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ABSTRACT

Macrophages represent a heterogeneous myeloid population with diverse
functions in normal tissues and tumors. While macrophages expressing
the cell surface marker lymphatic vessel endothelial hyaluronan receptor
1 (LYVE-1) have been identified in stromal regions of the normal mam-
mary gland and in the peritumoral stroma, their functions within these
regions are not well understood. Using a genetic mouse model of LYVE-1"
macrophage depletion, we demonstrate that loss of LYVE-1T macrophages
is associated with altered extracellular matrix remodeling in the normal
mammary gland and reduced mammary tumor growth in vivo. In further
studies focused on investigating the functions of LYVE-1T macrophages
in the tumor microenvironment, we demonstrate that LY VE-1 expression
correlates with an increased ability of macrophages to bind, internalize,
and degrade hyaluronan. Consistent with this, we show that depletion of
LYVE-1" macrophages correlates with increased hyaluronan accumulation

Introduction

Macrophages are a heterogeneous population of cells, encompassing an array
of phenotypically distinct subsets (1). The functions of macrophage subsets
vary in support or inhibition of tumor growth. For example, macrophages pro-
duce immunosuppressive cytokines such as IL10 and TGFp, which support
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in both the normal mammary gland and in mammary tumors. Analysis
of single-cell RNA sequencing of macrophages isolated from these tumors
reveals that depletion of LYVE-1T macrophages in tumors drives a shift
in the majority of the remaining macrophages toward a proinflammatory
phenotype, as well as an increase in CD8™ T-cell infiltration. Together, these
findings indicate that LYVE-1T macrophages represent a tumor-promoting
anti-inflammatory subset of macrophages that contributes to hyaluronan

remodeling in the tumor microenvironment.

Significance: We have identified a macrophage subset in mouse mam-
mary tumors associated with tumor structural components. When this
macrophage subset is absent in tumors, we report a delay in tumor growth
and an increase in antitumor immune cells. Understanding the functions of
distinct macrophage subsets may allow for improved therapeutic strategies

for patients with breast cancer.

regulatory T cells and subsequently inhibit tumor-infiltrating lymphocytes (2,
3). In another tumor-supporting role, macrophages produce matrix metallo-
proteases (MMP), which contribute to tumor progression by remodeling the
extracellular matrix (ECM; refs. 4, 5). In addition, macrophages can directly
internalize and degrade collagen in the dermis via cluster of differentiation 206
(CD206; ref. 6). Conversely, macrophages are also capable of releasing cytotoxic
molecules such as reactive oxygen species (ROS), which are toxic to tumor cells
and can also recruit tumor inhibitory immune cells such as CD8 T cells and
natural killer (NK) cells’ (7). Recent studies have demonstrated substantial phe-
notypic heterogeneity of tumor-associated macrophages (8, 9), suggesting that
multiple phenotypic subsets of macrophages exist within the tumor microen-
vironment. Identifying and defining the functions of these macrophage subsets

are important for understanding their contributions to tumor progression.

Recent studies have identified lymphatic vessel endothelial hyaluronan
receptor-1 (LYVE-1), a transmembrane scavenger receptor lacking enzymatic
activity (10), as a marker of a distinct subset of interstitial macrophages (11).
LYVE-1 was first identified as a marker of lymphatic endothelial cells (LEC)

and was later linked to a subset of resident macrophages that have been found
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in numerous tissues including the lung and aorta (11-13). Within these tis-
sues, LYVE-1T macrophages have been shown to regulate tissue homeostasis
via various mechanisms, including suppression of fibrosis in the lung and main-
tenance of arterial vessels in the heart (11, 13). LY VE-1" macrophages have also
been identified in breast and other cancer types. For example, macrophages ex-
pressing LYVE-1 and other LEC-related markers, such as podoplanin (PDPN),
have been shown to localize to lymphatic regions and contribute to lymphan-
giogenesis in various tumor models (14). Furthermore, perivascular LYVE-1*
macrophages have also been identified in the mouse mammary tumor virus
(MMTV)-polyoma middle T (PyMT) spontaneous mammary tumor model
and been shown to contribute to regulation of the angiogenic niche (15). In ad-
dition, LYVE-1* macrophages of the peritoneal mesothelium have been found
to promote growth in ovarian tumors (16). We and others have identified LY VE-
1™ macrophages at the tumor periphery in mouse models of melanoma and
breast cancer, although the functions of these peritumoral macrophages have

not been investigated (17, 18).

LYVE-1is a receptor for the glycosaminoglycan hyaluronic acid (HA; ref. 19).
HA serves as a structural component of the ECM in normal tissues and in tu-
mors and can be synthesized by various cell types including tumor cells and
fibroblasts (20). In LECs, LY VE-1 binds and endocytoses HA, which can then be
degraded in the lysosome by hyaluronidases (21-23). While the role of LY VE-1-
expressing macrophages in regulating HA has not been previously investigated
in the context of tumor-associated macrophages, we have shown that LY VE-
1™ macrophages localize to HA-enriched regions in the normal mammary
gland. Furthermore, we demonstrated these macrophages exhibit gene pro-
files that are associated with glycosaminoglycan binding and tissue remodeling
(18). A key aspect of tissue remodeling is the breakdown of ECM components
such as HA or collagen. Mechanistically, tumor-associated macrophages are
known to secrete extracellular proteases such as MMPs, which degrade ECM
components (24). ECM degradation clears space within the intratmoral and
peritumoral regions, allowing for tumor cells to migrate to blood vessels and
lymphatics and to release growth factors that can be used by tumor cells dur-
ing tumor progression (4, 25, 26). While there is an established link between
tumor-associated macrophages and protease-mediated ECM degradation, less
is known regarding the ability of tumor-associated macrophages to modulate

key non-proteinaceous components of the ECM, such as HA.

Here, we examine the phenotype of normal and cancerous mammary tissue
using a genetic mouse model in which LYVE-1* macrophages are selectively
depleted. We demonstrate that LYVE-1" macrophage depletion results in HA
accumulation in both the nulliparous mammary gland and in mammary tu-
mors, which correlates with a decrease in mammary tumor growth. In addition,
we show that LYVE-1T macrophages are associated with HA-enriched regions
at the tumor periphery, outside of the tumor parenchyma. Furthermore, we
demonstrate that LYVE-1T macrophages are associated with ECM remodeling
in both normal and malignant mammary tissue using in vitro assays and single-
cell RNA sequencing (scRNA-seq). Further analysis of scRNA-seq data reveals
that in the absence of LYVE-1" macrophages, three of the four remaining
macrophage clusters shift toward a proinflammatory phenotype. In addition,
more CD8* T cells are found in tumors lacking LYVE-1* macrophages, sug-
gesting that LYVE-1" macrophages have anti-inflammatory functions within
the tumor microenvironment. Taken together, our findings demonstrate that
LYVE-1" macrophages contribute to ECM remodeling and represent a subset
of tumor supportive macrophages that may provide a novel target for breast

cancer treatment.
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Materials and Methods

Mice

Mice were purchased from Jackson Laboratories (Wild Type C57BL/6], Stock
#000664; Lyvel™ C57BL/6, Stock #012601; Csfir! C57BL/6, Stock #021212)
and Lyvel®® and Csflr"# mice were crossed in house. Animal care and pro-
cedures were approved by the Institutional Animal Care and Use Committee
of the University of Minnesota (Minneapolis, MN) in accordance with the

procedures detailed in the Guide for the Care and Use of Animals.

Cell Culture

J774 and EO771 cell lines were cultured per ATCC recommendations and
subjected to Mycoplasma testing (MycoAlert, VWR).

Mammary Gland Isolation and Flow Cytometry

For analysis of immune cells within mammary glands, inguinal (#4) mam-
mary glands were harvested from female 5-week and 12-week mice with
inguinal lymph nodes removed. Mammary glands were digested with 1 mg/mL
collagenase (Sigma-Aldrich), 400 U/mL hyaluronidase (Sigma-Aldrich), and
15 pg/mL DNase I (Sigma-Aldrich) for 45 minutes with shaking at 37°C. The
digested mammary glands were filtered through a 70 pm cell strainer and pel-
leted by centrifugation at 300 x g for 5 minutes. Red blood cells were lysed with
buffer containing 150 mmol/L ammonium chloride, 10 mmol/L potassium bi-
carbonate, and 0.1 mmol/L sodium Ethylenediaminetetraacetic acid (EDTA)
at pH 7.4, and then resuspended in FACS buffer (PBS containing 2% FBS
and 1 mmol/L EDTA). Cells were stained for extracellular markers in FACS
buffer at room temperature and fixable viability dye (eBioscience) was used to
identify viable cells. Fluorochrome conjugated primary antibodies were used
to identify CD45 (BD Biosciences 30-Fl11), F4/80 (BioLegend BM8), CD11b
(BD Biosciences M1/70), LYVE-1 (R&D Systems 223322), TIM4 (BioLegend
F31-5G3), and Podoplanin (eBioscience 8.1.1). An antibody that is specific to
mouse CD16 and CD32 (eBioscience, clone 93) was included to block Fc Re-
ceptor. Cells were fixed using 1% paraformaldehyde for 30 minutes at 4°C. Cells
were permeabilized for 5 minutes at room temperature using 1X Flow Cytom-
etry Perm Buffer (Tonbo biosciences). Samples were stained for intracellular
protein CD206 (BioLegend C068C2) in 1X Perm Buffer. Flow cytometry was
performed using an LSR Fortessa X-20 (BD Biosciences) and analyzed with
Flow]Jo Software. t-distributed stochastic neighbor embedding (t-SNE) plots of
the F4/807 CDI11b™ population population were made in FlowJo software using
CD206, PDPN, and TIM4 as parameters.

To examine HA binding in vivo, mammary glands from female 5-week-old
wild-type C57BL/6 mice were harvested, dissociated, and prepared for flow
cytometry as described above. Cells were stained for extracellular markers
CD45 (BD Biosciences 30-F11), F4/80 (BioLegend BM8), CDIlb (BD Bio-
sciences M1/70), LY VE-1 (R&D Systems 223322), and biotinylated HA-binding
peptide (HABP, VWR 80502-722), followed by streptavidin conjugated BV711
(BioLegend 405241) secondary antibody. HA binding was determined by mean
fluorescent intensity of LYVE-1~ and LYVE-1* macrophages.

