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New York, NY, United States, “Cancer Research UK Edinburgh Centre, MRC Institute of Genetics & Molecular Medicine, The
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Metastasis-associated macrophages (MAMs) play pivotal roles in breast cancer
metastasis by promoting extravasation and survival of metastasizing cancer cells. In
a metastatic breast cancer mouse model, we previously reported that circulating
classical monocytes (C-MOs) preferentially migrated into the tumor-challenged lung
where they differentiated into MAMs. However, the fate and characteristics of C-MOs
in the metastatic site has not been de ned. In this study, we identi ed that adoptively
transferred C-MOs (F4/80°"CD11b*Ly6C*) differentiated into a distinct myeloid cell
population that is characterized as F4/80""CD11b"s"Ly6C"e" and gives rise to MAMs
(F4/80°“CD11bMdhLy6C'") within 18 h after migration into the metastatic lung. In mouse
models of breast cancer, the CD11b""Ly6C"s"" MAM precursor cells (MAMPCs) were
commonly found in the metastatic lung, and their accumulation was increased during
metastatic tumor growth. The morphology and gene expression pro le of MAMPCs
were distinct from C-MOs and had greater similarity to MAMs. For example MAMPCs
expressed mature macrophage markers such as CD14, CD36, CD64, and CD206 at
comparable levels with MAMs, suggesting that MAMPCs have committed to a macro-
phage lineage in the tumor microenvironment. MAMPCs also expressed higher levels
of Argl, Hmox1, and Stabl than C-MOs to a comparable level to MAMs. Expression
of these MAM-associated genes in MAMPCs was reduced by genetic deletion of colo-
ny-stimulating factor 1 receptor (CSF1R). On the other hand, transient CSF1R blockade
did not reduce the number of MAMPCs in the metastatic site, suggesting that CSF1
signaling is active in MAMPCs but is not required for their accumulation. Functionally
MAMPCs suppressed the cytotoxicity of activated CD8* T cells in vitro in part through
superoxide production. Overall, our results indicate that immediately following migration

Abbreviations: C-MO, classical monocyte; NC-MOs, non-classical monocytes; TAM, tumor-associated macrophage; MDSC,
myeloid-derived suppressor cell; MAM, metastasis-associated macrophage; MAMPC, MAM progenitor cell; RMAC, resident
macrophage; CSF1R, colony-stimulating factor 1 receptor; PyMT, polyoma middle T oncoprotein; ROS, reactive oxygen spe-
cies; SOD, superoxide dismutase.
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into the metastatic tumors C-MOs differentiate into immunosuppressive cells that have char-
acteristics of monocytic myeloid-derived suppressor cell phenotype and might be targeted
to enhance ef cacy of immunotherapy for metastatic breast cancer.

Keywords: breast cancer, metastasis, macrophage, myeloid-derived suppressor cell, immune suppression, CD8* T cell

INTRODUCTION

Breast cancer is the most common cancer in women worldwide,
accounting for 23% of the total new cancer cases (1). e mortality
rate of breast cancer has been decreasing due to the development
of early detection techniques and improvement in treatment (1).
However, breast cancer cells frequently metastasize to the bone
and lung, which dramatically reduces 5-year survival of breast
cancer patients to less than 25% (2). Indeed, data show that
survival of metastatic breast cancer patients has not signi cantly
improved over the past 30 years (3). is depressing statistic
indicates the requirement of novel approaches that e ciently
block metastatic tumor development.

