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Divergent paths of mammary gland e

involution: unveiling the cellular dynamics
in abruptly and gradually involuted mouse
models
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Abstract

Background Epidemiological studies associate an increase in breast cancer risk, particularly triple-negative breast
cancer (TNBC), with lack of breastfeeding. This is more prevalent in African American women, with significantly lower
rate of breastfeeding compared to Caucasian women. Prolonged breastfeeding leads to gradual involution (Gl),
whereas short-term or lack of breastfeeding leads to abrupt involution (Al) of the breast. Our previous study utilizing
a murine model demonstrated precancerous changes, specifically hyperplasia, a non-obligate precursor of breast
cancer in the mammary glands of Al mice. Here we investigated mechanisms during early events of Al that prompts
precancerous changes in mouse mammary glands.

Methods Uniparous FVB/N mice were randomized to Al and Gl on postpartum day 7 when all pups were removed
from Al dams. Gl dams were allowed to nurse the pups till day 31. Cell death kinetics and gene expression were
assessed by TUNEL assay and gqPCR respectively. Immune cell changes were investigated by flow cytometry, cytokine
array and multiplex immunofluorescence. 3D-organoid cultures were used for in vitro assay of luminal progenitor
cells.

Results Al results in rapid cell death, DNA repair response, and immunosuppressive myeloid cells infiltration, leading
to a chronically inflamed microenvironment. Gl elicits a more controlled immune response and extended cell death.
At the peak of cell death, Al glands harbored more immunosuppressive myeloid-derived suppressor cells (MDSCs)
and CD206 + M2-like macrophages, known to promote oncogenic events, compared to Gl glands. Al glands exhibit
an enrichment of CCL9-producing MDSCs and CD206 + M2-like macrophages that promote expansion of ELF5+/
ERa- luminal cells, both in vitro and in vivo. Multiplex imaging of Al glands demonstrated an increase in ELF5+/
WNT5a + luminal cells alongside a reduction in the ELF5+/ERa+ population when involution appeared histologically
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complete. A significantly higher number of CD206 + cells in post involution Al gland attests to a chronically inflamed

state induced by Al.

Conclusions Our findings reveal significant disparities between Al and Gl gland dynamics at the early phase of invo-
lution. CCLY, secreted by immune cells at the peak of cell death promotes expansion of EIf5 +/ERa- luminal progeni-
tor cells, the putative precursors of TNBC connecting early events of Al with increased breast cancer risk.

Keywords Breastfeeding, Abrupt involution, Breast cancer, CCL9, M2-like macrophages

Introduction

Epidemiological studies have identified higher parity and
lack of breastfeeding as key reproductive factors impact-
ing breast cancer risk, especially triple-negative breast
cancer (TNBC) [1, 2]. This is especially relevant in the
context of racial disparity in breast cancer outcomes.
African American (AA) women have a higher risk of
developing TNBC at a younger age, have ~40% higher
mortality from breast cancer [3], and have a lower prev-
alence of breastfeeding when compared to Caucasian
women (CW) [4].

During pregnancy, the mammary gland undergoes
alveologenesis regulated by progesterone and prolactin
[5]. At the peak of pregnancy, most of the adipose tis-
sue in the gland is replaced by alveolar cells with some
secretory activity, preparing for milk production at par-
tum. Lactation begins with suckling alongside changes in
serum estrogen, prolactin, and oxytocin [5]. Weaning of
the infant from the mother’s milk leads to milk stagna-
tion, which initiates involution, remodeling the glands to
a near pre-pregnancy state. The process of involution has
been documented to be biphasic, which has been ascer-
tained through mouse models where the forced weaning
of pups at the height of lactation induced involution [6].
An initial reversible phase is associated with apoptosis,
alveolar cell detachment, and shedding into the lumen for
48 h. This is followed by an irreversible phase when alve-
olar collapse, a breakdown of the extracellular matrix, the
second wave of apoptosis, and massive tissue remodeling
occur [6]. These processes lead to the return of the post-
partum glands to a near pre-pregnant state histologically
with distinguishing features at the molecular level [7, 8].
The key gap in our knowledge is how involution follow-
ing prolonged breastfeeding and gradual weaning differs
mechanistically from abrupt weaning following a lack
of or short-term breastfeeding. This is critical to under-
stand as multiple epidemiological studies have described
a reduced breast cancer risk following prolonged breast-
feeding (>6 months vs. <3 months) [1, 9-12]. These data
imply a significant mechanistic difference between invo-
lution following short-term vs. long-term breastfeeding.

Indeed, our recent studies in FVB/N mice documented
precancerous changes including hyperplasia, metaplasia,
increased collagen deposition, and chronic inflammatory

changes in abruptly involuted (AI) mammary glands,
monitored over 4 months following forced weaning
[13]. Our lab noted similar observations in C57BL/6
mice (unpublished data). None of these changes were
observed in gradually involuting dams allowed to nurse
for 28-31 days postpartum (PPM), thus providing valu-
able insight into the mechanism of protective effects of
prolonged breastfeeding against breast tumorigenesis.

Given the observed long-term changes induced by Al
vs. GI, specifically hyperplasia, a non-obligate precursor
of breast cancer and chronic inflammation, our current
study sought to understand early events of involution in
both groups, starting on day 7 PPM. While Al is induced
by the removal of all pups from the dam on day 7 PPM,
the pups of the GI mice were allowed to wean naturally
until day 28 PPM when lactation and involution occur
in parallel. Using a comprehensive approach, we evalu-
ated the histological changes, gene expression patterns,
and involvement of myeloid cells during the involution
process. Our data demonstrates a stark difference in
the early events of Al vs. GI with respect to acute phase
response, immune microenvironment, and DNA damage
response. Al glands displayed a distinct pattern of mye-
loid cell infiltration, with the predominance of M2-like
CCL9+ macrophages, compared to GI glands. Multi-
plex high-dimensional immunofluorescence revealed
an abundance of CD206+ /CCL9+macrophages in the
Al glands at the peak of cell death and that CCL9 pro-
moted the expansion of estrogen receptor-a negative
(ERa -) luminal progenitor cells. These cells were previ-
ously shown to be the putative precursors of TNBC [14].
These distinct early changes in Al glands could explain
the hyperplasia reported in our previous study [13]. The
physiological significance of these mechanistic differ-
ences and the immune microenvironment could explain
the epidemiological link between the length of breast-
feeding and breast cancer risk.

Methods and materials

Mouse model

Mice experiments were performed in accordance with
a protocol approved by The Ohio State University, Uni-
versity Laboratory Animal Resources, and Institutional
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Animals Care and Use Committee. FVB/N mice (Jack-
son Laboratories, USA, strain# 001800) were maintained
in-house in barrier cages, under aseptic conditions, and
provided with chow diet (Teklad, Envigo) and water
ad libitum. Eight-week-old virgin mice were paired with
males and housed individually once pregnant. Only uni-
parous mice were used in all our studies. Within 24 h of
partum, litter size was standardized to 6 pups/dam. Mice
were randomized to GI and Al cohorts at 7 days PPM
when all 6 pups were removed from the dams of the AI
cohort. For the GI cohort, gradual weaning was achieved
by the removal of 3 pups each on PPM days 28 and 31.
Mammary glands were harvested from the dams on PPM
days 7, 8.5, 10, 11, 12, 17, 22, 25, and 28. All experimen-
tal animals were humanely euthanized by CO, inhalation
followed by cervical dislocation before necropsy.

RNA isolation and microarray analysis

RNA was isolated from snap-frozen mammary glands
or sorted luminal progenitor cells [13] using Trizol rea-
gent (Invitrogen, USA), subjected to DNase digestion
and quality checked using Nanodrop RNA 6000 nano-
assays and Bioanalyzer. Gene expression analysis was
performed at the Microarray Shared Resource Facility, at
The Ohio State University Comprehensive Cancer Center
(OSUCCC) using the Affymetrix GeneChip® Mouse
Transcriptome Array 1.0 platform (Affymetrix Inc, Santa
Clara, CA). Transcriptomic Analysis Console software
(TAC, Thermo Fisher Scientific) was used to analyze the
gene expression data, where genes with twofold change
in expression and a p value<0.05 were considered sig-
nificantly altered between the two groups. The gene
expression data was subjected to Gene Set Enrichment
Analysis (GSEA)  (http://software.broadinstitute.org/
gsea/msigdb/index.jsp) querying the C2 curated, hall-
mark 34 gene sets, within the Molecular Signatures Data-
base (MSigDB). Pathways with FDR g-value <0.25 and
p-value <0.05 were considered for further investigation.

gRT-PCR analysis

The right inguinal gland from each mouse (n=3 mice
per group per time point) after removal of the lymph
node was snap-frozen. Frozen mammary glands were
disrupted in Trizol (Invitrogen, USA) using a mechani-
cal disruptor (Precellys 24 Touch, Bertin Technologies,
USA) and total RNA was isolated using Norgen total
RNA isolation kit (Norgen Biotek Corporation, USA).
In-column DNase digestion was performed to remove
genomic DNA contamination. cDNA was synthesized
from DNase-treated RNA using a ¢cDNA synthesis kit
(Applied Biosystems, USA). qRT-PCR analysis was per-
formed in triplicates using a StepOne Real-Time PCR
machine (Applied Biosystems, USA). RPL37 was used as
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a housekeeping gene. Primer sequences are provided in
Supplementary Table S1.