Immunostaining

For identification of macrophages within mammary glands, #4 mammary
glands were harvested from female 5-week mice. Tissues were fixed in 4%
paraformaldehyde and paraffin embedded, while tumors were fixed in 10%
neutral buffered formalin and paraffin embedded. Following rehydration and

heat-induced antigen retrieval for 20 minutes, sections were blocked for 1 hour
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in10% normal goat serum and stained for LY VE-1 (1:50, R&D Systems #AF2125)
and either CD206 (1:1,000, Abcam # ab64693) or F4/80 (Cell Signaling Tech-
nology, clone D2S9R) at 4°C overnight. The next day, sections were stained
with biotinylated HABP (1:100, MilliporeSigma #385911) for 1 hour at room
temperature. Sections were then incubated with secondary antibodies Strep-
tavidin Alexa Fluor 647 (1:400, Thermo Fisher Scientific $32357), goat anti-rat
Alexa Fluor 594 (1:400, Thermo Fisher Scientific A11012), and donkey anti-goat
Alexa Fluor 488 (1:500, Thermo Fisher Scientific A11055) and sealed with DAPI
ProLong Gold Antifade Mountant.

Additional slides were stained with hematoxylin and eosin. Slides were imaged
using a Keyence BZ-X800 Series Microscope using the 20X objective and im-
age stitching was done in proprietary Keyence software. Additional samples
were stained with anti-phospho-Histone H3 (Cell Signaling Technology 9701)
and DeadEnd fluorometric TUNEL System (Promega) and quantified at 40X

magnification.

Alternatively, following antigen retrieval and blocking, sections were stained for
CD8a (Cell Signaling Technology, clone D4W2Z) followed by secondary anti-
body donkey anti-Rabbit Alexa Fluor 488 (1:500, Invitrogen) and sealed with
DAPI ProLong Gold Antifade Mountant. Slides were imaged and quantified
using a Keyence BZ-X800 Series Microscope with the 40X objective.

HA ELISA

To assess HA content in mammary tissue, #3 and #4 mammary glands were har-
vested from female 5-week and 15-week mice. EO771 tumors were harvested
from Csftr"!' or Lyvel®Csfirf! female mice at 1.5 cm?. Tissue was homoge-
nized in RIPA buffer and centrifuged at 14,000 x g. Supernatant was collected,
applied to an HA ELISA (Thermo Fisher Scientific #K1200), and HA con-
tent was normalized by tissue weight. Supernatant was also used to measure
hyaluronidase function in a Hyaluronidase Activity ELISA (Echelon K-6000).

Mammary Gland Isolation and qRT-PCR

Mammary glands were harvested from 15-week females and lymph nodes were
removed. Tissue was homogenized in TriPure to extract RNA and cDNA was
prepared using the qScript cDNA synthesis kit according to the manufac-
turers’ protocols. Gene expression was analyzed using the RT? Profiler PCR
Array: Mouse Extracellular Matrix & Adhesion Molecules (Qiagen, PAMM-
013ZA-2) with a Bio-Rad iQ5 system (n = 3). The 2744 method was used
to determine relative quantification of gene expression and normalized to five
loading controls. Additional cDNA from the same samples was probed with
primers specific for Lyvel, Hyall, and Hyal2 (27). The primer sequences are
as follows: Lyve-1 Forward- 5'-ACT TGC AGC TAT GGA TGG GT-3', Lyve-
1Reverse- 5-GGA GTT AAC CCA GGT GTC GG-3', Hyall Forward- 5'-TGC
TCA GAA AGT TTG GAG AAT GAA G-3', Hyall Reverse-5'-AAA GTC AGG
AAG AGA GTA GAG ATG C-3, Hyal2 Forward-5-TCT TCA CGC GTC
CCA CAT AC-3/, Hyal2 Reverse-5'-CAC TCT CAC CGA TGG TAG AGA
TAA G-3'.

Injection of EO771 and WNT-4226-65L Cells into the
Mammary Fat Pad

The WNT-4226 cell line, provided by Dr. James Jackson (Tulane University,
New Orleans, LA), was created from a spontaneous MMTV-Wnt tumor, as
described by Shahbandi and colleagues (28, 29). To generate a cell line that
reproducibly forms mammary tumor following orthotopic injection in vivo,

the WNT-4226 line was orthotopically injected into the #4 mammary fat
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pad of female mice in a 50% Matrigel/PBS solution. Tumors were harvested,
minced, and frozen in 10% DMSO in FBS. Tumor chunks were thawed and
orthotopically implanted into the #4 mammary gland of female mice. Tu-
mors were subsequently harvested and purified by anti-EpCAM microbeads
(Milentyi Biotec #130-105-958) and cell lines were propagated in vitro, labeled
WNT-4226-65L.

To induce tumor formation, 7.5 x 10* EO771 cells or 1 x 10° WNT-4226-65
L cells were resuspended in 50% Matrigel/PBS solution and orthotopically in-
jected into the fourth mammary gland. Once palpable, tumors were measured
using calipers every other day to determine growth rate and total tumor volume.
Animals were humanely euthanized using CO, once tumors reached endpoint
(0.5 or 1.5 cm®). Tumors were harvested for flow cytometry, histologic analysis,

immunofluorescence, or HA quantification.

EO771 Lung Colonization Model

A total of 1 x 10% EOQ771 tumor cells were injected via tail vein of Csf1r"/!
or LyvelCsf1r"! female mice. After 14 days, lungs were harvested, formalin
fixed, and paraffin embedded. Lungs were stained by hematoxylin and eosin
(H&E) and lung colonization was quantified as percent total area of the lung in
Image].

In Vitro Induction of J774 Macrophages

To induce LY VE-1 expression in vitro, J774 cells were stimulated with 30 ng/mL
Escherichia coli-derived mouse MCSF in base medium on day 0. On day 4, me-
dia was removed and cells were stimulated with 10 ng/mL E. coli-derived mouse
114,100 nmol/L dexamethasone in 75% EO771 conditioned media and 25% base
media. Control wells received base media on day 0, and 25% base media and
75% DMEM on day 4. On day 7, media was removed and LYVE-1 (1:50, R&D
Systems #AF2125) induction was quantified by flow cytometry. Flow cytometry
was performed using an LSR Fortessa X-20 (BD Biosciences) and analyzed with

FlowJo Software.

To analyze hyaluronidase content and function, LYVE-1 induced and control
J774 macrophages were lysed in RIPA contained phosphatase and protease
inhibitors. Hyaluronidase content was examined by Hyaluronidase ELISA (LS-
Bio LS-F9648-1) and function was analyzed by hyaluronidase activity ELISA
(Echelon K-6000).

In Vitro HA Internalization

To evaluate HA internalization, 0.25 mg/mL TexasRed conjugated low molecu-
lar weight-hyaluronan (LMW-HA, 30 kDa, Echelon Biosciences) or TexasRed
conjugated high molecular weight-hyaluronan (HMW-HA, 850 kDa, Eche-
lon Biosciences) was added to wells with or without induction treatment for
45 minutes. Media was removed and cells were washed in PBS then scraped. To
differentiate internalized HA compared with externally bound HA, cell surface
proteins were cleaved with 0.5 mg/mL papain (Neta). Internalization was eval-
uated by flow cytometry. Flow cytometry was performed using an LSR Fortessa
X-20 and analyzed with Flow]Jo Software. Additional samples were pretreated
with a LYVE-1 blocking antibody or isotype control followed by culture with
LMW-HA or HMW-HA and HA binding was assessed by flow cytometry.

scRNA-seq and Analysis

EO771 tumors from Csfif! or Lyvel®Csfi"/! female mice were harvested at
1.5 cm?® (n = 2 per genotype) and dissociated via the method described above.

Following red blood cell removal and blocking, cells were stained at room

https://doi.org/10.1158/2767-9764.CRC-24-0205 | CANCER RESEARCH COMMUNICATIONS



temperature with fixable viability dye (eBiosciences), CD45 (BD Biosciences,
30-F11), and respective hashtagging antibodies (TotalSeq A0301 anti-mouse
Hashtag 1 or TotalSeq A0302 anti-mouse Hashtag 2). Cells were sorted with
a BD FACSAria II cell sorter to enrich for CD45™ cells.

scRNA-seq libraries were constructed with the Chromium Single Cell 3’ Library
and Reagent Kit v2 (10x Genomics) and the Chromium v2 Single Cell plat-
form (10x Genomics). Libraries were sequenced at the University of Minnesota
Genomics Center using one high-output run on a HiSeq 2500 instrument. Se-
quenced reads were assigned to gene expression libraries or HTO libraries, and
mapped to the mouse genome (mm10), using cellranger v6.0.1 (10x Genomics)
to produce cell-by-gene count matrices for further analysis using Seurat
v4.3.0 (30, 31).

Preliminary clustering identified a subset of clusters with cells originating al-
most exclusively from the Lyvel Csf1##! tumor in the second Chromium run.
These four genes were identified as lymphocytes with high expression of ribo-
somal genes and were excluded from subsequent analysis. After removing these
cells and reclustering, the remaining cells formed 17 distinct clusters.

Count matrices from cellranger were converted to Seurat objects using the
function Readl0X and filtered to include only cells flagged as singlets with
<5% mitochondrial reads. RNA counts were processed in Seurat using the R
function SCTransform with the percent of mitochondrial genes included in
the “vars.to.regress” argument. Transformed counts were then passed to the
R functions RunPCA, RunUMAP, and FindNeighbors using the first 30 prin-
ciple components. Clusters were identified using the R function FindClusters
with a clustering resolution of 0.6. Potential contaminant clusters were iden-
tified as clusters with >90% of cells originating from one of the four samples.
Four clusters were identified as specific to the second Lyvel“Csfi#"#! tumor
(“Tumor, Cre*, Rep2”) and all cells from all samples in those clusters were re-
moved from subsequent analysis. Seurat AddModuleScore function was used to

show expression of genes upregulated in LYVE-17 cells in a previous study (18).

Gene set enrichment analyses (GSEA) were performed on lists of genes detected
in at least 5% of cells in a comparison. Genes were ordered in the lists according
to P value and direction of differential expression as determined using Seurat’s
FindAllMarkers. GSEA was performed using the GSEA function from Cluster-
Profiler v4.6.2 with a Benjamini-Hochberg FDR calculation (32). Mouse gene
sets were restricted to lists with 30-500 genes from the MH (orthology-mapped
hallmark gene sets), M2 (curated gene sets), and M5 (ontology gene sets) from
the Molecular Signatures Database (MSigDB).

Quantification and Statistical Analysis

Statistical analysis was performed using Student unpaired, two-tailed ¢ test. Er-
ror bars represent SEM. Tumor growth sizes were compared by using two-way
ANOVA with Tukey multiple comparison test on each timepoint. Significance
isdenoted as: *, P < 0.05; **, P < 0.0L; ***, P < 0.001. Statistical details, including
statistical tests used, number of animals, and precision measures, can be found
in the figure legends of each figure. GraphPad Prism was used for statistical

analysis calculations.
Resource Availability

Lead Contact

Further information and requests for resources and reagents should be di-
rected to and will be fulfilled by the lead contact, Kathryn L. Schwertfeger
(schwe251@umn.edu)
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Data and Code Availability

(i) The data generated in this study are available from the lead contact
upon request. The datasets used and analyzed for scRNA-seq experi-
ments in the study are available in the NCBI Gene Expression Omnibus
database under the accession number GSE241469.

