in vertically positioned tubes on an orbital
mixer. The next day, tissues were washed three times in WB2 at 4 °C,
with fresh buffer changes every hour. Secondary antibodies were
diluted 1:100-1:200 in cold WB2 and incubated overnight under the
same conditions. After three additional washes, samples were incu-
bated in FUnGl clearing solution (50% glycerol (vol/vol), 2.5 M fructose,
2.5M urea, 10.6 mM Tris Base, 1 mM EDTA, supplemented with 50 mg/
ml ascorbic acid, 0.05ng/ml r-glutathione) in 15ml conical tubes
placed horizontally on an orbital mixer overnight at 4 °C in the dark.
Tissues were then mounted between a coverslip and slide for analysis.
Images were taken using a Nikon Al confocal microscope and a Zeiss
fluorescence microscope. Representative images from more than ten
images per specimen were selected.

127

Flow cytometry and FACS sorting

Single mammary epithelial cells (MECs) and macrophages were
obtained from mammary glands after excising the lymph node, fol-
lowing the published protocol”?%. MECs were stained with a combi-
nation of lineage (CD45, Terll9, and CD31), CD24, and CD29
antibodies, macrophages were stained with CD45, CD11b, F4/80 or/
and CXCR4, Tregs were stained with CD45, CD4, CD25 and FOXP3 for
20-30 min. The gating strategy is shown in Supplementary Fig. 16. For
intracellular staining, single cells were fixed with either BD Fix/Perm or
eBioscience Foxp3/Transcription factor staining buffer set according
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to the kit instructions. For sorting cells, the FACSAria Fusion (BD
Biosciences) instrument was used. Flow cytometry analysis was per-
formed using the LSRII or FACSymphony A3 (BD Biosciences). All data
were acquired using FACSDiva software and were analyzed using
FlowJo software. Detection of CXCL12 mRNA and protein in MECs was
performed with PrimeFlow™ RNA Assay Kit (Thermo Fisher Scientific)
in accordance with the manufacturer’s instructions. Details about all
FACS-related antibodies are listed in Supplementary Table 2.

Transwell cell migration assay

Cell migration was accessed using a Boyden-chamber transwell system
with 8 um pore polycarbonate membrane inserts (Corning). FACS-
sorted macrophages were seeded in the upper chamber in 200 ul RPMI
containing 2% FBS and 1% penicillin-streptomycin. The lower chamber
contained either culture media or FACS-sorted luminal cells in RPMI
with 10% FBS and 1% penicillin-streptomycin. After 24 h incubation,
migrated cells on the bottom of the membrane were fixed, stained with
1% crystal violet, and washed three times with distilled water. Images
were captured using a Zeiss microscope, and migration was quantified
using Image]J software.

Invadopodia assay

QGM gelatin invadopodia assay kit (EMD Millipore) was used by fol-
lowing the manufacturer’s instructions. Briefly, eight-well glass cham-
ber slides were coated with a thin layer of fluorescent-conjugated
gelatins according to the manufacturer’s protocol. Seeded cells were
fixed in 4% paraformaldehyde (PFA) and stained with DAPI and Phal-
loidin. The quantification of gelatin degradation areas was performed
with Image ] Thresholding.

In vitro Treg differentiation assay

CD4" T cells were isolated from wild-type spleens using Miltenyi Biotec
Naive CD4" T cell Isolation Kit following the manufacturer’s instruc-
tions. 100,000 naive CD4'T cells were co-cultured with 50,000 sorted
primary macrophages and the percentage of differentiated Tregs was
examined by flow cytometry analysis 5-7 days later.

Aldefluor assay

Aldefluor assay was carried out following the manufacturer’s instruc-
tions with some adjustments (STEMCELL Technologies #01700).
Briefly, FACS-sorted macrophages for testing were resuspended in
Aldefluor assay buffer with DEAB (Sigma) (100 uM), DMSO (1%), or
ALDH inhibitor, KyA33 (1 pM) and incubated in 37 °C for 40 min. Cells
were then centrifuged and resuspended in 1pg/ml DAPI containing
aldefluor assay buffer and subjected to flow cytometry analysis. DEAB
group was used to determine the background fluorescence signal and
set the accurate gating for ALDH" cells.