Attractive targets for improvements in therapy are tumor-
in ltrating immune cells such as regulatory T cells, tumor-associated
neutrophils, myeloid-derived suppressor cells (MDSCs), and
tumor-associated macrophages (TAMSs), as these cells play pivotal
roles in the establishment of metastatic tumors (4). In particular,
TAM s have been shown to be critical promoters of metastatic breast
cancer development following early experiments that showed
marked suppression of tumor progression and metastasis by genetic
macrophage depletion in a mouse model of breast cancer in which
mammary tumors are caused by the mammary epithelial restricted
polyoma middle T oncoprotein (PyMT) expression (5). In addi-
tion, many studies have correlated poor prognosis of breast cancer
patients with high in ltration of TAMs into the tumor (6). Data
from mouse models of metastatic breast cancer have also de ned
mechanisms of this metastasis promotion indicating that TAMs
support tumor cell invasion and intravasation at the primary sites
(7), enhance angiogenesis (8), transmit survival signals to the meta-
stasizing tumor cells (9), and promote extravasation and persistent
growth of tumor cells at the metastatic site (10). In addition, there is
preliminary evidence that TAMSs are involved in immunosuppres-
sion. For example, TAMs express high levels of programmed death
ligand 1 (PD-L1), a ligand for immune-checkpoint receptor that
restricts CD8" T cell activities (11, 12), and the targeting of TAMs
improves e cacy of the check-point inhibitors in a pancreatic
ductal carcinoma model in mice (13). It is also reported that TAMs
suppress CD8" T cell-mediated anti-tumor immunity in the mam-
mary tumor of PyMT mice under treatment with chemotherapy
(14).  erefore, TAMs represent important potential therapeutic
target to treat metastatic breast cancer (4).

One of the most extensively explored strategies to target TAMs
is the inhibition of colony-stimulating factor 1 receptor (CSF1R)
(12). Antagonists or blocking antibodies against CSF1R suppress
the accumulation of TAMs as well as changing their phenotype,
enhance CD8* T cell-mediated antitumor immune responses,
and prevent disease progression or primary tumor growth in
mouse models of glioblastoma, pancreatic, colon, and breast can-
cer (13 16). ese data based on genetically engineered mouse
models of the primary tumor suggest that TAM intervention by

CSF1R inhibition is an attractive strategy to block environmental
support for malignant tumor development and to improve thera-
peutice cacy of CD8" T cell-based immunotherapy.

For therapeutic TAM intervention aimed at blocking the meta-
static tumor expansion, a better understanding of macrophages in
the metastatic sites is important since macrophages change their
phenotypes in response to environmental factors and these
might be di erent between the primary and metastatic tumors
(17). In mouse models of metastatic breast cancer, there are at
least two distinct macrophage populations characterized as
F4/80*CD11b"CD11c"s" and F4/80*CD11bM"CD11c™ in the
lung with metastatic tumors (10). e CD11c"" macrophage
population consists of alveolar macrophages that also exist in
the normal lung (18, 19). In contrast, the CD11b"" macrophages
markedly accumulate in the tumor-challenged lung but are
signi cantly less in the normal lung (10). In an experimental
metastasis model using Met-1 mouse breast cancer cellsona FVB
genetic background, depletion of these CD11b"9" metastasis-
associated macrophages (MAMSs) but not CD11c"o" resident
macrophages (RMACs) reduces the number and size of meta-
static foci (10). In this model, a subset of monocytes characterized
as CD11b*Ly6C* [classical monocytes (C-MOs)] preferentially
migrates to the tumor-challenged lung via a chemokine receptor
CCR2, and inhibition of their recruitment results in the reduc-
tion of the number of MAMs (CD11b"9"Ly6C'*") and metastatic
tumor load in the lung (20). In another experimental metastasis
model using E0771-LG mouse breast cancer cells on a C57BL/6
background, adoptively transferred CD11b*Ly6C* C-MOsdi er-
entiate to a CD11h"9"Ly6C'*" population within 42 h posttransfer
(21). Although a minor macrophage population in the normal
lung called interstitial macrophages is also characterized as
CD11b*CD11c"" (18, 19), these cells are not rapidly replenished
by C-MOs (22) and their accumulation by bacterial CpG DNA
does not require CCR2 (23). Collectively, these data indicate that
the circulating C-MOs di erentiate into MAMs at the metastatic
sites, which promotes the establishment of metastatic tumors.

erefore, C-MOs in the di erentiation process at the meta-
static site can be a novel therapeutic target for the treatment of
metastatic breast cancer, and thus it is important to understand
their dynamics and characteristicsa erin lItrating the metastatic
tumors.