(ii) Original code is available at https://zenodo.org/record/8322142.
(iii) Any additional information required to reanalyze the data reported in

this article is available from the lead contact upon request.

Results

LYVE-1* Macrophages Localize Near Stromal HA in the
Nulliparous Mouse Mammary Gland and are Associated
with ECM Regulation

In previously published studies, we have shown that depletion of macrophages
using a colony-stimulating factor 1 receptor (CSFIR) inhibitor led to accumu-
lation of HA within the mammary gland stroma (18). However, because CSFIR
inhibition led to the depletion of both LYVE-1T and LYVE-1"~ macrophages,
these studies did not define the specific phenotypic subset of macrophages that
contributes to HA modulation. LYVE-1 is known to contribute to HA inter-
nalization and degradation by LECs and has recently been found to promote
HA internalization by macrophages (12, 33). Therefore, we hypothesized that
LYVE-1-expressing macrophages contribute to HA organization in the mam-
mary gland stroma. To address this hypothesis, we utilized a genetic model of
LYVE-1" macrophage depletion in which Lyvel-Cre mice were crossed with
Csfir-floxed (Csf1"#) mice to generate Lyvel® Csfl/"/! mice. While this model
has been used by others to study the functional contributions of LYVE-1*
macrophages to the maintenance of arterial tone (13), it has not previously
been used to assess LYVE-1T macrophage function in cancer models. Because
CSFIR is vital for macrophage survival, all cells that express Lyvel will delete
the Csflr gene, resulting in depletion of LY VE-1T macrophages. Other cell types
that express LY VE-1 include LECs, megakaryocytes, and platelets, which do not
express CSFIR (34).

We have previously determined that LYVE-1T macrophages selectively as-
sociate with HA-containing regions of connective tissue in the mammary
gland stroma (18). Thus, to validate the successful depletion of LYVE-1*
macrophages from the mammary glands, we assessed the localization of
LYVE-1* macrophages to HA-enriched stromal regions. Immunofluores-
cence staining demonstrated LYVE-1 colocalization with the tissue-resident
macrophage marker CD206 and HABP in the capsular region of mammary
glands from 5-week-old nulliparous female mice (Fig. 1A). In addition, LYVE-1
colocalized with the pan-macrophage marker F4/80 and HABP in the stromal
compartment of mammary glands (Fig. 1B). Further supporting the successful
depletion of LYVE-1" macrophages in this model, LY VE-1T macrophages were
reduced within the HA-associated compartments in mammary glands from
Lyvel®Csfif"!! mice (Fig. 1A and B). These data demonstrate effective deple-
tion of LYVE-1T macrophages in our genetic model and distinct colocalization
of LYVE-1T macrophages with HA in mammary stroma.

To quantify the extent of depletion of LYVE-1" macrophages in this model,
mammary glands were isolated from 5-week female Lyvel®*Csfl/"/! and
Csfi"!! mice and analyzed by flow cytometry. No changes were observed
in CD45"LYVE-1* cell counts, indicating that nonimmune LYVE-1" cells,
such as LECs, were retained in the mammary glands of these mice (Fig. 1C;
Supplementary Fig. S1A). Additional studies were performed to quantify total
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LYVE-1T macrophages localize near stromal HA in the nulliparous mouse mammary gland and are associated with ECM regulation.
A, Representative images from mammary gland capsular regions of 5-week Csfir/ (top) and LyvelceCsfir/" (bottom) mice immunostained for
LYVE-1 (green), CD206 (red), HABP (magenta), and DAPI (blue; n = 4 per genotype). B, Representative images from mammary gland stroma regions
of 5-week CsfIr” (top) and Lyvelce Csfir"/f (bottom) mice immunostained for LYVE-1 (green), F4/80 (red), HABP (magenta), and DAPI (blue; n = 4
per genotype). C, Mammary glands from 5-week Csfirf (gray) and LyvelceCsfir/f (blue) female mice were (Continued on the following page.)
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(Continued) assessed for CD45-LYVE-1+ frequency by flow cytometry. D, Mammary glands from 5-week Csfir/f (gray) and Lyver€eCsfir/? (blue)
female mice were assessed for CD45+tF4/80FCD1lb* LYVE-1" macrophage count by flow cytometry. Fold change of Lyvel (E), Hyall, and Hyal2

(F) RNA expression from 15-week Csflr (gray) and LyveleCsfir" (blue) female mice. G, MFI of HABP in mammary glands assessing
CD45%F4/80+CD1Ib*LYVE-1— and CD45+F4/80+CD1lb*+LYVE-1* macrophages. H, Mammary gland from 5-week and 15-week Csfir¥? (gray) and
LyvelC’eCsﬂrﬂ/ﬂ (blue) female mice assessed for HA by ELISA and normalized by weight. I, Female mammary glands assessed by ECM gqRT-PCR array
with differentially downregulated genes associated with biological process Gene Ontology (GO) terms (black) and molecular function GO terms
(white; n = 3 per genotype). *, P < 0.05; **, P < 0.01; ****, P < 0.0001, using Student ¢ test. Scale bars, 100 um. Each dot represents one mouse.

and LYVE-1T macrophage populations in mammary glands from nulliparous
female Lyvel®Csfir"/! and control Csf1r"/! mice using flow cytometry. While
there were downward trends in total macrophage counts in mammary glands
from Lyvel®*Csfif/! and Csft"' mice at both 5 and 12 weeks of age (Sup-
plementary Fig. SIB), these differences did not reach statistical significance.
However, a significant reduction in the number of LYVE-1" macrophages
was observed in mammary glands from Lyvel®Csfi# mice compared with
Csft"!! mice at both timepoints (Fig. 1D; Supplementary Fig. S2). These data
indicate that LYVE-1T macrophages are found in association with HA and are
effectively depleted in the normal mammary gland.

Because we have previously found LYVE-1T macrophages localize to HA-
enriched stromal regions of mammary glands (18), initial studies were
performed to determine the role of LYVE-1" macrophages in orchestrating
general HA-associated remodeling in the whole mammary gland. RNA was
extracted from whole mammary glands, including their fat pads, from fe-
male Lyvel®¢Csfir/! and Csfi mice at 15 weeks of age. As expected, there
was a significant reduction in Lyvel expression in whole mammary glands
from Lyvel®*Csfl/"/! mice compared with control mice (Fig. 1E). To inves-
tigate HA regulation in mammary glands, expression of the HA degrading
enzymes hyaluronidase (HYAL) 1 and 2 were analyzed by qRT-PCR. While
there was not a significant difference in Hyall expression, Hyal2 expression
was downregulated in mammary glands from Lyvel“ Csfir™/' mice compared
with controls, suggesting that depletion of LYVE-1T macrophages correlates
with reduced expression of HA degrading enzymes in the mammary gland
(Fig. 1F). To determine whether LYVE-1* macrophages are capable of bind-
ing HA in vivo, flow cytometry was performed on macrophages isolated from
mammary glands from wild-type C57BL/6 mice. Quantification of HABP
mean fluorescent intensity (MFI) demonstrated that more HA was bound to
LYVE-1" macrophages compared with LYVE-1~ macrophages (Fig. 1G). Fi-
nally, to determine whether depletion of LYVE-1" macrophages alters HA
accumulation in the mammary gland, an ELISA was performed to quantify
HA levels in mammary glands from 5- and 15-week-old nulliparous female
mice. While no differences in HA levels were observed in mammary glands
from 5-week-old mice, there was a significant increase in HA in Lyvel“e Csfi//f
mammary glands from 15-week-old mice, which correlates with the reduction
in Hyal2 expression in mammary glands from these mice (Fig. 1H). These
data indicate that LYVE-1" macrophages bind HA and that their presence
correlates with the expression of genes associated with HA degradation, sug-
gesting a role for LYVE-1T macrophages in HA regulation in the mammary

gland.

To determine whether LYVE-1" macrophages have effects on other aspects of
ECM remodeling, expression levels of additional genes associated with ECM
adhesion and remodeling were analyzed using a targeted QRT-PCR array. Anal-
ysis of RNA isolated from whole mammary gland tissue demonstrated that

LYVE-1" macrophage depletion correlated with reduced expression of metal-
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loproteases, ECM genes such as Fnl, integrins, cell adhesion molecules, and
collagens such as Collal and Col2al (Supplementary Fig. S3A; Fig. 1I). De-
spite the changes in collagen and Fnl genes, no changes in pro-collagen 1
alpha 1 (Collal) or fibronectin were identified in female mammary glands by
ELISA. These findings suggest that in contrast to HA, depletion of LYVE-1"
macrophages may not significantly impact the levels of other ECM components

in mammary tissue (Supplementary Fig. S3B and S3C).

Because changes in stromal HA in the mammary glands of pubertal mice were
observed with LYVE-1" macrophage depletion, further studies were performed
to determine whether LYVE-1" macrophage depletion affects ductal elongation
in the mammary gland. Mammary glands were harvested from Lyvel® Csf1/"/!
and CsfI/"!" mice at 7 weeks of age and whole mounts were analyzed for ductal
elongation (Supplementary Fig. S3D). We did not observe significant changes in
ductal elongation at this timepoint, suggesting that the changes in stromal HA
are not sufficient to impact ductal elongation in the mammary gland. These
findings indicate that depletion of LYVE-1T macrophages in the mammary
gland correlates with altered expression of tissue remodeling factors and in-
creased HA accumulation, but that these changes do not directly impact ductal

elongation.

Identification and Localization of LYVE-1* Macrophages
in Mammary Tumors

In addition to providing structural support for normal tissues, HA is also a
prominent structural component found in tumors (35). Thus, further stud-
ies focused on determining the interactions between LYVE-1T macrophages
and HA in mammary tumors. Using the 4T1 mammary tumor model, we have
previously shown that LYVE-1" macrophages localize to the peritumoral HA-
containing stroma (18). Because the Lyvel Csfi#/! model is maintained on the
C57BL/6 background, we performed further studies using the C57BL/6-derived
EO771 mammary tumor model (36). Initial studies assessed the localization of
LYVE-1" macrophages within the HA-containing peritumoral stroma. Similar
to the 4T1 model, LYVE-1" and F4/80" macrophages were found to be asso-
ciated with the tumor margin (Fig. 2A). Furthermore, LYVE-1* and F4/807
macrophages were found to localize in close proximity to HA dense tumor

regions within the peritumoral stroma (Fig. 2A).