Western blot analysis

Whole tissue extracts were prepared from snap-fro-
zen mammary glands in RIPA buffer (50 mM Tris—
HCL,150 mM NaCl, 0.1% SDS, 0.05% Na-deoxycholate,
1% NP-40) using a tissue disruptor (Precllys, Bertin Tech-
nologies, France). Thirty micrograms of protein sepa-
rated by SDS-PAGE routinely were probed with specific
antibodies. Primary antibodies used included anti-CD14
(Cell Signaling Technology, CST # 93882), anti-cath-
epsin B (CST#31718), anti-BCL-xL (CST#2764), anti-
BCL-xS (PA5-32203, Invitrogen), anti-Cleaved PARP
(CST#9548), and P-actin (CST#3700). Images were cap-
tured by LI-COR imaging system or on X-ray film using
electrochemiluminescence based imaging system.

Immunohistochemistry (IHC) and Immunofluorescence (IF)
Freshly harvested mammary glands were fixed in a 10%
neutral-buffered formalin solution for 72 h and stored in
70% ethanol. Formalin-fixed, paraffin-embedded (FFPE)
sections stained with Haematoxylin and Eosin (H&E)
were used for histological analysis, conducted by a board-
certified veterinary pathologist. Immunostaining of the
FFPE sections was performed in-house with primary
antibodies, followed by the detection of bound antibod-
ies using HRP-conjugated or fluorescent-conjugated sec-
ondary antibodies as described earlier [13, 15]. Primary
antibodies used for IHC and IF were anti-pStat3Y’%
(1:100, #9145, Cell Signaling Technology, USA), CD14
(1:50, #60253—-1, Invitrogen, USA) and anti-F4/80 (1:500,
MF48000, Invitrogen, USA).

TUNEL staining

FFPE sections (4 pum) of mammary glands were sub-
jected to TUNEL staining using the TUNEL Assay Kit,
(Abcam, USA). Stained slides were imaged using Vectra
3.0 and analyzed using InForm software. One thoracic
mammary gland from each mouse (n=6 mice per group
per time point) was used for the analysis. A minimum of
twenty high-power images captured by Vectra 3.0 micro-
scope were selected randomly for analysis.

Adipocyte quantification

Mammary gland sections were stained with F4/80 (Cell
Signaling Technology #70076) by IHC. Images of stained
tissue sections containing at least 50% area composed
of adipocytes were captured at 20X magnification using
EVOS Microscope (ThermoFisher Inc). Five images from
each mammary gland section were quantified manually
using Image] software. Only structurally intact adipo-
cytes were quantified. Crown-like structures (CLS) were
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identified and quantified by two independent research-
ers. CLS were identified as any adipocyte surrounded at
least 50% by macrophages positive for F4/80 stain.

Flow cytometry and cell sorting

Mammary glands were harvested and chopped into fine
pieces using a tissue chopper (Mcllwain Tissue Chop-
per, USA), followed by digestion with 1X collagenase/
hyaluronidase mixture in 5 mL of DMEM media sup-
plemented with 10% FBS for 1 h at 37 °C. The enzymes
were neutralized by adding 9 mL of DMEM media with
10% FBS and filtered through a 70 pum cell strainer. The
single-cell suspensions were centrifuged at 350Xg for
4 min at 4 °C. The cell pellets were suspended in 1 mL
of RBC lysis solution (Gibco, USA) and incubated at
37 °C for 10 min. This was followed by adding of 10 mL
phosphate buffer saline (PBS) and centrifuged at 350Xg
for 5 min at 4 °C. The cell pellets were suspended in Fc
blocking buffer as per the manufacturer’s instructions
(BioLegend, San Diego, CA). The cells were washed and
incubated with a cocktail of fluorophore-conjugated anti-
bodies specific to different populations of inflammatory
cells and Zombie Aqua live/dead dye for 30 min on ice.
Single-color controls were prepared in parallel. The cells
were washed twice with PBS, the samples were acquired
on Cytek Northern Lights-3000, and the data was ana-
lyzed using Flow]o software. For cell sorting, single-cell
suspensions of mammary glands stained with different
antibodies as described above were processed on BD flow
activated cell sorter Aria III to collect CD11b+ /F4/80+/
CD206 + populations.

Cytokine profiling

The sorted cell population was subjected to cytokine
array analysis (Ray Biotech, USA) as per the manufac-
turer’s instructions. Briefly, an equal number of cells
from each group were lysed using cell lysis buffer. The
array membranes were incubated for 30 min in a block-
ing buffer followed by incubation with the cell lysates at
4 °C overnight. The membranes were next washed and
incubated with a biotinylated secondary antibody cock-
tail, washed again, and incubated with HRP-Streptavidin
solution for 2 h at room temperature. Membranes were
then washed and exposed to X-ray film. The films were
scanned to obtain digital images and analyzed for expres-
sion intensity using Image] software (NIH, USA). The
expression intensity density was normalized to internal
control after subtracting the background.

Luminal Progenitor (LP) organoid culture

LP cells were cultured as organoids in vitro following a
protocol by Vilgelm et. al [16]. Briefly, the sorted LP
cell suspension from 6-weeks old virgin female mice
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(FVB/N) was washed with 1X Hank’s Balanced Salt Solu-
tion (HBSS). 10,000—-40,000 cells were mixed with 100
puL Cultrex Basement Membrane Extract (BME) and
plated in pre-warmed low attachment spheroid micro-
plates (96 wells). The plate was incubated at 37 °C for
1 h and supplemented with complete DMEM medium
(advanced supplemented with 10% FBS and antibiotics),
N-acetylcysteine (1.25 mM), Nicotinamide (10 mM),
N-2 Supplement (1X), B-27 Supplement (1X), Y-27632
dihydrochloride (10 pM), hEGF (10 ng/mL), hFGF-10
(10 ng/mL), hFGF-2 (1 ng/mL), Hydrocortisone (0.3 pg/
mL), Insulin (1 pg/mL), B-estradiol (0.5 nM), R-spondin
(100 ng/mL), Noggin (100 ng/mL) and Heregulin (5 nM).
The organoids were passaged every 10-12 days using
TrypLE™ (Gibco) or Trypsin to break down the orga-
noids into smaller clusters of cells and re-plating them
(10,000 cells in each well) in BME domes as described
above. For treatment, PBS or CCL9 (100 ng/mL) was
added twice a week in a supplemented medium and orga-
noids number, as well as morphology, were monitored
regularly using a bright field microscope, and the number
of branching in organoids was counted as described in
our earlier study [17].

Multiplex inmunofluorescence (miF) study

For simultaneous antibody detection on FFPE mam-
mary gland tissue sections, mIF was carried out utilizing
the Opal fluorophore coupled to tyramide signal ampli-
fication (TSA) system from Akoya Biosciences (Marl-
borough, MA, USA). As part of the panel development
process, staining conditions were first adjusted using
serial tissue sections that underwent tests for antibody
stripping and pH- and temperature-dependent anti-
gen retrieval. To determine the optimal mIF conditions,
Opal-antibody pairings were evaluated based on marker
abundance and co-expression within cellular compart-
ments to limit the possibility of spectral crosstalk. For
example, high-expressing biomarkers were coupled with
less intense Opals, and vice versa, to facilitate spectral
acquisition. To assist mIF optimization, the InFORM®
software (Akoya Biosciences, version 2.4.11) was utilized
to evaluate biomarker signal-to-background ratio (signal:
noise >10:1) and signal balance (signal intensity of adja-
cent Opals <10:1) into other channels.