In this article, we have identi ed that circulating C-MOs dif-
ferentiate into a distinct myeloid cell population characterized
as CD11b"e"Ly6CMe" in the metastatic lung where they further
di erentiate into MAMs. e CD11b""Ly6CMs» MAM precursor
cells (MAMPCs) expressed mature macrophage markers, and
their gene expression pro le was similar with that of MAMs but
distinct from C-MOs. We also found that accumulation of the
CD11bManLy6Chish cells was increased when micro-metastasis
started to outgrow, and was not suppressed by blockade of CSF1R.
We further identi ed that the MAMPCs suppressed cytotoxic
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ability of CD8* T cells through reactive oxygen species (ROS)-
mediated but checkpoint ligands-independent mechanism.  ese
results indicate that C-MOs recruited to the metastatic tumors
produce immune suppressive precursor MAMs that may not be
targeted by CSF1R antagonists or checkpoint inhibitors.

MATERIALS AND METHODS

Mice

MMTV-PyMT mice (24) on the C57BL/6 background were
obtained from Dr. Sandra J. Gendler (Mayo Clinic College of
Medicine) who had backcrossed PyMT mice established by Dr.
William J Muller (McGill University, Montreal, Canada) origi-
nally on the FVVB background. To analyze the lung with metastatic
tumors, we used female PyMT mice on the C57BL/6 background
at 20 25 weeks of age. Csflr-EGFP (MacGreen) (25) mice on
the C57BL/6 background were obtained from Dr. David Hume
(University of Edinburgh). Conditional CSF1R knockout (Csflr
cKO) mice (i.e., rtTA:tetO-Cre:Csf1r™F) were obtained by cross-
ing the B6.Cg-Csf1rt™p/J (Csf1r™) mice (26) with ROSA-rtTA
and tetO-Cre mice (Jackson lab) (21). Animals were housed and
bred under standard conditions of care. All procedures involving
mice were conducted in accordance with licensed permission
under the UK Animal Scienti ¢ Procedures Act (1986) (Home
O ce license number PPL 70/8065) and Institutional Animal
Care & Use Committee of the Albert Einstein College of Medicine
(20120304).

Tumor Cell Lines

Met-1 mouse mammary tumor cells derived from the MMTV-
PyMT tumor in FVB mice (27) and highly metastatic derivative
of E0771 mouse mammary adenocarcinoma cells derived from a
medullary cancerin C57BL/6 mice (E0771-LG) (21) were cultured
in DMEM supplemented with 10% v/v FBS, 100 U/mL penicillin,
and 100 g/mL streptomycin. EQ771-LG cells were manipulated
to express re y luciferase (E0771-LG:FI) or nuclear localized
red uorescent protein (mKate) (E0771-LG:NLR) to detect the
cells by in vivo bioluminescence imaging or in vitro uorescence
microscopy, respectively. We have con rmed that all cells were
negative for mycoplasma.

Breast Cancer Metastasis Models in Mice
As experimental models of metastatic breast cancer, we injected
1 10°of E0771-LG or Met-1 cells into the tail vein of C57BL/6
or FVB mice (7-week-old female), respectively. At 7 14 days
(EQ771-LG) or 21 days (Met-1) posttumor cell injection, we
euthanized the mice and isolated the blood and lung to prepare
samples for ow cytometry or H&E staining.

In Vivo Bioluminescence Imaging

We intraperitoneally injected  -luciferin in PBS (GoldBio,

15 mg/100 L/20 g mouse) into anesthetized EQ771-LG:Fl tumor-

bearing mice. Bioluminescence from the luciferase-expressing tumor

cells was imaged using Photon Imager Optima (Biospace Lab), and

photon counts (photon/second/cm?/sr) in the lung area were quanti-
ed by image analysis so ware (M3 Vision, Biospace Lab).

Adoptive Transfer of Monocytes

We isolated C-MOs from the bone marrow of MacGreen mice by
Monocyte Isolation Kits (Miltenyi). 5  10° of the GFP* C-MOs
were transferred into C57BL/6 mice that have received intrave-
nous injection of EQ771-LG:Fl cells. Pulmonary tumor burdensin
the recipient mice were determined by bioluminescence imaging
1 day before monocyte transfer (10 days a er tumor injection).
Eighteen, 42, 66, or 90 h a er the C-MO transfer, we euthanized
the animals and isolated the blood and lung for ow cytometry.