On the basis of our findings that LY VE-1T macrophages are associated with a
phenotype linked with ECM remodeling, which is important for tumor growth
and progression, we sought to examine the presence and function of LYVE-
1t macrophages in tumors. A total of 7.5 x 10* EO771 mammary tumor cells
were orthotopically implanted into the mammary fat pads of recipient C57BL/6
mice and mammary tumors were harvested at sizes of 0.5 and 1.5 cm?, repre-
senting early- and late-stage tumors, and LY VE-1* macrophages were evaluated
by flow cytometry (Fig. 2B). LYVE-1T macrophages were considered CD45™,
F4/80%, CD11b™ as shown in representative flow plots (Supplementary Fig. S4).

No changes in LYVE-1" macrophage frequency were found between tumor
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FIGURE 2 Identification and localization of LYVE-1T macrophages in mammary tumors. A, Representative images from formalin-fixed and
paraffin-embedded (FFPE) sections of EO771 tumors from Csfir”" mice stained by H&E, and immunostained for LYVE-1 (green), HABP (magenta),
F4/80 (red), and DAPI (blue; n = 5). CD457F4/80+CD11b*LYVE-1* macrophage count, CD45*7F4/80+CD1lb*LYVE-1* macrophage count normalized
to tumor weight (B), and frequency of CD206, PDPN, and TIM4 from CD45%F4/80+tCD1b*LYVE-1* macrophage subset in EO771 tumors from
C57BL/6 mice (C). FlowJo generated tSNE plots from CD45%F4/80+CD11b*LYVE-1T subset in 5-week female mammary glands (D), and EO771
C57BL/6 tumors (E). **, P < 0.01. Scale bars, 100 um. Each dot represents one mouse.
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sizes; however, a reduction in LYVE-1* macrophage count was found in the
1.5 cm?® tumors (Fig. 2B).

Other studies have shown that LYVE-1T macrophages may express additional
cell surface markers such as CD206, PDPN, and TIM4 (14, 37-38). Thus, further
investigation of the overlap between these markers and LY VE-1 was performed
in both the normal mammary gland and in mammary tumors to evaluate the
heterogeneity of tumor-associated LY VE-1T macrophages. Heterogeneity was
confirmed with flow cytometric analysis of both normal mammary gland and
EO771 tumors, with varying expression of CD206, PDPN, and TIM4 observed
(Fig. 2C-E). Expression of CD206, PDPN, and TIM4 did not change as tumors
grew, suggesting that their expression was not associated with tumor stage. Us-
ing FlowJo to generate tSNE plots, CD206 and PDPN were largely coexpressed
throughout the population in normal mammary glands (Fig. 2D; representa-
tive flow plots in Supplementary Fig. S4). TIM4 expression, typically associated
with tissue-resident macrophages (37, 39), was found in approximately half
of mammary gland LYVE-1T macrophages. Unlike macrophages in the mam-
mary gland, tumor-associated macrophages expressed CD206 and PDPN with
greater variability, producing CD206~, CD206!°, and CD206™ populations,
and PDPN—, PDPN', and PDPNM populations, respectively (Fig. 2E). In con-
trast to the high levels of TIM4 expression in LYVE-1" macrophages in the
normal mammary gland, TIM4 expression in LYVE-1T macrophages from
tumors was limited, suggesting that there may be different origins between
mammary gland and tumor LYVE-1T macrophages. The small population of
TIM4™" cells was found with the CD206™ population, while the PDPN" pop-
ulation largely aligned with the CD206™ group. These data demonstrate that
LYVE-1" macrophages exhibit phenotypic diversity in a context-dependent

manner.

Genetic Depletion of LYVE-1* Macrophages Delays
Mammary Tumor Growth

Further studies were performed to evaluate the contributions of LYVE-1"
macrophages to tumor growth using the Lyvel”*Csft/"# and Csft/"/ mice. A
total of 7.5 x 10* EO771 tumor cells were orthotopically implanted into mam-
mary fat pads of Lyvel*Csfif"/! and Csft# mice and tumors were grown
to 1.5 cm®. EQ771 tumors from Lyvel®*Csfif"/! and Csfir"/! were stained by
H&E and immunostained with LYVE-1, CD206, and HABP (Fig. 3A). CD206™
macrophages were found in both the tumor parenchyma and the peritu-
moral stroma, while LYVE-1* macrophages were primarily localized in the
tumor stroma. In Lyvel“*Csfi/"/! mice, LYVE-1* and CD206% macrophages
were effectively depleted, while CD206™ macrophages in the parenchyma
were retained (Fig. 3A). This suggests the presence of a distinct peritumoral
CD206"LYVE-1T macrophage subset, independent from the parenchymal
CD206TLYVE-1~ subset.

We found that EQ771 tumors grown in Lyvel® Csfl/! mice showed a reduc-
tion in the rate of tumor growth compared with tumors in Csf#"/! mice (Fig. 3B;
Supplementary Fig. S5A and S5B). These findings were validated in a secondary
model using the WNT-4226-65 L mammary tumor cell line, a cell line that was
generated from a spontaneous MMTV-WhtI tumor (28, 29), which we then
subsequently passaged in vivo to generate a cell line that reproducibly forms
mammary tumors in mice. A total of 1 x 10 WNT-4226-65 L cells were ortho-
topically implanted into mammary fat pads of Lyvel" Csf1/"//! and Csf1"# mice
and tumors were grown to 1.5 cm® (Fig. 3C; Supplementary Fig. S5C and S5D).
As an additional control, tumor growth was measured in LyvelCCsfir"/t

mice and no change was found compared with the Csft"/ mice (Supplemen-
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tary Fig. S5E). These results demonstrate that the reduction in tumor growth
observed in LyveI®Csfir/! mice is due to the loss of LYVE-1* macrophages

and not a result of Cre recombinase expression.

Because metastasis is the leading cause of cancer-related death, we next
examined the contributions of LYVE-1* macrophages to metastasis in the
lung. Because we have not found robust metastasis of EO771 cells follow-
ing orthotopic transplantation, a lung colonization model was used. LYVE-1*
macrophage depletion led to a reduction in growth of tumor cells in the lung fol-
lowing tail vein injection, indicating that LYVE-1T macrophages support lung

colonization (Fig. 3D).

Because of the observed reduction in tumor growth, further studies were per-
formed to assess the effects of LY VE-1T macrophage depletion on proliferation
and apoptosis in the tumor. To investigate tumor apoptosis, TUNEL stain-
ing was performed on tumors derived from Lyvel®Csf1"# and Csft/"# mice.
The tumor margin was defined as the region within 5 mm of the tumor edge,
while the tumor core was defined as the region > 5 mm from the tumor
edge. Quantification of apoptosis revealed that while no changes were ob-
served in apoptosis in the tumor core, increased apoptosis was observed in
Lyvel®Csfi"!! mice compared with Csfi#"/ mice at the tumor margin (Fig. 3E
and G). Immunofluorescent staining for phospho-Histone H3 identified no
changes in proliferation in Lyvel®¢Csf1"# compared with Csf1"# mice at ei-
ther the core or margin (Fig. 3F and H). These data indicate that the loss
of LYVE-1* macrophages correlates with increased tumor cell death at the

margin, which is in proximity to peritumoral LYVE-1T macrophages.

LYVE-1 Expression Correlates with HA Internalization

LYVE-1* macrophages are linked to glycosaminoglycan binding and their de-
pletion correlates with increased HA levels in the mammary gland (Fig. 1H),
suggesting that LYVE-1" macrophages may contribute to HA degradation.
Thus, further studies were performed to determine whether tumor-associated
LYVE-1T macrophages modulate HA in the tumor microenvironment. While
LYVE-1 on LECs and macrophages has been shown to internalize HA prior to
degradation by hyaluronidases, this function has not previously been described
in the context of cancer (12, 33). Therefore, we examined macrophage-
mediated HA internalization using an in vitro cell culture system. Because 774
macrophages express low levels of LYVE-1, LYVE-1 expression was induced
using a combination of dexamethasone, MCSE, IL4, and EO771-derived con-
ditioned media, a method previously described by Dollt and colleagues (40).
Subsequently, expression of LY VE-1 was assessed by flow cytometry. A signifi-
cant increase in LY VE-1 expression was observed upon treatment of J774 cells
with this combination of factors (Fig. 4A). Expression of CD44, another key HA
binding cell surface protein, was not altered upon treatment with these factors
(Fig. 4B).

To validate the dependence of HA binding on LYVE-1, J774 cells treated with
or without MCSE, IL4, and EO771-derived conditioned media were pretreated
with a LYVE-1 blocking antibody or isotype control prior to incubation with
fluorescently-labeled LMW-HA (30 kDa) or HMW-HA (850 kDa) and ana-
lyzed by flow cytometry. A reduction in HA binding was observed in samples
that were treated with the LYVE-1 blocking antibody, suggesting that LY VE-
1 functionally contributes to the ability of macrophages to bind HA (Fig. 4C
and D).

Further studies were performed to examine hyaluronidase expression and func-
tion following treatment of J774 cells with these factors. We found that higher
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Genetic depletion of LYVE-1T macrophages delays mammary tumor growth. A, Representative images from FFPE sections of EQ771
tumors from Csfir/f (top) and LyvelceCsfir” (bottom) mice stained by H&E, and immunostained for LYVE-1 (green), HABP (magenta), CD206 (red),
and DAPI (blue; n = 5). B, EO771 tumor growth curve from Csfir/f (gray, n = 4) and LyvelceCsfir/? (blue, n = 4) mice, cutoff when the first mouse
reaches endpoint. C, WNT-4226-65 L tumor growth curve from Csfir/f (gray, n = 4) and LyvelceCsfir/ (blue, n = 4) mice, cutoff when the first
mouse reaches endpoint. D, Lung colonization of EQ771 tumor cells measured by H&E staining. Colonization is quantified as percent colonization per
lung by area, relative to experimental Csfir/f average. Quantification of TUNEL (E) and pHH3 (F) staining of EO771 tumors from CsfIr/" (gray) and
LyveleCsfIr (blue) mice from the core and margin. Representative images of TUNEL (G) and pHH3 (H) staining of EO771 tumors from Csfir/f and
LyvelCre Csfir™M mice from the core and margin. *, P < 0.05; **, P < 0.01. Scale bars, 100 um. Each dot represents one mouse.
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FIGURE 4 LYVE-1 expression correlates with HA internalization. J774 macrophages untreated or treated with MCSF, IL4, dexamethasone, and EQ771
conditioned media assessed for LYVE-1 expression (A) and CD44 expression (B) by flow cytometry. J774 macrophages untreated or treated with MCSF,
IL4, dexamethasone, and EO771 conditioned media and pretreated with an isotype control or LYVE-1 blocking antibody followed by incubation with
LMW-HA (C) or HMW-HA (D) and assessed by flow cytometry. Untreated and treated J774 macrophages assayed for hyaluronidase protein by ELISA
(E) and hyaluronidase activity assay (F). G, Tumor lysates from Csfir/f and LyveCre Csf1r"/f mice assayed by HA Activity ELISA (n = 5). H, EO771
tumors from Csfirf (gray) and LyveCe Csfir/? (blue) mice assessed for HA by ELISA and normalized by weight. J774 macrophages untreated or
treated and incubated with LMW-HA (I) or HMW-HA (J) and assessed for HA internalization by flow cytometry. *, P < 0.05; **, P < 0.01; ***, P < 0.007;

**xx P < 0.0001. Each dot represents one replicate.

levels of LYVE-1 expression correlate with increased levels of hyaluronidase
protein as determined by ELISA (Fig. 4E). Furthermore, macrophages with
higher levels of LYVE-1 expression also demonstrate an enhanced ability to
fragment HA in an HA activity ELISA (Fig. 4F). These findings suggest a

correlation between LYVE-1 expression on macrophages and enhanced ability

AACRJournals.org

to degrade HA. These findings were validated in vivo, as tumor lysates
from Lyvel“ Csf1#"/! mice had diminished capacity to degrade HA compared
with Csft#”/ control mice (Fig. 4G). Furthermore, tumors harvested from
Lyvel®Csfif"!! mice were associated with higher levels of HA than tumors

harvested from control mice, suggesting that similar to the normal mammary
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gland, LYVE-1" macrophages also contribute to HA modulation in mammary
tumors (Fig. 4H).