The optimized mIF staining workflow consisted of anti-
gen retrieval by incubating tissue sections in ER2 solu-
tion (pH 9, 100 °C; Leica Biosystems, Vista, CA, USA) for
30 min using the Leica Bond RX autostainer. According
to the Panel Chart, the first primary antibody (CCL9)
was incubated for 30 min, followed by anti-mouse/rabbit-
HRP conjugate labeling and Opal-TSA polymer incuba-
tion for 10 min. The stripping phase consisted of either
ER1 (pH 6, Leica Biosystems) or ER2 solutions incubated
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at 95-98 °C for 20 min between each antibody staining
round. After staining with the second antibody (CCR1),
the protocol was repeated until all the markers were
applied. The tissue sections were then counterstained for
5 min with spectral DAP], rinsed with TBS, and mounted
with ProLong® Diamond Antifade Mountant (Life Tech-
nology, Carlsbad, CA, USA).

Panel chart

Order Antibodies Dilutions Opal Opal Stripping
Fluorophores Dilution (pH/min/°C)
1 CCLo 1:100 480 1:150 6/20/95
2 CCR1 1:100 570 1:150 6/20/98
3 ERa 1:100 620 1:150 9/20/95
4 WNT5a 1:100 690 1:150 6/20/95
5 ELF5 1:50 520 1:150 6/20/95
6 CD206 1:200 780 1:25 6/20/95

The Phenoimager HT multispectral digital slide imag-
ing system (Akoya Biosciences) was used to capture
whole-slide scans. The mammary gland tissue images
were scanned at desired magnification and 0.5 pm/pixel
resolution, with each region of interest (ROI) measuring
931 um X 698 pum. The entire slide scans were opened in
Phenochart (Akoya Biosciences) for manual ROI anno-
tation. The margins of tissues were excluded due to the
possibility of staining artifacts. INFORM® was used to
access the annotated ROIs for additional image process-
ing, such as spectral unmixing and autofluorescence
correction. Anti-CD20 antibody was paired with each
Opal fluorophore (without DAPI counterstain) as a sin-
gle plex to create a spectral library for spectral correc-
tion yielding a single component image. After unmixing,
InNFORM® was utilized to generate machine-learning
algorithms for cell segmentation and binary phenotyping
using a set of component images. This included instruct-
ing inFORM® to distinguish individual cells stratified by
inclusion within tissue regions, and by cell morphology
and marker expression patterns to classify cells into posi-
tive or “other” categories. The intensity of each marker
(e.g., normalized counts/exposure time per cytoplasm,
membrane, and/or nucleus) was utilized to compute the
thresholds for marker positivity. For example, DAPI and
ELF5 labeling allowed nuclei to be detected based on
intensity and size, while CCR1 staining aided in delin-
eating membrane structures to refine borders relative to
adjacent cells. After optimizing the segmentation and
phenotyping algorithm on a small subset of ROIs, the
semi-optimized algorithm was used in batch analysis on
the remaining ROIs. All ROIs were evaluated for agree-
ment with machine learning, and those that did not pass,
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such as harboring false positives due to fluorescence
from nearby cells, were retrained yielding the optimized
algorithm. Finally, the INFORM® data was merged and
quantified using the R programming language in phe-
noptrReports (version 0.3.2, Akoya Biosciences). The cell
density for each cell type was estimated for each selected
image as the number of positive cells per area (cell
counts/mm?) and then normalized to the total nucle-
ated cells. The average normalized cell percentage and
standard error of all randomly selected images for a spe-
cific sample were calculated to reflect population and
heterogeneity.

Imaging quantification and scoring of chromogenic stains
Images of immune-stained tissue sections from mul-
tiple mice were captured using Vectra 3.0 and analyzed
using InForm® software. Twenty random fields per tis-
sue section were subjected to blinded quantification. For
F4/80, entire images of tissue sections were analyzed. A
positive signal threshold for each staining parameter was
established prior to quantification. For quantification of
phospho-Stat3(Y705), the percentage of DAB-positive
cells in the epithelium and stroma were assessed. For
F4/80, the total percent of the positive area was used for
quantification.

Statistical analysis

Mean+SD of the quantitative outcomes are shown on
the figures. Two sample or paired t-test was used for
two group comparisons depending on whether the data
is independent or correlated. Linear mixed effects mod-
els were used to compare the outcomes with repeated
measurements over time to take account of correlations
among observations from the same subject. Microarray
data was analyzed using Transcriptome Analysis Console
(TAC 4.0), and pathway enrichment with the differen-
tially expressed genes was analyzed with the GSEA tool.
Holm’s procedure was used to adjust for multiple com-
parisons. An adjusted p value<0.05 was considered as
significance. The SAS 9.4 and R programs were used for
data analysis.

Results

Distinct histomorphological features of mouse mammary
gland at early stages of gradual vs. abrupt involution

To study and compare sequential events during the
early stage of GI and Al, we used a mouse model where
wild-type females of FVB/N background at 8 weeks
of age were set up for breeding. Following partum, lit-
ter size was standardized to 6 per dam [13]. Uniparous
dams were randomly assigned to GI and Al cohorts. All 6
pups were removed from the Al dams on day 7 PPM. For
GI dams, 3 pups each were removed on days 28 and 31
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PPM, allowing for prolonged lactation. Multiple studies
in the past analyzed early events (0-72 h post-involution)
of involution specifically in the AI setting [18—20]. This
study focused on mammary glands harvested intermit-
tently between days 8.5 and 28 PPM from mice in both
AI and GI cohorts (Fig. 1A). Lactating glands harvested
on day 7 PPM (before removal of pups) were used as a
baseline. Histological features of sequential stages of
mammary gland involution undergoing Al vs. GI are cap-
tured in Fig. 1B.

Analysis of H&E-stained sections revealed that
between days 8.5 and 12 PPM, GI glands were fully lac-
tating and composed of numerous, densely packed, large
acini lined by tall cuboidal epithelium and filled with
amphophilic secretions, with almost no intervening adi-
pose tissue (Fig. 1B and C). On day 17 PPM, the epithe-
lium lining acini appeared less tall multifocally, and small
groups of adipocytes were often present between acini
(Fig. 1C). On day 22 PPM, acini were lined by low cuboi-
dal to flattened epithelium, and nuclear debris became
apparent in acinar lumens in the form of apoptotic bod-
ies, suggesting acinar breakdown (Fig. 1C). Larger groups
of adipocytes were present between acini (Fig. 1C, adipo-
cytes quantified in Fig. 1E). By day 25, there was a signifi-
cant increase in adipocyte repopulation, and few intact
acini remained (Fig. 1C). In addition, a mixed inflamma-
tory cell population was present multifocally surrounding
partly incomplete acinar profiles and admixed with pro-
teinaceous fluid and fat globules (Fig. 1C).

Al glands on day 8.5 PPM (1.5 days after pup removal)
were also fully lactating with little intervening adipose
tissue. However, acini were lined by flattened epithelium
and there was abundant cytoplasmic and karyorrhectic
debris admixed with few inflammatory cells indicating
prominent acinar breakdown (Fig. 1B and D). On day 11
PPM, the glandular remodeling was more advanced with
rare intact acinar profiles, increased numbers of inflam-
matory cells, and more abundant intervening adipose tis-
sue (Fig. 1B and D). On day 12 PPM, there was a striking

(See figure on next page.)
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reduction of glandular parenchyma, with a significant
increase in the area occupied by adipose tissue. Acinar
breakdown and inflammatory cells were less prominent
than on day 11 (Fig. 1B and D). These changes resembled
those observed in GI-day 25 glands. On day 17 PPM, adi-
pose tissue predominated largely in the Al glands and
only ducts with a few acini were visible (Fig. 1B and D).
The AI glands continued to remodel beyond day 17 and
histologically resembled near a pre-pregnant state by
day 28 PPM. On the contrary, the GI glands remodeled
through day 31 and attained near pre-pregnant histol-
ogy by day 35 PPM (Supplementary Fig. S1A). Signs of
proliferative changes are apparent in day 31 and day35 Al
glands that led to hyperplasia as reported earlier [13].

Quantification of adipocyte repopulation showed that
in Al glands, repopulation spans over 10-days (day 12 to
day 22 PPM), with a sharp increase in adipocyte repopu-
lation in GI glands starting on day 25 and reaching a pla-
teau on day 28 PPM, indicating complete remodeling of
the gland (Fig. 1E). This repopulation was associated with
simultaneous loss of mammary epithelial cells in both
glands (Supplementary Fig. S1B). Al-day 28 glands exhib-
ited a small but significant increase in adipocyte number
compared to GI-day 28 glands (Fig. 1F). However, when
categorized by size, there was no significant difference in
the distribution of adipocytes between AI and GI glands
on day 28 PPM (Fig. 1G), along with total adipocyte area,
average size, and the number of crown-like structures
(Supplementary Figs. S1C, S1D & S1E).