Flow Cytometry and Sorting

Single-cell suspensions from perfused lungs were prepared via
enzymatic digestion using the Lung Dissociation Kit (Miltenyi)
and following Itration through a 40 m cell strainer. Red blood
cellsinthe lung digestions and blood samples were removed using
RBC lysis bu er (Biolegend). e samples were blocked with
antimouse CD16/CD32 antibody (BD bioscience), and stained
with DAPI and uorescent antibodies to following antigens;
CD45 (30-F11), F4/80 (BM8), CD11b (M1/70), Ly6C (HK1.4),
CD115 (AFS98), Ly6G (1A8), CD11lc (N418), CD14 (Sal4-2),
CD36 (HM36), CD64 (X54-5/7.1), CD206 (C068C2), CCR5
(HM-CCR5),PD-L1(10F.9G2),CD80(16-10A1),CD86 (GL-1)all
from Biolegend, and PD-L2 (122) from eBioscience. Flow cytom-
etry was performed using LSRII cytometer (BD Biosciences) and
analyzed using Flowjo so ware (TreeStar). In some experiments,
the stained C-MOs (CD115*Ly6G CD11b*Ly6C"e") in the blood
or bone marrow, MAMPCs (F4/80*Ly6G CD11b"s"Ly6Chidn),
MAMs  (F4/80*Ly6G CD11lb"o"Ly6C'™), and RMACs
(F4/80*Ly6G CD11b"Ly6C"")in the lung of EO771-LG-injected
mice were sorted using FACS Artia Il (BD Biosciences).

Microarray Analysis

We sorted C-MOs from the bone marrow and MAMPCs and
MAMs from the lung with E0771-LG metastatic tumors (N = 3
per group) as described above. We extracted RNA from these cells
by RNeasy Micro Kit (Qiagen) and used this for hybridization
on A ymetrix MoGene 2.0 ST chip. Datasets were annotated
and normalized using the robust multichip average algorithm
(rma) from the GenePattern platform. All statistical calculations
were performed in R programming language (version 3.2.3). e
dataset was analyzed using the oligo package from Bioconductor.
Multiple probes were collapsed to single gene using the average
expression (avereps function). Using the Limma package, a linear
model was tted for the identi cation of di erentially expressed
genes. GeneswithFDR  0.05and log.,FC +1.0 (upregulated) or
log.FC 1.0 (downregulated) are considered to be di erentially
expressed. Venn diagrams were drawn using the di erentially
expressed genes between the populations. Heat maps were drawn
using the gplots package on the di erentially expressed genes
between MAMPC and C-MO populations. A clustering method
was set to complete and distance measure to Pearson correlation.

Real-time Quantitative RT-PCR Analysis

We isolated total RNA from C-MOs, MAMPCs, MAMs, and
RMAC:s as described above, and performed reverse transcription
using oligo(dT)18 primers with SuperScript 111 (Invitrogen).
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Real-time quantitative PCR was performed using SYBR master
mix (Invitrogen) on the Applied Biosystems 7500 Real-Time PCR
System (Applied Biosystems) by the following program: preheat-
ingat95 C for 10 min, 40 cycles of ampli cation consisting of 15
denaturing at 95 C, 30 s annealing at 61 C, and 20 s extension at
72 C. Relative expression of target genes was determined according
to  C.with normalization to Gapdh expression. Primers used for
PCR were;: Adm, 5 -CACCCTGATGTTATTGGGTTCA-3 and
5 -TTAGCGCCCACTTATTCCACT-3 ; Argl,5 -CTCCAAGCC
AAAGTCCTTAGAG-3 and 5 -AGGAGCTGTCATTAGGGAC
ATC-3; Cd163, 5 -GGTGGACACAGAATGGTTCTTC-3 and
5 -CCAGGAGCGTTAGTGACAGC-3 ; Hmox1, 5 -AAGCCGA
GAATGCTGAGTTCA-3 and5 -GCCGTGTAGATATGGTACA
AGGA-3; Mrcl, 5-CTCTGTTCAGCTATTGGACGC-3 and
5 -CGGAATTTCTGGGATTCAGCTTC-3 ; Stabl, 5-GGCAG
ACGGTACGGTCTAAAC-3 and 5-AGCGGCAGTCCAGAA
GTATCT-3 ; Gapdh, 5 -AGAACATCATCCCTGCATCC-3 and
5 -CACATTGGGGGTAGGAACAC-3.