HA internalization has been linked to HA degradation in other cell types (33).
To assess the ability of LYVE-1-expressing J774 macrophages to internalize
HA, J774 cells were treated with or without MCSE, I1L4, and EO771-derived
conditioned media and incubated with fluorescently-labeled LMW-HA or
HMW-HA. The cells were then subjected to papain treatment, which cleaves ex-
tracellular proteins. This step allows for the detection of internalized HA rather
than externally bound HA (12). The results from these experiments indicate that
higher levels of LYVE-1 expression correlate with increased internalization of
both LMW- and HMW-HA, indicating internalization of HA is irrespective of
size (Fig. 41 and J). Together, these findings indicate that LYVE-1 expression
levels on macrophages correlate with an enhanced ability to internalize and
degrade HA, which is consistent with the finding that depletion of LYVE-1

macrophages results in increased HA accumulation in vivo.

Identification of Macrophage Subsets in the Tumor
Microenvironment by scRNA-seq

The LYVE-1T macrophage depletion model provides the unique opportunity
to determine how loss of LY VE-1" macrophages affects tissue remodeling and
other phenotypes within the remaining macrophages. To assess this, scRNA-seq
was performed on CD45% immune cells isolated from EO771-derived mam-
mary tumors from Lyvel“Csfi"/l and Csfif mice. A total of 7.5 x 10*
EO771 cells were orthotopically implanted into mammary fat pads of female
mice and tumors were harvested at a size of 1.5 cm® for flow cytometry. Vi-
able CD45™ cells were sorted from two tumors per genotype and applied to the
10X Chromium platform using TotalSeq hashtag oligos to distinguish samples
and identify gel beads containing cells from more than one sample. Clustering
revealed 18 unique populations; however, one cluster was removed because of

high expression of ribosomal genes.

Immune populations were identified in 16 of the 17 clusters, with cluster 14 con-
sidered contaminating stromal cells (Fig. 5A). Lineage markers Cd8a, Foxp3,
Nkg7, Csflr, Cd19, and S100a9 were used to identify CD8' T cells, regulatory
T cells, NK cells, macrophages, B cells, and granulocytes, respectively (Supple-
mentary Fig. $6). Cluster 0 was enriched in $100a8 and SIO0A9, consistent with
granulocytes. Cluster 1 was associated with high levels of Ly6¢2 and Lyz2, con-
sistent with monocytes. Clusters 4, 6, 8, 10, and 11 expressed high levels of Cd3e,
consistent with T cells. Within these T-cell clusters, cluster 4, 8, and 10 expressed
Cd8a while cluster 6 and 11 expressed Cd4 and Foxp3, representing CD8 and
regulatory T cells, respectively. The top genes for each cluster are identified in

a heat map found in Supplementary Fig. S7 and Supplementary Table S1.

To define macrophage clusters, we assessed expression of Csflr, Adgrel, Cd68,
and Cdl4 genes as we have previously described in Ibrahim and colleagues (Fig.
5B; Supplementary Fig. S6; ref. 41). Using these markers and excluding other
lineage markers, macrophages were identified in clusters 1, 3, 7, and 9. Of the
four macrophage clusters, cluster 1 exhibited differential expression of Ccr2 and
Ly6¢2, consistent with a monocyte-derived macrophage population (Fig. 5C).
Cluster 3 was associated with high levels of expression of genes associated with
antigen presentation including Cd74, H2-Abl, and H2-Aa (42). Cluster 7 was
associated with lipid-associated macrophage genes (Fabp5, Apoe; ref. 43) and
complement genes (Clqa, Clgb). Clq is a complement protein produced by
tissue-resident macrophages, and macrophages that coexpress both Clga and

Apoe represent a tumor-supporting, prometastatic population (44, 45). Finally,

Cancer Res Commun; 4(5) May 2024

cluster 9 was comprised of a macrophage population marked by Malatl, an

M2-like tumor-supporting long noncoding RNA (Fig. 5C; refs. 46-48).

Differential gene expression data are supported by GSEA, comparing enriched
gene sets between clusters of CsfIr/! tumors (Fig. 5D; Supplementary Table $2).
Cluster 1 is negatively enriched for chemokine gene sets and is positively en-
riched for antigen presentation. Cluster 3 is associated with inflammatory gene
sets such as IFN response and IL1B production. Notably, the gene expression of
cluster 7 is associated with tissue remodeling, phagocytosis, complement, and
zymogen activation. Finally, the gene expression of cluster 9 is associated with
collagen metabolism, phagocytosis, complement, and angiogenesis and neg-
atively associated with proliferative pathways and PD-1 signaling. These data
indicate that the gene expression of the four identified macrophage clusters is
phenotypically distinct with unique functionality.

We were unable to identify a distinct population of cells expressing Lyvel,
possibly due to gene dropout (Supplementary Fig. S8A; ref. 49). Therefore,
an alternative method was used to identify macrophages that exhibit a phe-
notype similar to that of Lyvel-expressing macrophages. In previous studies,
we used bulk RNA sequencing of female mammary glands to identify 110
genes that were expressed significantly more highly in LYVE-1T macrophages
compared with LYVE-1" macrophages (18). Together, these genes constitute
the LYVE-1T macrophage gene expression signature. In our scRNA-seq data,
cluster 7 exhibited the highest levels of this LYVE-1T macrophage gene ex-
pression signature suggesting cluster 7 represents the LYVE-1T macrophage
subset (Supplementary Fig. S8B). Folr2, which has been described as a marker
of LYVE-1" macrophages, is also preferentially found in cluster 7 and is reduced
in Lyvel“*Csft/"!! mice, further confirming this finding (Fig. 5E; refs. 50, 51).

Tumors from Lyvel“ Csfir/! mice exhibit a distinct reduction in cells associ-
ated with cluster 7, supporting our findings that this cluster likely represents
the LYVE-1T macrophage cluster (Fig. 5F). While we did find a reduction in
the proportion of cells present in cluster 7, which is the cell population that
putatively contains the LY VE-1-expressing macrophages, some cells remain in
this cluster. This result may be due to incomplete genetic deletion or clustering
of non-LYVE-1" macrophages with similar phenotypic profiles.

Because we have defined a relationship between LYVE-1T macrophages
and ECM remodeling, GSEA was used to probe tissue remodeling path-
ways to compare macrophage clusters isolated from mammary tumors from
Lyvel®Csftr"f! and control Csfi#/! mice. Upon LYVE-1* macrophage de-
pletion in the Lyvel*Csfif"/! model, cluster 7 was found to be the only
macrophage cluster negatively associated with glycosaminoglycan binding with
statistical significance (Fig. 5G), consistent with a role for this cluster in ECM

binding.

Depletion of LYVE-1* Macrophages Promotes a Shift
Toward a Proinflammatory Environment

To assess the effects of LY VE-1T macrophage depletion on the phenotypes of the
remaining macrophages, differential gene expression analysis was performed
comparing Lyvel®Csfir"/' relative to Csfir/! samples (Supplementary Table
S3). Analysis of genes that were significantly altered in each cluster suggested a
phenotypic shift in two of the four macrophage clusters toward an immunos-
timulatory phenotype, as evidenced by the positive differential gene expression
of H2-Ebl and Cd74 (Fig. 6A). H2-EbI positively contributes to antigen presen-
tation, while Cd74 contributes to both antigen presentation and cell survival
(52, 53). Furthermore, upon LY VE-1T macrophage depletion, a positive shift in
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Il1b expression is observed in cluster 3. Cluster 1 macrophages gain expression
of Ifitm2, a monocyte recruiting cytokine, while the only gene differentially reg-
ulated in cluster 9 is the downregulation of CIgb, a gene involved in initiating
complement (54, 55). These data suggest that loss of LY VE-1T macrophages in
the tumor microenvironment leads to a positive shift toward a proinflamma-
tory phenotype in the remaining macrophages, indicating that when LYVE-1*
macrophages are present, they promote an anti-inflammatory environment in

tumors.

Further analysis was performed using GSEA of the hallmark, M2, and M5 gene
sets to compare macrophage clusters isolated from mammary tumors from
Lyvel®Csfi"!! and control Csfir”/! mice to further characterize the distinct
phenotypes of the four macrophage clusters (Fig. 6B; Supplementary Table S2).
Upon LYVE-1" macrophage depletion, cluster 1 is enriched in genes that are
associated with oxidative phosphorylation, an anti-inflammatory macrophage
process (56). In addition, cluster 1 is negatively enriched for a gene profile
associated with leukocyte chemotaxis. Conversely, the cluster 3 gene expres-
sion profile is associated with antigen presentation upon the loss of LYVE-1T
macrophages and negatively associated with proliferation. Like cluster 3, the
gene profiles of cluster 7 are also more associated with antigen presentation and
less associated with proliferation and monocyte chemotaxis. Finally, cluster 9
gene profiles are aligned with antigen presentation genes, and negatively asso-
ciated with proliferation. Thus, upon the depletion of LYVE-1T macrophages,
three of four macrophage subpopulations transcriptionally shift to a more
antigen-presenting, less proliferative phenotype.