Cell death and DNA damage are more pronounced in Al
glands

Apoptotic cells with condensed nuclei started appear-
ing in the lumens of the Al glands as early as day 8.5
PPM, while that was noted on and after day 17 PPM in
the GI glands. TUNEL (terminal deoxynucleotidyl trans-
ferase dUTP nick end labeling) assay revealed a sharp
increase in cell death within 36 h of pup withdrawal (AI-
day 8.5 PPM) that peaked on day 11 PPM (5.1+0.02%

Fig. 1 Histological analysis of mammary glands undergoing gradual vs. abrupt involution. A. Schematic diagram showing the workflow of mice

subjected to abrupt involution (Al) and gradual involution (Gl) followed by different harvest times. B. Representative images of H&E-stained sections
of mouse mammary glands subjected to Al or Gl and harvested at different days postpartum (PPM) as indicated. Scale bar=200 um C. Higher
magnification images of H&E-stained section of GI mammary gland on indicated postpartum days. Day 8.5, 11 and 12: black arrows indicate large
acini, and clear arrows indicate epithelial cells. Day17: clear arrows indicate epithelial cells, curved black arrows indicate a small group of adipocytes;
Day 22: clear arrows indicate flattened epithelial cells, black arrows indicate the nuclear debris and arrowheads indicate repopulating adipocytes.
Day 25: arrow heads indicate repopulating adipocytes; black arrows indicate immune cells. D. H&E-stained section of Al mammary gland on day 8.5:
Grey arrow indicate lactating acini, black arrowheads indicate flattened epithelial cells and black arrows indicate karyorrhectic debris. Day 11: Grey
arrows indicate collapsed alveoli, black arrows indicate immune cells and arrowheads indicate adipocytes. Day 12: arrowheads indicate adipose
tissues, and black arrows indicate immune cells. Day17: arrow heads indicate adipose tissues. (C&D: Scale bar= 100 um). E. Adipocyte repopulation
over time, from day 7 to day 35 PPM. n=6 per group per time point. F. Comparison of total number of adipocytes in Al and Gl glands harvested

on day 28 PPM. G. Comparison of total number of adipocytes categorized by size in Al vs.Gl glands
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positive cells), followed by an equally sharp decline in
cell death and return to near baseline by day 17 PPM
(0.42 £ 0.0005% positive cells) (Fig. 2A and B). In contrast,
there was a gradual increase in cell death in GI glands
after day 12 PPM that peaked on day 25 (3+0.1% posi-
tive cells), followed by a gradual decline to baseline by
day 31 PPM (0.35+0.0004% positive cells) (Fig. 2A and
B). Overall, this shows that AI glands have significantly
increased TUNEL-positive cells compared to the GI
group averaged across all time points (p=0.0005), pre-
dominantly due to the acute increase in cell death in Al
glands between days 8.5 and 12.

While we observed a rapid increase in apoptosis in Al
glands, the glands also demonstrated an increased acti-
vation of the DNA repair pathway. This pathway is one
of the Hallmark gene sets [21] that we found differen-
tially enriched in Al-derived LP cells harvested on day 28
PPM (negative enrichment score=1.74, false discovery
rate g-value=0.0039, p-value=0.024) when compared
to GI-LP cells (Fig. 2C). This suggests an increased DNA
damage response in Al glands. To investigate if indeed
AT resulted in DNA damage that persisted over time,
we analyzed the extent of DNA damage using yH2AX
immunohistochemistry (IHC). There was a trend toward
higher YH2AX-positive cells in Al vs. GI glands at day
120 PPM, although the difference was not statistically
significant (Supplementary Fig. S2A, p=0.10). Studies in
C57BL/6 mice revealed a similar trend of increased DNA
damage in Al-day 120 glands compared to GI-day 120
glands (p =0.059, Fig. 2D and Supplementary Fig. S2B).

In involuting mammary glands, DNA damage initiates
checkpoint mechanisms in mammalian cells, leading to
cell cycle arrest to facilitate DNA damage repair. If the
damage proves insurmountable, cell death is predomi-
nantly induced through apoptosis [22, 23]. Therefore,
to study the apoptotic response in gradual and abruptly
involuting mammary glands, we also analyzed BCL-xL,
BCL-xS and the involvement of poly ADP-ribose poly-
merase (PARP). Levels of BCL-xL in Al glands are high
at the onset of involution (day 8.5 PPM) and reduced to a
low level (50% of day 7 PPM) on day 12. Although there
was a slight increase in BCL-xL between days 17 and
25, surprisingly BCL-xL was very high on day 28 PPM
(Figs. 2Ei & Eii). In contrast, we observed a relatively

(See figure on next page.)
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comparable level of BCL-xL at the early time points in GI
glands, with the highest expression on day 25 followed by
a marked reduction on day 28 (Figs. 2Ei and Eii). On the
contrary, BCL-xS was detectable in the Al glands only on
day 8.5 PPM. A consistent level of BCL-xS was present
till day 22 PPM in the GI glands (Figs. 2Ei & Eiii). This
demonstrates that in the Al glands, the key anti-apop-
totic response was not as pronounced as in GI glands at
the peak of cell death and that BCL-xS supporting mam-
mary epithelial cell survival [24] was higher in both the
glands until the onset of involution. Interestingly, the
89 kDa cleaved PARP, a product of caspase-mediated
cleavage of PARP, was barely detectable either in the Al
or GI glands of the FVB mice (Supplementary Fig. S2C).
In contrast, a 55 kDa cleaved PARP, generated by cath-
epsin B-mediated cleavage [25], was detected in the GI
glands; it gradually increased from day 17, peaked at day
25, and remained high on day 28 (Figs. 2Ei & Eiv). In Al
glands, we observed a low level of 55 kDa cleaved PARP
from day 11 PPM through day 28 PPM when compared
to GI glands (Figs. 2Ei, Eiv & Supplementary Fig. S2D).
A higher level of 24 kDa cleaved PARP, a trans-dominant
inhibitor of PARP [26], was observed at the onset of Al
(Figs. 2Ei, Ev & Supplementary Fig. S2D). Similarly, in the
GI gland increased 24 kDa cleaved PARP level coincided
with peak of cell death that remained high through day
28 PPM, suggesting a sustained inhibition of PARP. Col-
lectively, our findings demonstrate a striking difference
in the rate of cell death, adipocyte repopulation, PARP
cleavage, and degree of DNA damage between the Al vs.
GI glands.

Acute phase response genes are expressed primarily
during Al but not during Gl

The biphasic nature of postpartum mammary gland invo-
lution and identification of key players associated with
acute phase response (APR) due to massive cell death
stemmed from studies in mice subjected to Al follow-
ing partum and brief lactation (7-10 days) [18, 27, 28].
However, the role of these genes during the gradual invo-
lution of mouse mammary glands remains unknown.
Therefore, we next attempted to address whether there
is a mere shift of key events and heightened expression
of the APR genes during the peak of gradual involution

Fig.2 DNA damage response is heightened in Al glands compared to Gl glands. A. Representative images of FFPE sections of Al and Gl mammary
glands subjected to TUNEL assay at indicated time points (day PPM). Arrows indicating apoptotic cells. B. Kinetics of cell death between days 7

and 28 PPM, assessed by TUNEL staining. n=6 per group per time point. C. Enrichment plot of HALLMARK_DNA_REPAIR pathway in Al vs. Gl glands
on day 28 PPM. D. phospho-yH2AX positivity in, Gl and Al glands harvested on day 120 PPM and in mammary glands of age-matched virgin mice.
n=4 per group. Ei. Western blot analysis of BCL-xL, BCL-xS and cleaved PARP in Al and Gl mammary glands at early phase of involution, quantitated
in Eii. BCL-xL, Eiii. BCL-xS and Eiv. 55 kDa cleaved PARP, and Ev. 24 kDa cleaved PARP
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(day 17-28 PPM) or alternatively if these changes are less
pronounced, thus contributing to the protective effect
against breast cancer risk. The fold change for all genes,
both RNA and protein levels, at all the time points were
measured relative to the levels on day 7 PPM (lactating
gland).