Blockade of CSF1 Receptor

For genetic depletion of CSF1 receptor, we gave doxycycline
(SIGMA, 20 mg/mL) in drinking water with 5% w/v sucrose to
the rtTA:tetO-Cre:Csf1r™" (Csflr cKO) mice from 7 days a er
tumor injection to the endpoint. For pharmacological CSF1R
inhibition, we gave BLZ945 (Selleckchem, 4 mg/20 g mouse, oral
gavage) from 7 days a er tumor injection to the endpoint.

In Vitro CD8* T Cell Cytotoxicity Assay

We isolated CD8* T cells from the spleen of C57BL/6mice
by EasySep Mouse CD8" T Cell Isolation Kit (Stemcell
technologies). 1 10° of CD8* T cells were cultured with or
without 1 105 of MAMPCs, MAMs, or RMACs from the
E0771-LG tumor-bearing lung in enriched DMEM (20% v/v
FBS, 2 mM -glutamine, 1% v/v non-essential amino acid,
1 mM sodium pyruvate, 50 nM 2-mercaptoethanol, 100 U/
mL penicillin, 100 g/mL streptomycin) containing 80 U/
mL IL-2, 2 g/mL anti-CD3 (145-2C11, Biolegend), and
5 g/mL anti-CD28 (37.51, Biolegend). In some experiment,
we added NCG-Methyl- -arginine acetate salt (L-NMMA,
SIGMA, 500 M), N -hydroxy-nor-arginine (nor-NOHA,
Cambridge Bioscience, 500 M), catalase (SIGMA, 1,000 U/
mL), and superoxide dismutase (SOD, SIGMA, 200 U/mL)
into the culture. A er 4 days, CD8* T cells (non-adherent)
were collected and resuspended in enriched DMEM including
1,000 U/mL IL-2. eactivated CD8" T cells (e ector) were then
cocultured with 1 103 of E0771-LG:NLR cells (target) at di er-
ente ector/target ratio in the presence of uorogenic caspase-3
substrate (NucView488, Biotium) in 96-well plates coated with
basement membrane extract (Geltrex, Gibco). e cultured
cells were imaged by IncuCyte Zoom Live-Cell Analysis System
(Essen Bioscience) for 48 h, and number of apoptotic cancer
cells (red/green double positive) were counted using IncuCyte
S350 ware.

Statistical Analysis
Sample size was determined for power based on a relative SD from
our previous studies. All samples were collected independently

and analyzed by at least two independent experiments. Data were
analyzed by Students t-test and are expressed as mean — SEM.
P-values <0.05 were considered signi cant.