CD8™ T cells of cluster 8 were expanded in Lyvel*Csf1# mice, indicating
that the depletion of LYVE-1T macrophages may impact the recruitment of
adaptive immune cells (Fig. 5F). To validate the enrichment of CD8" T cells
of cluster 8 at the protein level, CD8" cell count within the core and mar-
gin of tumors was analyzed by immunofluorescence. More CD8™" cells were
found in tumors from Lyvel®Csfl#"/! mice at both the core and margin com-
pared with control Csfl#”/! mice, corroborating conclusions from scRNA-seq
(Fig. 6C and D). Thus, the depletion of LYVE-1" macrophages results in
increased CD8" T-cell infiltration, which correlates with the reduction in

primary tumor growth.

Discussion

Using both in vitro and in vivo models, we demonstrate that LYVE-1T
macrophages are associated with ECM remodeling in both the normal mam-
mary gland and in mammary tumors. Remodeling of the ECM is an essential
homeostatic function in normal tissues and altered ECM remodeling is a
key characteristic of tumor progression. Understanding the mechanisms by
which tissue remodeling occurs is important for understanding both normal
mammary gland homeostasis and tumor progression. Our findings suggest
that LYVE-1" macrophages are important regulators of HA within the stro-
mal regions of the female mammary gland and mammary tumors. LYVE-1
macrophages have also been identified in numerous tissues including the lung
and aorta, as well as murine models of cancers such as MMTV-PyMT and
melanoma tumors (11-13, 17). In a murine model of mammary adenocarci-
noma, LYVE-1T macrophages were found to localize near blood vessels and
help maintain perivascular pericyte-like cells throughout tumor development
(21). In addition, PDPN-expressing macrophages, a subset of which express
LYVE-1, localize near lymphatic regions and contribute to lymphangiogene-

sis and lymphoinvasion (14, 57). We demonstrate here an additional subset
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of LYVE-1T macrophages that can be found in association with HA-rich re-
gions associated with the mammary tumor margin. This localization pattern
is consistent with observations in other models such as B16F1 melanoma,
where LYVE-1T macrophages have been found in the periphery (17). Tim-
peri and colleagues identify an immunosuppressive LYVE-1T macrophage
subset in human patients with breast cancer, localized to the tumor stroma
(38). This macrophage subset is specifically enriched in patients resistant to
immune checkpoint blockade; however, patient outcome was not evaluated
in this study. In addition, FOLR2™ macrophages, which also express LYVE-
1, have been found in human mammary tissue and tumors (50). FOLR2™
macrophages were identified in perivascular regions of the tumor stroma and
their infiltration correlates with better patient survival. These findings raise
the interesting possibility that there may be functional heterogeneity within
the LYVE-1T macrophage population based on differences in their specific

histologic localization within normal tissue and tumors.

To examine the function of LYVE-1T macrophages we utilized the
Lyvel®Csfif"! genetic model of LYVE-1T macrophage depletion. We
found a significant depletion of LYVE-1" macrophages, with no significant
impact on the presence of LYVE-1TCD45~ LECs. However, it is important
to note that our studies did not assess any impact on structure or function
of LECs, which could be addressed in future studies. Furthermore, whether
the loss of LYVE-1T macrophages leads to a compensatory increase in other
macrophage subsets in this model has not been investigated. We observed a
small reduction in total macrophage count by flow cytometry (Supplementary
Fig. S1B) and cell count by scRNA-seq (Supplementary Table S4), suggesting
incomplete compensation. Regardless of these potential caveats with the
model, we felt that the significant depletion of LYVE-1" macrophages was
sufficient for further functional studies focused on their role in mammary

tumor growth.

To determine the functional contributions of LYVE-1* macrophages to tumor
growth and progression, the ability of tumors to grow in the LyvelCsflr///
model was assessed. Using two distinct orthotopic mammary tumor mod-
els in immune competent mice, we observed a decrease in tumor growth
in the absence of LYVE-1T macrophages, and using the EO771 model, a re-
duction in lung colonization. This reduction correlated with an increase in
tumor-associated HA. The presence and function of HA within the tumor mi-
croenvironment is complex. HA accumulation has been associated with tumor
suppression in both cell line and in vivo models. A notable example of this
is the naked mole rat model, in which accumulation of HMW-HA is linked
with suppression of tumor growth (58-61). In contrast, high levels of HA are
associated with poor prognosis in patients with breast cancer (62, 63). Further-
more, studies have defined both protumorigenic and antitumorigenic roles for
HA depending upon the molecular weight of HA, as well as tumor type and
stage (60, 62). Thus, the functions of HA in the tumor microenvironment are
highly context dependent. The accumulation of HA observed in the context of
LYVE-1* macrophage depletion is consistent with a potential tumor suppres-
sive role, possibly by acting as a barrier to tumor cell migration or enhancing

sequestration of growth factors.

Depletion of LYVE-1T macrophages correlates with increased apoptosis
compared with control mice specifically at the margin, with no changes
observed between genotypes in the tumor core. Interestingly, scRNA-seq
analysis demonstrates that Clg genes are specifically enriched in the LYVE-
1™ macrophage cluster. This raises the intriguing possibility that LYVE-1*
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macrophages may be involved in apoptotic clearance. Clga, Clgb, and Clgc
genes make up the globular domain of the Clq protein, an initiating factor in
the classical complement cascade (64). The complement system has many func-
tions in innate immunity including the clearance of apoptotic debris, thus it is
possible that the increase in apoptotic cells in the tumor margin may be due
to reduced apoptotic cell clearance in the absence of LYVE-1T macrophages
(65). In addition, increased apoptosis at the tumor margin in the depletion
model could suggest that LY VE-1T macrophages produce factors that promote
survival specifically at the tumor margin. Notably, several genes that encode
growth factors that are known to be associated with cell survival, including
Tgfbl, Pdgfb, and Pgf are enriched in this cluster (Supplementary Table SI;
refs. 66-68).

LYVE-1is a receptor for HA and is known to promote HA internalization by
LECs (12). In our previous studies, we demonstrated that global macrophage
depletion led to increased HA accumulation in the mammary gland (18). On
the basis of these findings, we concluded that macrophages contribute to HA
turnover in the mammary gland stroma. However, because we used a CSFIR in-
hibitor to deplete macrophages, this strategy did not specifically describe a role
for LYVE-1" macrophages in this process. We demonstrate here that selective
depletion of LYVE-1" macrophages leads to increased HA levels in the mam-
mary glands, demonstrating that LY VE-1T macrophages are indeed responsible
for contributing to HA turnover in the mammary gland. Furthermore, we de-
termine that blocking LY VE-1 reduces HA binding in macrophages. Consistent
with this finding, Voisin and colleagues recently have shown that hypodermal
macrophages, a macrophage subset that expresses both LY VE-1and FOLR2, in-
ternalize HA in a LYVE-1-dependent manner (33). Our previous studies also
demonstrated that global macrophage depletion resulted in collagen accumu-
lation in the mammary stroma (18). However, a similar increase in collagen
levels was not observed upon depletion of the LYVE-1" macrophage popu-
lation alone. Furthermore, Voisin and colleagues find a decrease in collagen
in the skin upon the deletion of hypodermal macrophages. Interestingly, in
our depletion model, fibronectin protein levels were unchanged. Thus, while
LYVE-1 macrophages have a clear role in modulating HA across a number of
experimental models, further studies are required to determine whether LY VE-
1™ macrophages modulate other ECM-associated factors such as collagen or

fibronectin.

The ECM remodeling phenotype of LY VE-1" macrophages that we previously
identified in the normal mammary gland (18) was found to be conserved in
tumor-associated macrophages as identified by scRNA-seq analysis. Further-
more, in vitro studies suggest that LY VE-1 expression correlates with the ability
of macrophages to internalize and degrade HA, and blocking LYVE-1 reduces
the ability of macrophages to bind HA. In conjunction with the increased HA
accumulation in the tumors from LYVE-1T macrophage-depleted mice, these
findings suggest that LYVE-1* macrophages contribute to HA degradation in
the tumor microenvironment. Further studies are needed to assess expression
levels of hyaluronidases and HA synthases in primary tumor-derived LYVE-
1™ macrophages. Notably, previous work from our lab has found Hyal genes
upregulated in macrophages compared with other cell types, specifically tu-
mor cells and fibroblasts, in mammary tumor models suggesting a potential
role for macrophages in directly modulating HA levels (27). However, it is
also possible that LYVE-1" macrophages act in concert with other cell types,
such as fibroblasts, to drive HA turnover. HA degradation by hyaluronidases
and ROS can lead to the generation of LMW-HA fragments, which have been
shown to promote tumor cell proliferation (69). Thus, while not specifically
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addressed by this study, it is possible that LYVE-1" macrophages contribute
to the generation of tumor supportive LMW-HA fragments in the tumor mi-
croenvironment and that depletion of these macrophages leads to a reduction
in tumor-promoting LMW fragments and accumulation of tumor suppressive
HMW-HA. Therefore, further studies are needed to evaluate the contributions
of LYVE-1T macrophages to HA fragment size within tumors.

In addition to tissue remodeling, the results from the scRNA-seq analysis
demonstrate that LYVE-1T macrophages promote an anti-inflammatory tu-
mor microenvironment. When LY VE-1" macrophages were depleted, a distinct
phenotypic shift occurred, shifting the transcriptional profiles of three of the
four macrophage clusters to a proinflammatory phenotype. The LYVE-1*
macrophage cluster is enriched for immunosuppressive markers such as Apoe
and Ctsb (70, 71). Furthermore, the LYVE-1T macrophage cluster is heavily en-
riched for Clq genes, which are associated with an immunosuppressed tumor
microenvironment in human patients with colorectal cancer (72). Finally, more
CD8* T cells were found in both the margin and core of tumors with LYVE-
1™ macrophages depleted. In human patients with breast cancer, CD8" T-cell
infiltration correlates with improved patient survival (73). Together, these find-
ings suggest that in addition to ECM modulation, LYVE-1*T macrophages also

serve an anti-inflammatory function within the tumor microenvironment.

In summary, this study describes the localization, phenotype, and function of
LYVE-1* macrophages in the female mouse mammary gland and in mouse
mammary tumors. Using a combination of in vitro and in vivo models, our
findings show that LYVE-1" macrophages regulate HA turnover and LYVE-1
expression correlates with HA binding, internalization, and degradation. Fur-
thermore, the results demonstrate that the LYVE-1T macrophage population
maintains an anti-inflammatory tumor microenvironment, supports tumor
growth, and restricts CD8T T-cell count. These studies reveal a unique phe-
notype for LYVE-1T macrophages in both the normal tissue and tumor setting.
Despite their importance in tumor progression, targeting macrophages in the
clinic has been challenging (74). Lack of efficacy of targeting macrophages
in patients with cancer may be due to many factors, including the functional
heterogeneity of macrophages and lack of specificity of macrophage targeting
drugs. Understanding phenotypic macrophage subsets, such as the tumor-
supporting LYVE-1T macrophages, may provide additional viable targets for

improved cancer therapeutics.