In previous studies, STAT3 and C/EBPS were identi-
fied as master regulators of lysosome-mediated pro-
gram cell death (LM-PCD) [29, 30] using mouse models
of AL In our study, both Stat3 and C/ebpd expression
increased sharply and peaked on day 8.5 PPM (Stat3:
5.9-fold, p=0.0007, C/ebpd: 4.4-fold, p=0.008) in the
AT glands, followed by a rapid decline to near baseline
by day 12 PPM. In contrast, GI glands showed a grad-
ual increase in Stat3 expression that peaked on day 22
PPM (4.5-fold, p=0.06) followed by a sharp decline on
day 25 and thereafter (Figs. 3A and B). C/ebpd expres-
sion was barely detectable in the GI glands throughout
the process of involution. Western blot analysis demon-
strated the highest level of Stat3 protein in the lactating
glands that gradually declined with time in both AI and
GI glands (Figs. 3Li & Liii). In contrast, the pStat3*’%
level in Al glands was highest (15-fold compared to day
7) and comparable at days 8.5 and 12 PPM, followed by
a gradual decline until day 25. Interestingly, a second
peak (~sevenfold) was observed on day 28 PPM in Al
glands. The pStat3Y’% level peaked in GI glands on day
22 PPM but was significantly less than that in Al glands
at the onset of involution (sevenfold GI-day 22 vs. 15-fold
Al-day 8.5; Figs. 3Li & Lii). Similarly, a sharp increase in
pStat3¥7%- positive cells on day 8.5 PPM (0.26% vs. 24.8%
on days 7 and 8.5, respectively) was observed in the Al
glands when mammary gland sections were analyzed by
IHC (Supplementary Fig. 3A). This was followed by a 50%
drop (11.9%) on day 12 PPM and further declined to 5.6%
on day 22 PPM (Fig. 3M). Interestingly, an increase in
pStat3¥7% positivity was observed on day 25 PPM (8.4%).
In GI glands, pStat3'’®-positive cells were undetect-
able until day 12, followed by a gradual increase to 11.4%
positivity on day 25 PPM (Fig. 3M). IHC analysis cor-
roborates the data obtained by qPCR and Western blot
analysis in both Al and GI glands.

(See figure on next page.)
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Analysis of CtsL and CtsB expression, the two lyso-
somal cysteine proteases involved in LM-PCD [27],
revealed that in the AI glands, there was a sharp induc-
tion of CtsL (sixfold, p=0.001) on day 8.5 PPM followed
by a sharp decline on day 11 PPM. CtsL expression
remained low at the subsequent time points (Fig. 3C).
There was no marked change in CtsL expression in the
GI glands, suggesting a minimal role in cell death during
GI (Fig. 3C). Intriguingly, in the AI glands CtsB expres-
sion showed biphasic expression with the first peak at
day 12 PPM (3.5-fold., p=0.01), followed by a gradual
decline through day 17 and an increase again on day 22
(2.5-fold., p=0.05) (Fig. 3D). GI glands did not exhibit
this biphasic expression and rather showed a gradual
increase over time, which peaked on day 25 (2.6-fold,
p=0.04) (Fig. 3D). The increased level of CtsB expres-
sion was concurrent with maximum cell death in the GI
glands, suggesting a major role of CtsB and not CtsL in
cell death during GI. We also observed the highest level
of CTSB protein (27 kDa) in Al-day 11 glands (~ sixfold
higher compared to day 7), which started to increase on
day 8.5 and decreased after day 12. CTSB protein peaked
on day 22 in GI glands (a twofold increase over day 7) and
remained elevated through day 28 (Figs. 3Li & Liv, Sup-
plementary Fig. S3B).

Several downstream effectors of Stat3 and predomi-
nantly APR/immunomodulatory proteins have been
identified to play a key role during mouse mammary
gland involution in the AI setting [18]. We analyzed the
expression of these key players (Orm1, Orm2, Lrgl, and
Slpi) to assess their role in GI. Both Orm1 and Orm2,
the two APR genes, showed a sharp increase in expres-
sion in the AI glands following the removal of pups, with
the highest expression on day 12 PPM (Orm1l: tenfold,
p=0.04; Orm2: 370-fold, p=0.05) and a sharp decline
to baseline by day 17 PPM (Fig. 3E and F). In GI glands,
Orm1 expression was highest at day 28 (2.2-fold, p=0.5),
while Orm2 was not detectable (Fig. 3E and F). Simi-
larly, expression of Lrgl, a late-stage macrophage marker,
showed a marked increase on day 12 PPM in Al glands
(203-fold, p=0.01), followed by a sharp decline to base-
line by day 17 PPM and remained low (Fig. 3G). In GI
glands, expression of Lrgl was undetectable throughout

Fig.3 Expression pattern of acute phase response genes is distinct in Al and Gl glands. Quantitative RT-PCR analysis of A. Stat3, B. C/EBPS, C. CtsL, D.
CtsB, E.Orm1,F.Orm2, G. Lrg1, H. SIpi, 1. CD14, J. Chi3L1, and K. MMP2. Expression normalized to RPL37. n=3 per group per time point. Li. Western
blot analysis and quantitation of Lii. pStat3"/%, Liii. Stat3, Liv. CtsB, and Lv. CD14. M. Temporal pattern of pSTAT3"/% positive cell distribution in Al
and Gl glands between day 7 and day 28 postpartum. n=6 per group per time point. Ni. Representative images of FFPE sections of Al (day 11 PPM)
and Gl (day 22 and 25 PPM) mammary glands subjected to immunofluorescence analysis of pStat3'/% (green) and CD14 (red). DAPI (blue) was used
to counterstain the nuclei. Nii. Bar diagram showing the number of pStat3.””% and CD14 double-positive cells per field of view (FOV) in mammary
gland sections of Al (day 11 PPM) and Gl (day 22 and 25 PPM). n=5 per group per time point. Number of FOV=10
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with a small increase on day 25 (28-fold, p=0.02)
(Fig. 3G). Slpi, a secretory leukocyte peptidase inhibi-
tor is an immunomodulatory protein that protects tissue
epithelium from serine proteinases [31]. Al glands dem-
onstrated a sharp increase in Slpi expression that peaked
on day 8.5 PPM (61-fold, p=0.008), followed by a decline
to baseline by day 12 PPM, whereas its expression was
undetectable in GI glands throughout the involution pro-
cess (Fig. 3H). In brief, these results suggests that while
an acute phase response is obvious during Al, GI glands
do not display such a response, even at the peak of cell
death (day 25 PPM, Fig. 2B).

A key finding by Stein et al. was the significantly high
expression of CDI14 by luminal epithelial cells and their
potential role in dead cell clearance immediately after the
removal of pups in the Al setting [19]. Anticipating a sim-
ilar role of luminal epithelial cells in GI glands to coincide
with maximum cell death, we compared CD14 expression
at both RNA and protein levels between GI and Al glands
over time. Our data shows a 20-fold increase in CDI14
expression in the Al glands from day 7 to day 8.5 PPM
(p=0.005), and a sharp decline by day 11 PPM (Fig. 3I).
In contrast, only a very low level of CDI4 expression
was observed in the GI glands on day 25 PPM (3.4-fold,
p=0.003, Figs. 3I). Western blot analysis shows that
CD14 protein levels followed a similar pattern as gene
expression in both GI and Al glands (Figs. 3Li & Lv, Sup-
plementary Fig. S3C). In the Al glands, the CD14 protein
level was highest on day 8.5 PPM (25-fold increase), and
in the GI glands, CD14 protein level was highest on day
22 (sixfold increase). We also performed immunofluores-
cence analysis on Al glands at day 11 PPM and GI glands
at days 22 as well as day 25 PPM to assess the presence
of alveolar clusters co-expressing phosphorylated Stat3
(pStat3'7®) and CD14. Our analysis revealed a signifi-
cantly higher number of pStat3+ CD14 + cells in the Al

Table 1 Expression pattern of acute phase response genes
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glands at day 11 PPM compared to GI glands at days 22
or 25 PPM (Figs. 3Ni & 3Nii, p<0.001). Therefore, this
data suggests a minimal role of luminal epithelial cells in
the clearance of apoptotic cells during GI as opposed to
AL

We next analyzed Chi3L1 expression, a tissue-
restricted marker of late-stage macrophage differentia-
tion involved in wound healing. Increased expression of
this gene was reported by Scully et al. during mammary
gland involution in the AI setting [32]. Our data shows
that Chi3L1 expression in Al glands peaked on day 11
PPM (555-fold, p=0.002) and remained high until day
22, which was followed thereafter by a gradual decline
until day 28 (Fig. 3]). In the GI glands, Chi3L1 gradually
increased after day 22 PPM and peaked on day 25 (750-
fold, p=0.03). Expression of MMP2, a matrix metallo-
protease involved in the restructuring of post-involution
glands [33], was high in Al glands as early as day 11 PPM
and remained high until day 22 PPM, while it was upreg-
ulated in GI glands around day 25 PPM (Fig. 3K).

Altogether, based on gene and protein expression anal-
ysis of the whole mammary glands, we see diverse and
distinct patterns between Al and GI glands, which are
summarized in Table 1.