RNA purification and qRT-PCR analyses

Total RNA was extracted from primary cells using the Qiagen RNA
extraction kit, following the manufacturer’s protocol. Quantitative
real-time PCR was performed using SYBR Green Supermix (Bio-Rad) on
ABI 7900 96 HT series and StepOne Plus systems (Applied Biosystem).
The gene-specific primer sets are listed in Supplementary Table 3 and
were used at a final concentration of 0.2 mM. All qRT-PCR assays were
performed in triplicate in at least two independent experiments.

RNA sequencing and GSEA analysis

Total RNA from FACS-isolated cells directly sorted into lysis reagent
was purified using the RNAeasy micro kit (Qiagen) according to the
manufacturer’s instructions. The integrity of total RNA samples was
assessed on Bioanalyzer 2100 using an RNA 6000 Pico chip (Agilent
Technologies, CA). Messenger RNA was enriched from these samples
using QlAseq FastSelect-rRNA HMR Kit (Qiagen, CA), fragmented, and
converted to cDNA and Illumina sequencing library using the PrepX

RNA-seq library preparation protocol on the Apollo 324TM NGS
Library Prep System (Takara Bio, CA). A unique DNA barcode was
incorporated into each library for sample demultiplexing. These RNA-
seq libraries were examined on Agilent Bioanalyzer DNA High Sensi-
tivity chips for size distribution, quantified by Qubit fluorometer
(Invitrogen, CA), and pooled at equal molar amounts. The library pools
were denatured and sequenced on Illumina NovaSeq 6000 using the S
Prime flowcells as pair-end 65 nt reads according to the manufacturer’s
protocol. Raw sequencing reads were filtered by Illumina NovaSeq
Control Software, only the Pass-Filter (PF) reads were de-multiplexed
allowing 1 mismatch, and used for further analysis. Alignment of reads
was done using the STAR aligner with the mm10 build of the mouse
genome. Transcript assembly and differential expression were deter-
mined using DESeq2 with Refseq mRNAs to guide assembly. Data was
deconvoluted and analyzed with the Partek Flow software (Partek Inc.)
and the GeneSpring 13 software (Agilent). For GSEA and pathway
analysis, normalized Log?2 ratio expression data was first rank-ordered
by differential expression. Only datasets with nominal P<0.05 were
considered in the analysis. Data was analyzed using GSEA_v4.1.0.
Interrogated signatures from the MySigDB v6.0 C2 curated gene sets
database. “The mammary gland macrophage signature” from Chakra-
barti et al. (2018) and “MaSC signature and luminal cell signature” from
Chakrabarti et al. (2014) are derived from the microarray data col-
lected from our lab as described in previous study®*.

Single-cell RNA sequencing

Single-cell suspensions were accessed for cell density and viability
using a FACSymphony A3 (BD Biosciences) or Attune (Thermo Fisher
Scientific) flow cytometer. Approximately 15,000 cells per sample
were loaded into each channel of the 10X Genomics Chromium X
system using the Chromium Single Cell 3° v3.1 Reagent Kits (10X
Genomics) for cDNA generation and amplification. Amplified cDNA
was purified with Ampure XP magnetic beads (Beckman Coulter),
quantified using a Qubit fluorometer (Invitrogen), and accessed for
size distribution with a Bioanalyzer with High Sensitivity DNA chips
(Agilent). lllumina sequencing libraries were prepared using the Tag-
ment DNA Enzyme and Buffer kit (Illumina), quantified by Qubit and
Bioanalyzer, pooled at equal-molar concentrations, and sequenced on
an Illumina NovaSeq 6000 S Prime flow cell (28 + 94 nt pair-end reads)
following standard protocols. Pass-filter reads were obtained using
lllumina NovaSeq Control Software, and subsequent demultiplexing
and gene expression quantification were performed using CellRanger
software (10X Genomics) to generate gene expression and quality
control matrices.