Authors’ Disclosures

A K. Elfstrum reports grants from NIH during the conduct of the study. A.H.
Rumahorbo reports grants from NIH during the conduct of the study. L.E.
Reese reports grants from NIH during the conduct of the study. E.V. Nelson re-
ports grants from NIH during the conduct of the study. B.M. McCluskey reports
grants from NIH during the conduct of the study. K.L. Schwertfeger reports
grants from NIH during the conduct of the study. No other disclosures were

reported.

Authors’ Contributions

A.K. Elfstrum: Conceptualization, investigation, visualization, methodology,
writing-original draft, writing-review and editing. A.H. Rumahorbo: Inves-
tigation, writing-review and editing. L.E. Reese: Investigation. E.V. Nelson:

Investigation. B.M. McCluskey: Investigation, visualization, writing-review

https://doi.org/10.1158/2767-9764.CRC-24-0205 | CANCER RESEARCH COMMUNICATIONS



and editing. K.L. Schwertfeger: Conceptualization, supervision, investigation,
methodology, writing-original draft, writing-review and editing.

Acknowledgments

The authors would like to thank Drs. Andrew Nelson, Heather Machado, and
James Jackson for helpful advice regarding tissue analysis, article prepara-
tion, and providing cell lines, respectively. The authors would like to thank
Thomas Chaffee, and Drs. Patrice Witschen and Danielle Huggins for train-
ing in animal husbandry, immunofluorescence, and flow cytometry techniques.
The authors would like to thank the University of Minnesota Genomics Fa-
cility and the Minnesota Supercomputing Institute for guidance related to
the scRNA-seq studies and funding from the University of Minnesota OVPR

References

1. Gordon S, Pliddemann A, Martinez Estrada F. Macrophage heterogeneity in
tissues: phenotypic diversity and functions. Immunol Rev 2014;262: 36-55.

2. Chen Y, Song Y, Du W, Gong L, Chang H, Zou Z. Tumor-associated macro-
phages: an accomplice in solid tumor progression. J Biomed Sci 2019;26: 78.

3. Denning TL, Wang YC, Patel SR, Williams IR, Pulendran B. Lamina propria
macrophages and dendritic cells differentially induce regulatory and interleukin
17-producing T cell responses. Nat Immunol 2007;8: 1086-94.

4. Afik R, Zigmond E, Vugman M, Klepfish M, Shimshoni E, Pasmanik-Chor M, et al.
Tumor macrophages are pivotal constructors of tumor collagenous matrix. J
Exp Med 2016;213: 2315-31.

5. Hagemann T, Robinson SC, Schulz M, Trumper L, Balkwill FR, Binder
C. Enhanced invasiveness of breast cancer cell lines upon co-cultivation
with macrophages is due to TNF-a dependent up-regulation of matrix
metalloproteases. Carcinogenesis 2004;25: 1543-9.

6. Madsen DH, Leonard D, Masedunskas A, Moyer A, Jirgensen HJ, Peters DE,
et al. M2-like macrophages are responsible for collagen degradation through a
mannose receptor-mediated pathway. J Cell Biol 2013;202: 951-66.

7. Pan'Y, Yu Y, Wang X, Zhang T. Tumor-associated macrophages in tumor
immunity. Front Immunol 2020;11: 583084.

8. Huang YK, Wang M, Sun Y, Di Costanzo N, Mitchell C, Achuthan A, et al.
Macrophage spatial heterogeneity in gastric cancer defined by multiplex
immunohistochemistry. Nat Commun 2019;10: 3928.

9. Laviron M, Petit M, Weber-Delacroix E, Combes AJ, Arkal AR, Barthélémy
S, et al. Tumor-associated macrophage heterogeneity is driven by tissue
territories in breast cancer. Cell Rep 2022;39: 110865.

10. Gale NW, Prevo R, Espinosa J, Ferguson DJ, Dominguez MG, Yancopoulos GD,
et al. Normal lymphatic development and function in mice deficient for the
lymphatic hyaluronan receptor LYVE-1. Mol Cell Biol 2007;27: 595-604.

1. Chakarov S, Lim HY, Tan L, Lim SY, See P, Lum J, et al. Two distinct interstitial
macrophage populations coexist across tissues in specific subtissular niches.
Science 2019;363: eaau0964.

12. Prevo R, Banerji S, Ferguson DJP, Clasper S, Jackson DG. Mouse LYVE-1 is
an endocytic receptor for hyaluronan in lymphatic endothelium. J Biol Chem
2001;276: 19420-30.

13. Lim HY, Lim SY, Tan CK, Thiam CH, Goh CC, Carbajo D, et al. Hyaluro-
nan receptor LYVE-1-expressing macrophages maintain arterial tone through
hyaluronan-mediated regulation of smooth muscle cell collagen. Immunity
2018;49: 326-41.

14. Bieniasz-Krzywiec P, Martin-Pérez R, Ehling M, Garcia-Caballero M, Pinioti S,
Pretto S, et al. Podoplanin-expressing macrophages promote lymphangio-
genesis and lymphoinvasion in breast cancer. Cell Metab 2019;30: 917-36.

15. Opzoomer JW, Anstee JE, Dean |, Hill EJ, Bouybayoune I, Caron J, et al.
Macrophages orchestrate the expansion of a proangiogenic perivascular niche
during cancer progression. Sci Adv 2021;7: eabg9518.

AACRJournals.org

LYVE-1* Macrophages in Breast Cancer

Grant-in-Aid Equipment program. Research reported in this publication was
supported by the National Center for Advancing Translational Sciences of the
NIH Award Number ULI-TR002494. Funding was provided by T32A1007313
(AK. Elfstrum), ROIHD95858, R0OICA265004, R01CA215052, ROIHD106929
(K.L. Schwertfeger). The content is solely the responsibility of the authors and
does not necessarily represent the official views of the NIH.

Note

Supplementary data for this article are available at Cancer Research Comm-

unications Online (https://aacrjournals.org/cancerrescommun/).

Received April 08, 2024; revised May 01, 2024; accepted May 03, 2024; published
first May 31, 2024.

16. Zhang N, Kim SH, Gainullina A, Erlich EC, Onufer EJ, Kim J, et al
LYVE1+ macrophages of murine peritoneal mesothelium promote omentum-
independent ovarian tumor growth. J Exp Med 2021;218: €20210924.

17. Schledzewski K, Falkowski M, Moldenhauer G, Metharom P, Kzhyshkowska J,
Ganss R, et al. Lymphatic endothelium-specific hyaluronan receptor LYVE-1
is expressed by stabilin-14-, F4/80+, CD1lb4+ macrophages in malignant tu-
mours and wound healing tissue in vivo and in bone marrow cultures in vitro:
implications for the assessment of lymphangiogenesis. J Pathol 2006;209:
67-77.

18. Wang Y, Chaffee TS, Larue RS, Huggins DN, Witschen PM, Ibrahim AM, et al.
Tissue-resident macrophages promote extracellular matrix homeostasis in the
mammary gland stroma of nulliparous mice. Elife 2020;9: e57438.

19. Lawrance W, Banerji S, Day AJ, Bhattacharjee S, Jackson DG. Binding of
hyaluronan to the native lymphatic vessel endothelial receptor LYVE-1 is crit-
ically dependent on receptor clustering and hyaluronan organization. J Biol
Chem 2016;291: 8014-30.

20. Tolg C, Messam BJA, McCarthy JB, Nelson AC, Turley EA. Hyaluronan func-
tions in wound repair that are captured to fuel breast cancer progression.
Biomolecules 2021;11: 1551.

21. Kakizaki I, Ibori N, Kojima K, Yamaguchi M, Endo M. Mechanism for the hydrol-
ysis of hyaluronan oligosaccharides by bovine testicular hyaluronidase. FEBS J
2010;277:1776-86

22. Harada H, Takahashi M. CD44-dependent intracellular and extracellular
catabolism of hyaluronic acid by hyaluronidase-1and -2. J Biol Chem 2007;282:
5597-607.

23. Baneriji S, Hide BRS, James JR, Noble MEM, Jackson DG. Distinctive properties
of the hyaluronan-binding domain in the lymphatic endothelial receptor Lyve-1
and their implications for receptor function. J Biol Chem 2010;285: 10724-35.

24. Lin L, Ye Y, Zhu X. MMP-9 secreted by tumor associated macrophages pro-
moted gastric cancer metastasis through a PI3K/AKT/Snail pathway. Biomed
Pharmacother 2019;117: 109096.

25. Suzuki M, Raab G, Moses MA, Fernandez CA, Klagsbrun M. Matrix metallopro-
teinase-3 releases active heparin-binding EGF-like growth factor by cleavage
at a specific juxtamembrane site. J Biol Chem 1997;272: 31730-7.

26. Shima Z, Sasaguri Y, Kusukawa J, Yamana H, Fujita H, Kakegawa T, et al.
Production of matrix metalloproteinase-2 and metalloproteinase-3 related to
malignant behavior of esophageal carcinoma a clinicopathologic study. Cancer
1992;70: 2747-53.

27. Witschen PM, Elfstrum AK, Nelson AC, Schwertfeger KL. Characterization of
hyaluronan localization in the developing mammary gland and mammary
tumors. J Mammary Gland Biol Neoplasia 2023;28: 1.

28. Shahbandi A, Chiu FY, Ungerleider NA, Kvadas R, Mheidly Z, Sun MJS, et al.
Breast cancer cells survive chemotherapy by activating targetable immune
modulatory programs characterized by either PD-L1 or CD80. Nat Cancer
2022;3:1513-33.

Cancer Res Commun; 4(5) May 2024

1395


https://aacrjournals.org/cancerrescommun/

1396

Elfstrum et al.

29.

30.

31.
32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Cancer Res Commun; 4(5) May 2024

Frey WD, Anderson AY, Lee H, Nguyen JB, Cowles EL, Lu H, et al. Phosphoinosi-
tide species and filamentous actin formation mediate engulfment by senescent
tumor cells. PLoS Biol 2022;20: e3001858.

Zheng GXY, Terry JM, Belgrader P, Ryvkin P, Bent ZW, Wilson R, et al. Massively
parallel digital transcriptional profiling of single cells. Nat Commun 2017;8:
14049.

Hao Y, Hao S, Andersen-Nissen E, Mauck WM, Zheng S, Butler A, et al.
Integrated analysis of multimodal single-cell data. Cell 2021;184: 3573-87.

Wu T, HU E, Xu S, Chen M, Guo P, Dai Z, et al. clusterProfiler 4.0: a universal
enrichment tool for interpreting omics data. Innovation 2021;2: 100141.