Myeloid-derived suppressor cells and M2-like
macrophages release CCL9 in Al glands at the peak of cell
death

Our previous study demonstrated that inflammation
persists in the mammary glands that had undergone
Al whereas it is transient in the GI glands with a quick
return to baseline [13]. Here we examined the kinet-
ics of immune cell infiltration at the early stages of Al
vs. GI, specifically, at the peak of cell death. Analysis of
macrophage infiltration by IHC (F4/80) revealed a sharp
increase in Al glands following removal of the pups that

Gene Function related to Involution References

Up in both Al'and Gl glands Stat3 Acute phase response protein, lysosome mediated cell death Kreuzaler etal. [27]
CtsB Lysosome-mediated programmed cell death Sargeant et.al. [29]
Chi3L1 Macrophage marker, dead cell clearance Stein etal. [19]
MMP2 Mammary stromal remodeling Uria etal. [33]

Up in Al glands only (/ebpd Regulator of pro-apoptotic genes Thangaraju et.al. [30]
CtsL Lysosome-mediated programmed cell death Sargeant etal. [29]
Orm1 Acute phase response protein Clarkson et.al. [28]
Oorm2 Acute phase response protein Clarkson et.al. [28]
Lrg1 Neutrophil-granulocyte marker, dead cell clearance Stein etal. [19]
Slpi Secretory leukocyte inhibitory protein, limits damaging effect Clarkson etal. [28]

of residual neutrophils

CD14 Monocyte -macrophage marker, dead cell clearance Clarkson et.al. [28]
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peaked on day 11 PPM (35+8%) and gradually declined
to~14% positivity on day 17 PPM. Interestingly, there
was a second surge of macrophages (~23% positive
cells) on days 22 and 25 PPM (Fig. 4A and Supplemen-
tary Fig. S4). In contrast, macrophage infiltration in GI
glands remained low until day 12 PPM, followed by a
slow and gradual increase over time to 27 +7% positiv-
ity on day 25 PPM. Statistical analysis shows that AI has
significantly increased F4/80 staining compared to the GI
group averaged across all the time points (»p=0.0005) by
6.62%; this was mainly attributed to the differences at the
earlier time point (days 11 and 12 PPM). This data dem-
onstrates a biphasic pattern of macrophage infiltration
in the Al gland, an acute inflammatory response at the
onset of involution, and a second surge later around day
25 PPM. Intriguingly, our previous study demonstrated a
decline in F4/80 positive cells in GI glands at later time
point (day 56 PPM), while it continued to remain high in
the Al glands [13]. Thus, in the GI gland, the macrophage
infiltration is more restricted coinciding with cell death
and declines once involution is complete while in the Al
glands it is sustained beyond cell death.

Next, we assessed the myeloid cell composition during
the peak of cell death in both gland types based on previ-
ous reports showing the recruitment of various myeloid
cell subsets in the developing and inflamed mammary
gland [34]. Their relative abundance varies during post-
lactational regression and contributes to a microenvi-
ronment conducive to tumor growth [35]. However, a
comparative analysis of myeloid cell distribution in Al
and GI mammary glands has not been conducted so
far. Histological examination of H&E-stained sections
revealed a significant increase in inflammatory cell infil-
tration starting on day 11 in Al glands and day 25 in GI
glands, coinciding with the respective cell death peaks
(Figs. 1 & 2).

To further analyze myeloid cell populations, we per-
formed multi-color flow cytometric analysis on Al-day 11
and GI-day 25 mammary glands. The relative abundances

(See figure on next page.)

Page 13 of 22

of total CD45+leukocytes and CD11b+ F4/80+ total
macrophages were not statistically different between
these two groups (Fig. 4B and D). However, we observed
a significant enrichment of CD11b+ Grl+myeloid -
derived suppressor cells (MDSCs) in mammary glands
from Al-day 11 compared to GI-day 25 (Fig. 4C), while
MHCII + M1-like macrophages did not exhibit a signifi-
cant change between the two groups (Fig. 4E). On the
other hand, CD11b+F4/80+4CD206+cells that were
identified as M2-like macrophages (pro-tumor) [36]
were more abundant in Al-day 11 compared to GI-day
25 glands (Fig. 4F). To further characterize the functional
properties of macrophage subpopulations, Grl+MDSCs
and CD206+M2-like macrophages were sorted from
Al-day 11 and GI-day 25 glands and subjected to mouse
cytokine/chemokine array analysis. Both MDSCs and
M2-like macrophages from Al glands showed a signifi-
cant increase in the expression of CCL9 compared to
their counterparts from GI-day 25 mammary glands
(Fig. 4G and H). Additionally, qRT-PCR validation dem-
onstrated significantly higher Ccl9 expression in Al
glands, however, showing a biphasic expression (Fig. 4I).
Previous studies have shown that TGFB3 promotes the
recruitment of inflammatory cells by upregulating the
production of chemokines/cytokines such as CCL9 [37].
Additional studies reported TGFB3 upregulation and its
active involvement during mammary gland involution
[38, 39]. To connect the dots, we measured the expres-
sion of Tgfpl, 1gfB2, and TgfB3 in GI and Al glands.
Importantly, our data shows significantly increased
expression of only Tgf533 that coincides with cell death
peak in both Al and GI glands (Fig. 4]). In the Al glands,
TgfB3 expression is elevated again around day 22 PPM.
The marked overlap in the biphasic pattern of Cc/9 and
Tgf33 expression in the Al glands suggests a possible
role of TGEP3 in regulating Cc/9 expression. Conversely,
Tgf31 and Tgff32 expression was undetectable in both Al
and GI glands. Taken together, these results show that at
the peak of cell death, Al glands have more MDSCs and

Fig. 4 Abundance of myeloid-derived suppressor cells and M2-like macrophages in Al glands at the peak of cell death secreting CCL9. A. Temporal
pattern of F4/80 positive cell distribution in Al and Gl mammary glands harvested between days 7 and 25 PPM. FFPE sections of mammary

glands were subjected to IHC using F4/80 antibody. Images of the stained slides were captured using Vectra 3.0 and analyzed using InForm
software. n=6 per group per time point. B. Mammary glands from Al-day 11 and GI-day 25 female mice were processed to identify different
subpopulations of myeloid cells by multi-color flow cytometry. The representative flow cytometric dot plots and graphs of % B. CD45 + leukocytes;
C.CD11b+Gr1+MDSCs (out of CD45 +cells); D. CD11b + F4/80 + total macrophages (out of CD45 + cells); E. MHCII + M1-like macrophages

(out of CD45+CD11b + F4/80+ total macrophages); F. CD206 + M2-like macrophages (out of CD45+CD11b+F4/80 + total macrophages); n=3

per group. G. CD11b+Gr1+MDSCs, and H. CD11b + F4/80 + MHCII-CD206 + M2-like macrophages were sorted from mammary glands of Al-day 11
and Gl-day 25 mice. The cells were lysed and subjected to cytokine/chemokine array analysis. The images show expression of cytokine/chemokine
and bar diagrams showing CCL9 expression quantified using ImageJ software. I. Quantitative RT-PCR analysis of Cc/9 expression in mammary glands
over time (days 7 to 28 PPM), n=3 per group. J. Quantitative RT-PCR analysis of Tgf33expression in mammary glands over time (days 7 to 28 PPM),

n=3 per group
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M2-like macrophages compared to GI glands, concomi-
tant with elevated levels of CCL9 chemokine.

CCL9 promotes the expansion of ERa negative luminal
progenitor cells

We previously reported the expansion of LP cell popula-
tions in Al but not GI mammary glands [13]. To further
investigate the impact of CCL9 on LP cells, we cultured
sorted LP cells from 6-week-old virgin female mice as
3D-organoids and treated them with mouse recombinant
CCL9 (100 ng/mL). Three-dimensional organoids formed
by different cell types recapitulate specific morphologies
in vitro [40], and both mammary luminal and basal cells
are maintained faithfully in 3D assays when cultured for a
short time [41]. LP cells cultured on basal medium eagle
(BME) without CCL9 treatment formed solid round
organoids. In contrast, on day 12 of CCL9 treatment,
we observed the formation of disorganized acinar-type
organoids (Fig. 5A, panel 3), with a 6.6-fold increase in
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luminal budding and branching outgrowths (Fig. 5B,
p<0.0001). Interestingly, similar morphological differ-
ences were observed in LP cells isolated from Al and GI
mammary glands on day 56 PPM and grown as organoids
(Fig. 5C). A recent study demonstrated that basal/stem
cells can form these disorganized organoids with lumi-
nal characteristics [40], suggesting that LP cells cultured
in vitro may acquire basal phenotypes. To understand the
effect of CCL9 on LP cells, we analyzed the expression of
several genes associated with stemness (CD133, CD49f,
CD44), proliferation (Ki67), basal vs. luminal character-
istics (Krt14, Krt8), LP cell markers (EIf5) [42], and Esrl.
Control organoids (untreated) and the organoids treated
with CCL9 for 12 days as described previously (Fig. 5A)
were used for RNA isolation and subjected to qRT-PCR.
CCLO9 treatment of the LP organoids for 12 days resulted
in a significant increase in Elf5 expression (twofold,
p=0.004), and a marked reduction in Esrl expression
(—2.5-fold, p=0.001) (Fig. 5D and E). Although there was
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Fig. 5 CCL9 promotes the expansion of EIf5 positive/ERa negative luminal progenitor cells. A. Effect of murine CCL9 recombinant protein (100 ng/
mL) on organoid culture of LP cells sorted from the mammary glands of 6-week-old female virgin mice treated for up to 12 days. PBS-treated
organoids are referred to as control. Red arrowheads indicate filopodia-like structures. n=3 per group. Scale bar: 275 um. B. Quantification