Analysis of single-cell RNA sequencing dataset

Data preprocessing, normalization, integration, and clustering of
single-cell RNA-seq data were performed using the Seurat package
(version 5.0.0)'%. In our initial preprocessing, all samples were filtered
by selecting cells with more than 200 but fewer than 5000 detected
genes. Additionally, the genes not expressed in at least 3 cells were
excluded. As a quality control, cells expressing more than 15% mito-
chondrial genes were filtered out. Furthermore, a Scrublet'’® cutoff of
0.25 was used to account for and filter doublets in each sample. Sample
normalization and integration were done using the 2000 most variable
genes per sample. Following sample integration, unsupervised clus-
tering was done based on the shared-nearest neighbor method. Lou-
vain clustering with a resolution of 0.8, which initially identified 25
distinct clusters. Similar cell subtypes were manually merged to iden-
tify 10 major cell type clusters. The cell types are visualized using
UMAP-based dimensional reduction. To identify marker genes within
each cluster, the FindAlIMarkers function from Seurat was used with a
logFC cutoff value of 0.25. Canonical markers were used to identify
main cell types, followed by sub-clustering to identify cell subtypes.
For differential gene expression analysis, a single-cell aggregation
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approach with edgeR" was done, and a fold-change of at least 1.5 and
an adjusted p-value of <0.05 cutoffs were used to select differentially
expressed genes across different conditions. All plots were done using
either standard Seurat plotting functions or the ggplot2 package
within the core tidiverse in R (1.3.0).

Analysis of published single-cell or bulk RNA sequencing dataset
We downloaded the dataset of Li, C.M. et al. (2020) (GSE150580),
Kumar, T. et al. (2023) (GSE195665), and Dawon, C.A. et al. (2020)
(GSE119869). Single-cell analysis was done with Seurat (v4.4.0) and R
(v4.2.2). Bulk RNA-seq analysis was done with DESeq2 (v1.38.0). Nor-
malized counts were calculated by DESeq2 during DEG (differentially
expressed genes) analysis.

Statistics and reproducibility

All statistical comparisons were conducted with GraphPad Prism ver-
sion 10 (Student t-test, Mann-Whitney U, and two-way ANOVA) and
Microsoft Excel. Results are represented as indicated in the figure
legends, generally as mean + SD (standard deviation). For experiments
with two groups, a small sample size (<30), and normally distributed
data, the significance was evaluated using a two-tailed unpaired Stu-
dent’s t-test under the assumption of unequal variance. All statistical
comparisons are non-significant at an alpha level of 0.05 if not marked
by a specific p-value or asterisk. For multiple independent groups, one-
way ANOVA with Turkey’s multiple comparisons test was evaluated.
Non-parametric data sets were evaluated using the Mann-Whitney
Wilcoxon U test. For in vitro experiments, no statistical method was
used to predetermine sample size; all samples were analyzed equally,
and randomization was not required. Repopulation frequency was
calculated using ELDA software with Pearson’s chi-squared test (two-
sided). For survival analysis, long-rank (P) tests were applied. All
experiments with representative images (FACS plot, immuno-
fluorescence, and histology) were repeated independently at least
three times and representative images were shown. Tissue staining
scores were assessed by three independent, blinded researchers. For
animal studies, no statistical test was used to predetermine sample
size; group sizes were informed by pilot and prior studies. Littermates
were randomized before injection, using animals of similar age and
female sex. Researchers were not blinded to group allocation or out-
comes, as knowledge of treatment groups was necessary for the pro-
cedures. Animals were excluded only if they died or had to be
euthanized because of moribund conditions following the IACUC
protocol.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The RNA sequencing data generated in this study have been deposited
in the NCBI Gene Expression Omnibus (GEO) database under the
accession code GSE275908, and accessed at https://www.ncbi.nlm.nih.
gov/geo/query/acc.cgi?acc=GSE275908. Source data are provided
with this paper.
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