Voisin B, Nadella V, Doebel T, Hu Y, Yan C, Nagao K. Macrophage-
mediated extracellular matrix remodeling controls host Staphylococcus aureus
susceptibility in the skin. Immunity 2023;56: 1561-77.

Thiele W, Krishnan J, Rothley M, Weih D, Plaumann D, Kuch V, et al. VEGFR-3 is
expressed on megakaryocyte precursors in the murine bone marrow and plays
a regulatory role in megakaryopoiesis. Blood 2012;120: 1899-907.

ltano N, Zhuo L, Kimata K. Impact of the hyaluronan-rich tumor mi-
croenvironment on cancer initiation and progression. Cancer Sci 2008;99:
1720-5.

Le Naour A, Koffi Y, Diab M, Le Guennec D, Rougé S, Aldekwer S, et al. EO771,
the first luminal B mammary cancer cell line from C57BL/6 mice. Cancer Cell Int
2020;20: 328.

Etzerodt A, Moulin M, Doktor TK, Delfini M, Mossadegh-Keller N, Bajenoff M,
et al. Tissue-resident macrophages in omentum promote metastatic spread of
ovarian cancer. J Exp Med 2020;217: €20191869.

Timperi E, Gueguen P, Molgora M, Magagna |, Kieffer Y, Lopez-Lastra S,
et al. Lipid-associated macrophages are induced by cancer-associated fibrob-
lasts and mediate immune suppression in breast cancer. Cancer Res 2022;82:
3291-306.

Chow A, Schad S, Green MD, Hellmann MD, Allaj V, Ceglia N, et al. Tim-4+
cavity-resident macrophages impair anti-tumor CD8+ T cell immunity. Cancer
Cell 2021;39: 973-88.

Dollt C, Becker K, Michel J, Melchers S, Weis CA, Schledzewski K,
et al. The shedded ectodomain of Lyve-1 expressed on M2-like tumor-
associated macrophages inhibits melanoma cell proliferation. Oncotarget
2017;8:103682-92.

Ibrahim AM, Moss MA, Gray Z, Rojo MD, Burke CM, Schwertfeger KL, et al.
Diverse macrophage populations contribute to the inflammatory microenviron-
ment in premalignant lesions during localized invasion. Front Oncol 2020;10:
569985.

BucalaR, Shachar I. The integral role of CD74 in antigen presentation, MIF signal
transduction, and B cell survival and homeostasis. Mini Rev Med Chem 2014;14:
132-8.

Huggins DN, LaRue RS, Wang Y, Knutson TP, Xu Y, Williams JW, et al.
Characterizing macrophage diversity in metastasis-bearing lungs reveals a
lipid-associated macrophage subset. Cancer Res 2021;81: 5284-95.

Yang J, Lin P, Yang M, Liu W, Fu X, Liu D, et al. Integrated genomic and tran-
scriptomic analysis reveals unigue characteristics of hepatic metastases and
pro-metastatic role of complement Clq in pancreatic ductal adenocarcinoma.
Genome Biol 2021;22: 4.

Obradovic A, Chowdhury N, Haake SM, Ager C, Wang V, Vlahos L, et al.
Single-cell protein activity analysis identifies recurrence-associated renal tumor
macrophages. Cell 2021;184: 2988-3005.

Hirata H, Hinoda Y, Shahryari V, Deng G, Nakajima K, Tabatabai ZL, et al. Long
noncoding RNA MALAT1 promotes aggressive renal cell carcinoma through
Ezh2 and interacts with miR-205. Cancer Res 2015;75: 1322-31.

Gutschner T, Hdmmerle M, EiBmann M, Hsu J, Kim Y, Hung G, et al. The non-
coding RNA MALATT1 is a critical regulator of the metastasis phenotype of lung
cancer cells. Cancer Res 2013;73: 1180-9.

Adewunmi O, Shen Y, Zhang XH-F, Rosen JM. Targeted inhibition of IncRNA
Malat1 alters the tumor immune microenvironment in preclinical syngeneic
mouse models of triple negative breast cancer. Cancer Immunol Res 2023;11:
1462-79.

Kim TH, Zhou X, Chen M. Demystifying “drop-outs” in single-cell UMI data.
Genome Biol 2020;21: 196.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Ramos RN, Missolo-Koussou Y, Gerber-Ferder Y, Bromley CP, Bugatti M, Nufiez
NG, et al. Tissue-resident FOLR2+ macrophages associate with CD8+ T cell
infiltration in human breast cancer. Cell 2022;185: 1189-207.

Dick SA, Wong A, Hamidzada H, Nejat S, Nechanitzky R, Vohra S, et al. Three tis-
sue resident macrophage subsets coexist across organs with conserved origins
and life cycles. Sci Immunol 2022;7: eabf7777.

Gil-Yarom N, Radomir L, Sever L, Kramer MP, Lewinsky H, Bornstein C, et al.
CD74 is a novel transcription regulator. Proc Natl Acad Sci U S A 2017;114:
562-7.

Bonam SR, Ruff M, Muller S. HSPA8/HSC70 in immune disorders: a molecular
rheostat that adjusts chaperone-mediated autophagy substrates. Cells 2019;8:
849.

Bohlson SS, Fraser DA, Tenner AJ. Complement proteins Clg and MBL are pat-
tern recognition molecules that signal immediate and long-term protective
immune functions. Mol Immunol 2007;44: 33-43.

Lee PY, Li Y, Kumagai Y, Xu Y, Weinstein JS, Kellner ES, et al. Type | interferon
modulates monocyte recruitment and maturation in chronic inflammation. Am
J Pathol 2009;175: 2023-33.

Du L, Lin L, Li Q, Shao C, Wang Y, Liu K, et al. IGF-2 preprograms
maturing macrophages to acquire oxidative phosphorylation-dependent
anti-inflammatory properties. Cell Metab 2019;29: 1363-75.

Elder AM, Tamburini BAJ, Crump LS, Black SA, Wessells VM, Schedin PJ, et al.
Semaphorin 7A promotes macrophage-mediated lymphatic remodeling dur-
ing postpartum mammary gland involution and in breast cancer. Cancer Res
2018;78: 6473-85.

Takabe P, Bart G, Ropponen A, Rilla K, Tammi M, Tammi R, et al. Hyaluro-
nan synthase 3 (HAS3) overexpression downregulates MV3 melanoma cell
proliferation, migration and adhesion. Exp Cell Res 2015;337: 1-15.

Tian X, Azpurua J, Hine C, Vaidya A, Myakishev-Rempel M, Ablaeva J, et al. High-
molecular-mass hyaluronan mediates the cancer resistance of the naked mole
rat. Nature 2013;499: 346-9.

Mueller BM, Schraufstatter IU, Goncharova V, Povaliy T, DiScipio R, Khaldoyanidi
SK. Hyaluronan inhibits postchemotherapy tumor regrowth in a colon
carcinoma xenograft model. Mol Cancer Ther 2010;9: 3024-32.

Tan JX, Wang XY, Li HY, Su XL, Wang L, Ran L, et al. HYALT overexpression is
correlated with the malignant behavior of human breast cancer. Int J Cancer
2011;128: 1303-15.

Auvinen P, Tammi R, Parkkinen J, Tammi M, Agren U, Johansson R,
et al. Hyaluronan in peritumoral stroma and malignant cells associates
with breast cancer spreading and predicts survival. Am J Pathol 2000;156:
529-36.

Wu W, Chen L, Wang Y, Jin J, Xie X, Zhang J. Hyaluronic acid predicts poor
prognosis in breast cancer patients: a protocol for systematic review and meta
analysis. Medicine 2020;99: e20438.

Kishore U, Ghai R, Greenhough TJ, Shrive AK, Bonifati DM, Gadjeva MG, et al.
Structural and functional anatomy of the globular domain of complement
protein Clg. Immunol Lett 2004;95: 113-28.

Nauta AJ, Trouw LA, Daha MR, Tijsma O, Nieuwland R, Schwaeble WJ, et al.
Direct binding of Clg to apoptotic cells and cell blebs induces complement
activation. Eur J Immunol 2002;32: 1726-36.

Wang J, Xiang H, Lu Y, Wu T. Role and clinical significance of TGF-p1 and TGF-
BR1in malignant tumors (Review). Int J Mol Med 2021;47: 55.

Jing Y, Jin Y, Wang Y, Chen S, Zhang X, Song Y, et al. SPARC promotes the
proliferation and metastasis of oral squamous cell carcinoma by PIZK/AKT/
PDGFB/PDGFRB axis. J Cell Physiol 2019;234: 15581-93.

Lin C,Ma M, Zhang Y, Li L, Long F, Xie C, et al. The N6-methyladenosine modi-
fication of circALG1 promotes the metastasis of colorectal cancer mediated by
the miR-342-5p/PGF signalling pathway. Mol Cancer 2022;21: 80.

Sapudom J, Ullm F, Martin S, Kalbitzer L, Naab J, Méller S, et al. Molecu-
lar weight specific impact of soluble and immobilized hyaluronan on CD44
expressing melanoma cells in 3D collagen matrices. Acta Biomater 2017;50:
259-70.

Kemp SB, Carpenter ES, Steele NG, Donahue KL, Nwosu ZC, Pacheco A, et al.
Apolipoprotein E promotes immune suppression in pancreatic cancer through
NF-kB-mediated production of CXCL1. Cancer Res 2021;81: 4305-18.

https://doi.org/10.1158/2767-9764.CRC-24-0205 | CANCER RESEARCH COMMUNICATIONS



71. Ma K, Chen X, Liu W, Chen S, Yang C, Yang J. CTSB is a negative prognostic
biomarker and therapeutic target associated with immune cells infiltration and
immunosuppression in gliomas. Sci Rep 2022;12: 4295.

72. Roumenina LT, Daugan MV, Noe R, Petitprez F, Vano YA, Sanchez-Salas R, et al.
Tumor cells hijack macrophage-produced complement Clg to promote tumor
growth. Cancer Immunol Res 2019;7: 1091-105.

AACRJournals.org

73.

74.

LYVE-1* Macrophages in Breast Cancer

Sun YP, Ke YL, Li X. Prognostic value of CD8+ tumor-infiltrating T cells in pa-
tients with breast cancer: a systematic review and meta-analysis. Oncol Lett
2022;25: 39.

Mantovani A, Allavena P, Marchesi F, Garlanda C. Macrophages as tools and
targets in cancer therapy. Nat Rev Drug Discov 2022;21: 799-820.

Cancer Res Commun; 4(5) May 2024

1397




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings true
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 0
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 500
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 500
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 900
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ([Based on '[High Quality Print]'] Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides true
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        18
        18
        18
        18
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 18
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [792.000 1224.000]
>> setpagedevice