of luminal outgrowths (branching) in PBS vs. CCL9 treated LP cell-derived organoid on day12 of treatment. FOV: Field of view. Number of FOV=6.
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Scale bar: 150 pm. D. Quantitative RT-PCR analysis of £/f5 and E. Esr1 expressions in organoids either treated with PBS or CCL9 protein for 12 days

as described in Fig. 5A. CK18 expression was used as normalizer. n=3 per group. ns: non-significant, **p-value >0.01
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a trend toward increased Ki67 expression after 12 days
of CCL9 treatment (Supplementary Fig. S5A), no sig-
nificant changes were observed in the expression of stem
cell or basal markers (Supplementary Figs. S5A & S5C).
Altogether, these findings suggest that CCL9 secreted
by MDSCs and M2-like macrophages in Al glands dur-
ing the peak of cell death leads to the expansion of ERa-
negative LP cells, the putative cells of origin for basal-like
breast cancer [14], without any discernable effect on their
stemness.

Multiplexed high-dimensional imaging reveals substantial
differences in CCL9-producing M2-like macrophages
and ELF5 +LP cells in Al vs. Gl glands
In this study, we utilized high-dimensional multiplexed
imaging to comprehensively characterize the cellular
dynamics in mammary glands with respect to Al vs. GI
(Fig. 6A), focusing on the presence of specific cell types
such as CCL9-producing CD206 + M2-like macrophages
and ELF5+LP cells expressing ERa and Wnt5a. Our
approach also involved examining mammary glands
harvested from various time points (Fig. 6A). Consist-
ent with our flow cytometric findings, the multiplexed
imaging confirmed a significantly increased abundance of
CD206 + M2-like macrophages in Al-day 11 compared to
GI-day 25 glands (Fig. 6B, Supplementary Fig. S6A). Addi-
tionally, we aimed to validate our cytokine/chemokine
array results, which showed elevated expression of CCL9
by CD206 + M2-like macrophages. We observed a signifi-
cant increase in CCL9+ CD206 +M2-like macrophages
in Al-day 11 compared to GI-day 25 mammary glands
(Fig. 6C, Supplementary Fig. S6B). Notably, there was
no significant difference in the presence of CCR1+(a
well-defined receptor for CCL9) ELF5+LP cells between
these two groups (Supplementary Fig. S7A). Moreo-
ver, we observed a significantly higher number of
ERa+ELF5+LP cells in Al-day 11 compared to GI-day
25 mammary glands (Fig. 6D, Supplementary Fig. S6C).
We further compared the relative abundance of
CD206 + M2-like macrophages in Al vs. GI on day 28
using multiplexed imaging, which revealed a signifi-
cantly increased population of CD206 + M2-like mac-
rophages in Al-day 28 mammary glands compared to

(See figure on next page.)
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GI-day 28 glands (Fig. 6E, Supplementary Fig. S6D).
However, there were no significant differences in the
abundance of CCL9-expressing CD206+ M2-like
macrophages and CCR1+4ELF5+LP cells between
these two groups (Supplementary Figs. S7B & S7C).
Remarkably, we observed a significantly higher level of
WNT5a-expressing ELE5+LP cells in AI-day 28 mam-
mary glands compared to GI-day 28 (Fig. 6F, Supple-
mentary Fig. S6E). This finding aligns with our previous
results from GSEA of Affymetrix data, which indicated
elevated expression of the Wnt5a, associated with the
upregulated Notch and luminal progenitor pathways
identified in AI mammary glands [13]. We have also
noted a trend for higher ELF5+ cells in the Al-day 28
glands when compared to GI-day 28 glands but note
that the difference as captured by multiplex IF was not
significant (Fig. 6G, Supplementary Fig. S6F). Intrigu-
ingly, the percentage of ERa+ELF5+cells is signifi-
cantly lower in the AI glands as compared to the GI
glands at this time point, suggesting a predominance
of ERa- ELF5+LP cells in the AI glands (Fig. 6H, Sup-
plementary Fig. S6G). A significant increase in LP cell
fraction has been reported in the preneoplastic lesions
of BRCA1 mutant carriers who are predisposed to
basal-like breast cancer [14]. In our study, the signifi-
cant increase in EIf5+cells in AI glands demonstrates
expansion of LP cell population compared to GI glands
while ERa negativity of these cells signifies their poten-
tial to be precursors of basal-like breast cancer. Alto-
gether, our multiplexed imaging of mammary glands
harvested from AI vs. GI mice at different time points
has revealed the differential abundance of CCL9-pro-
ducing CD206+ M2-like macrophages and ELF5+LP
cells with diverse functional statuses.

In summary, our findings demonstrate that the
duration of breastfeeding (short-term vs. prolonged)
distinctly influences global remodeling of the post-
lactational mammary gland environment. This impact
extends beyond temporal considerations and includes
quantitative and qualitative differences in apoptosis,
inflammatory responses, myeloid cell infiltration, and
expression patterns of genes related to DNA damage.

Fig. 6 Multiplex imaging demonstrates a distinct profile of epithelial and immune cells in Al vs. Gl mammary glands. A. Schematic diagram
showing the workflow of multiplexing imaging of selected markers in mammary glands of Al and Gl mice at different time points. n=3 per group
and the number of fields analyzed is n=12. B-D. The representative 10x merged figures (inset 40 x merged) and bar diagrams showing

the normalized % of B. CD206 + M2-like macrophages; C. CCL9+CD206 + M2-like macrophages; and D. ERa expressing ELF5+LP cells in mammary
glands of Al-day 11 vs. Gl-day 25 mice. E-H. The representative 10x merged figures (inset 40 x merged) and bar diagrams showing the normalized
E. % of CD206 + M2-like macrophages; F. Wnt5a+ELF5+; G. ELF5+; and H. ERa+ELF5 +LP cells in mammary glands of Al-day 28 vs. Gl-day 28 mice.
ns: non-significant, * p-value > 0.05, **p-value > 0.01, *** p-value > 0.001, **** p-value >0.0001
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Discussion

Global population studies have shown that prolonged
breastfeeding reduces the risk of developing breast can-
cer [9]. While reproductive risk factors are typically
associated with modifying the chance of developing
hormone receptor (HR)-positive breast cancer, growing
literature demonstrates that higher parity coupled with
lack of breastfeeding increases the risk of TNBC [1, 43,
44]. Despite the strong epidemiological data, the mecha-
nistic relationship between breastfeeding and the risk of
breast cancer, specifically TNBC, remains unclear. There-
fore, understanding how GI, as opposed to Al distinctly
impacts mammary gland remodeling will not only deline-
ate the biological link between breastfeeding and breast
cancer risk, but will help in identifying prevention strat-
egies for high-risk women who cannot breastfeed. Our
previous work using mouse models of involution showed
a persistent and long-term effect of Al, but not GI, that
led to an increase in inflammation and collagen deposi-
tion and resulted in alveolar hyperplasia [13]. Our cur-
rent study demonstrates that the physiological response
at the early stage of mammary gland involution depends
on breastfeeding duration, shedding insight into how this
modifies breast cancer risk. Schematics highlighting the
factors studied in the context of Al vs. GI and our key
findings are presented in Fig. 7A & B.

Involution is a multi-step process initiated by weaning
and milk stasis with an increase in pro-apoptotic factors
and clearance of mammary epithelial cells (MEC) [23]. It
is reversible within 48 h if suckling is reinitiated, and this
process is largely regulated by Racl in mice [45]. This is
followed by an irreversible process of ongoing apoptosis
and tissue remodeling. Much of our understanding of
these processes is from animal studies using forced wean-
ing protocols at days 7-10 PPM resulting in abruptly
involuted mammary glands [27, 29, 46]. Our study high-
lights the differences in intensity and duration of this
massive remodeling between Al and GI glands where
cell death kinetics is distinct and adipocyte repopula-
tion in GI glands occurs rather acutely as opposed to a
rather gradual process in Al glands. Zwik et al. reported
that hypertrophy of mature adipocytes and not adipo-
genesis is the primary mechanism of adipocyte repopu-
lation during AI of mouse mammary glands [47]. The
precise mechanism of adipocyte repopulation during GI
is beyond the scope of this study, though it is a worthy
topic for further investigation.