RESULTS

C-MO Differentiate into a Distinct
Population That Gives Rise to MAMs

in the Metastatic Site

To understand the fate of C-MOs in the metastatic sites, we
utilized MacGreen mice on a C57/BL6 background in which
myeloid cells including monocytes and macrophages express
green uorescent protein (GFP) under the regulation of the
CSF1R promoter (25). We transferred puri ed C-MOQOs from
MacGreen mice into the C57BL/6 mice that have developed
metastatic tumors in the lung following injection of E0771-LG
mouse breast cancer cells that colonize the lung and form meta-
static tumors. We tracked the fate of the GFP* cells in the blood
and lung at 18, 42, 66, and 90 h postinjection (Figure 1A). Since
it was impractical to collect signi cant numbers of monocytes
from peripheral blood, we isolated the C-MOs from the bone
marrow that were characterized as CD11b*Ly6C*CD115* but
did not express markers for neutrophils (Ly6G) or hemat-
opoietic stem/progenitor cells (c-Kit and Sca-1) (Figure S1 in
Supplementary Material). By 18 h posttransfer, almost all GFP*
cells in the blood remained ina CD11b*Ly6C* population that is
characteristic for the C-MOs (Figures 1B,C). In contrast, GFP*
cells in the metastatic lung expressed higher levels of CD11b and
Ly6C and a majority of them were found as a CD11h"9"Ly6Chio"
population distinct from the GFP™* cells and the intrinsic C-MOs
in blood (Figures 1B,C). By 42 h a er transfer, the GFP* cells
in the metastatic lung still expressed higher level of CD11b than
C-MOs. However, more than half of cells had reduced Ly6C
expression and thereby shi ed to a CD11b""Ly6C' population
that resembles the phenotype of MAMs (10). e ratio of the
CD11bMLy6C'™ population increased by 90 h a er transfer,
and that of CD11b"9"Ly6C"9" population concomitantly reduced
(Figures 1B,C), indicating that CD11b""Ly6C"is" GFP* cells
are progenitors of MAMSs. Interestingly around 15% of GFP*
cells in the lung a er 90 h were outside the CD11h"9"Ly6C'o"
gate probably due to the reduction in their CD11b expression
(Figure 1B). In our model, the transferred C-MOs in the
blood became non-classical monocytes (NC-MOs) character-
ized as CD11b*Ly6C"" by 42 h posttransfer (Figure S2 in
Supplementary Material) consistent with previous studies (28).
However, these cells were distinct from the GFP* cells in the lung
that were characterized as CD11b""Ly6C', e GFP* cells in
the metastatic lung expressed higher levels of F4/80 and major
histocompatibility complex 11 (MHC-I1) than GFP* cells in the
blood and intrinsic C-MOs (Figure 1D), suggesting their com-
mitment to a macrophage lineage. Given their low expression of
CD11c and Ly6G, these cells were distinct from RMACs, den-
dritic cells, or neutrophils (Figure 1D). As shown in Figure 1E,
the CD11b"ahLy6Choh population was also found in the intrinsic
F4/80* cells that accumulated in metastatic lungs, indicating that
their presence is not an artifact of adoptive transfer. Although
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FIGURE 1 | Adoptively transferred classical monocytes (C-MOs) differentiate into a distinct myeloid population that gives rise to metastasis-associated
macrophages (MAMSs) in the metastatic site. (A) A scheme of the monocyte tracking experiment (left) and representative dot plots showing the transferred (GFP*)
and intrinsic (GFP ) cells in the blood and lung of the tumor-bearing monocyte-transferred mouse (right). (B) Representative dot plots showing expression of CD11b
and Ly6C in the transferred GFP* cells in the blood and lung of tumor-bearing mice after the indicated time posttransfer (n = 3/group, two independent
experiments). Three typical populations characterized as CD11b*Ly6C* (green), CD11b"9"Ly6C"s" (blue), and CD11b"s"Ly6C"" (red) were shown. (C) Percentage is
shown of CD11b*Ly6C*, CD11b"s"Ly6CMo" and CD11b""Ly6C"" populations in GFP* cells (n = 3/group, two independent experiments). Data are mean — SEM,
*P < 0.01 vs. blood 18 h (BL-18 h), “P < 0.01 vs. lung 18 h (Lg-18 h). (D) Representative histograms showing expression of indicated markers in the transferred
GFP* cells in the blood and lung as well as GFP* cells before transfer (before). As a control, expressions of markers in intrinsic cells from the tumor-bearing mouse
are shown in the bottom. C-MO, non-classical monocytes (NC-MO), and neutrophils (Neu) were identi ed in blood, and CD11b""Ly6C"" cells (Ly6C"), MAM, and
resident macrophages (RMAC) were detected in the metastatic lung. Data are representative of two independent experiments with three mice per group.

(E) Representative dot plots showing expression of CD11b and Ly6C in the intrinsic CD115*Ly6G cells in the blood and F4/80*Ly6G cells in the lung from the
E0771-LG-injected C57BL/6 mice used in (B) (n = 3, two independent experiments). Three typical populations characterized as C-MO (green), NC-MO (orange),
CD11b"s"Ly6C"e" (blue), MAM (red), and RMAC (purple) were shown.

the CD11b"e"Ly6Chie" cells might be considered as monocytes, . . . .
their expression of CD11b, Ly6C, F4/80, and MHC-II clearly MAMPC Accumulation in Metastatic Sites

distinguish them from circulating C-MOs (Figures 1B,D,). IS Increased during Metastatic Tumor
Collectively, these results indicate that circulating C-MOs — Qutgrowth

di erentiate to MAMPCs characterized as CD11b"d"Ly6C"is"  To investigate whether the MAMPCs accumulate in spontane-
once they migrate to the metastatic site. Herea er we call the  ous pulmonary metastases, we analyzed lung metastatic lesions
CD11bMerLy6Chis" cells MAMPCs. in PyMT mice on C57BL/6 background. Consistent with our
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