Using an AI model, Wirri et al. reported an interplay
of autophagy, unfolded protein response, and apoptosis
that regulates involution [20], where in C57BL/6 mice,
the BCL-xL level peaked 24 h post Al followed by a grad-
ual decrease over 72 h. In these mice, the cleaved PARP
(89 kDa) level peaked between 48 and 72 h of inducing
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Al followed by a sharp decline. In our studies with
FVB/N female mice, BCL-xL showed a bimodal pattern
of expression in Al glands with the first increase coin-
ciding with cell death peak and a second peak at day 28
PPM. Given that a high BCL-xL level is favorable for pro-
liferation and growth [48], it can be speculated that the
increase in BCL-xL at the later time point is supportive
of epithelial cell growth. Intriguingly, in the FVB/N mice,
the 89 kDa cleaved PARP, a product of caspase-mediated
cleavage, was not detectable either in Al or GI glands.
On the contrary, a 55 kDa and a 24 kDa cleaved PARP
fragments were predominant in both GI and Al glands,
products of cathepsin-mediated PARP cleavage [25, 26].
Major involvement of cathepsin B and L in lysosome-
mediated programmed cell death during AI of mammary
glands was previously described [27] and supports our
data. Interestingly, the 24 kDa PARP fragment, a trans-
dominant inhibitor of active PARP, had late and relatively
sustained elevated levels in GI glands, in contrast to Al
glands. This could lead to overactivation of PARP in the
Al glands, blocking cell death and allowing damaged cells
to propagate unlike in GI glands. The subtle differences
observed during cell death in Al glands could be due to
differences in mouse strains and are worthy of further
study.

There were some distinct differences in the expression
of acute phase response (APR) genes in Al vs. GI glands
(summarized in Table 1), suggesting differing mecha-
nisms underlying the two modes of involution. While
increase in pStat3 is obvious in both Al and GI mammary
glands, the downstream effector C/EBPS [30] was not
detectable in GI glands. C/EBPS that promotes epithelial
cell death during mammary gland involution, is a media-
tor of inflammatory cytokine signaling and is considered
to promote pro-tumorigenic environment [49]. However,
its role in breast carcinogenesis is unclear. Similarly, CtsL
is exclusively detected in Al glands. High levels of CTSL
have been directly correlated with shorter recurrence
free, overall and distant metastasis free survival in TNBC
patients [50]. The most insightful of all is the noticeably
high expression of Slpi and CD14 in the Al glands. Slpi
protects tissue from proteases such as cathepsin D [31]
and higher Slpi expression is correlated with worse out-
come in TNBC patients [51]. Significantly elevated level
of Slpi in Al glands implies a high degree of tissue injury
during AI and an attempt to protect the glands. CD14,
shown to be expressed by mammary epithelial cells and
participating in dead cell clearance [19], was differen-
tially elevated in Al glands further contrasting Al from
GI process. With respect to Chi3L1, a mammalian glyco-
protein increased in inflammatory conditions and cancer
[52], our results are in line with previous reports dem-
onstrating heightened levels in the Al glands [30]. Chi3L
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expression is sustained over a longer period of time,
suggesting extended inflammatory state in Al glands in
contrast with GI glands. Analysis of APR genes clearly
demonstrated a distinct pattern of involution in Al vs.
GI mammary glands in mice that could contribute to
increased breast cancer risk following lack of or short-
term breastfeeding.

Immune cells are key players during involution, clear-
ing the dead cells and aiding in global remodeling of
the lactating glands. A previous study reported a high
density of leukocytes (CD45+) on day 3 of abrupt
involution, which quickly declined on day 6 [46]. We
observed a similar trend in leukocytes and macrophages
(CD11b+F4/80+) in the Al gland and GI glands at the
peak of cell deaths. Interestingly, while there was sig-
nificant enrichment of M2-like macrophages in the Al
glands, it was less in the GI glands by ~ 80%. Schedin’s lab
has elegantly demonstrated the critical role of M2-like
macrophages during mammary gland involution, specifi-
cally in the AI setting, where milk stasis and Stat3 acti-
vation alone fail to execute involution [46]. Intriguingly,
CCL9 expression by the M2 macrophages and MDSCs
exclusively in the involuting AI glands, raises the possi-
bility of CCL9 being a master regulator of events distin-
guishing AI from GI. This is particularly important in the
context of the expansion of ELF5+ERa- cells when LP
spheroids were exposed to CCL9. Intriguingly, we have
reported the expansion of LP cells in Al glands previ-
ously [13], and Lim et al. determined ERa- LP cells to be
the putative precursors of TNBC [14]. Future cell lineage
tracing studies could determine if these specific cells are
precursors of precancerous lesions in abruptly involuting
glands [13].

Our high-dimensional multiplex IF on mammary
sections showing significantly higher populations of
CD206 +M2-like macrophages and an elevated level of
Wntba-expressing ELF5+LP cells in fully involuted Al
glands, corroborates our earlier data of higher abundance
of macrophages in involuted Al glands, and enrichment
of Notch signaling pathway in LP cells from AI, but not
GI glands. Importantly, the AI glands at peak of invo-
lution are enriched for CCL9+/CD206+cells. This is
certainly unique to Al glands and our study highlights
a novel function of CCL9 in expansion of ERa-/ELF5 +
LP cells. Importantly, there are two discrete populations
of LP cells in the mammary gland: a major ERa- popula-
tion and a smaller ERa + population. Visvader’s lab pre-
viously showed that while the human breast has~25%
ERa+luminal restricted cells, the mouse mammary
gland has only~5% [53]. Our study reveals similar find-
ings where only~3% of the ELF5+cells are ERa posi-
tive in the GI gland. This provides additional evidence
that our murine model is a valuable animal model to
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study breast involution. Interestingly, reduced ELF5+/
ERa + cell population in spite of higher ELF5+ cells in the
Al gland, indicates predominance of ERa-/ ELF5+ cells
in the Al-day 28 glands, supporting our in vitro data and
highlighting the distinct molecular events underlying Al
vs. GL. Our findings collectively relate Al to increased
breast cancer risk and highlight the fact that early events
during mammary gland involution could have a profound
impact on future breast cancer risk.

Multiple studies have shown how full-term pregnancy
alters the mammary glands when compared to the nullip-
arous gland and protects against carcinogenic insult [54].
On the other hand, pregnancy places a mother at a higher
risk for aggressive pregnancy-associated breast cancer,
and our observations indicate long-term breastfeeding
could alter or reduce this risk [55]. In addition, one major
biological contributing factor to higher mortality in Afri-
can American women is the higher incidence of the more
aggressive TNBC [56—58]. The African American Breast
Cancer Epidemiology and Risk (AMBER) Consortium
report associates ever-breastfeeding with a reduced risk
of HR-negative breast cancer and states that prolonged
breastfeeding could further ameliorate this risk [11].
The Carolina Breast Cancer Study reported that longer-
duration breastfeeding was associated with a reduced
risk of TNBC in Black women [56]. The prevalence of
breastfeeding has been historically low among Black
women [43]. While addressing racial disparity in cancer
outcomes should include addressing barriers to breast-
feeding in Black women, a mechanistic understanding of
differences between the effect of prolonged vs. a lack of
or short-term breastfeeding addressed in this study will
lead to options for preventive measures.

While our work has shown a distinct impact of Al vs.
GI in mouse mammary glands, increasing the risk of
breast cancer with further hits, the lack of a breast cancer
model that shows development of invasive cancer just by
altering the process of involution is a limitation.

Conclusions and significance

Our preclinical mouse model of GI vs. Al shows that Al
triggers rapid cell death leading to heightened inflam-
mation and promoting infiltration of myeloid cells. On
the contrary, GI induces a controlled immune response
resulting from prolonged cell death, facilitating com-
prehensive mammary gland remodeling. CCL9 secreted
by myeloid cells in the AI glands but not in GI glands
promotes the expansion of ERa negative luminal pro-
genitor cells, the putative cells of origin of TNBC, thus
connecting early events during Al to increased risk of
breast cancer. From the public health perspective this
work is highly significant and impactful. Understanding
the mechanisms will increase prevention strategies even
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for those mothers who cannot breastfeed and empow-
ering all mothers and providers with this knowledge of
risk reduction will improve the uptake of breastfeeding
practices and improve racial disparities in breast cancer
mortality.
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