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Tumor-associated macrophages (TAMs) are closely related to poor prognosis in triple-negative breast cancer
(TNBC). Thus, gaining insight into how TAMs support cancer progression could contribute to effective therapies.
We utilized the 4 T1 murine TNBC cell line and murine bone marrow-derived macrophages to assess TAM-
mediated pro-proliferative effects in vivo and in vitro. Further, Transcriptional analysis was performed to
identify pathways activated in TAM-stimulated 4 T1 cells. We also explored the therapeutic efficacy of com-
bining a mitogen-activated protein kinase kinase (MEK) inhibitor with TAM-targeted therapy using a TNBC
mouse model. We found that the presence of TAMs was significantly associated with proliferating cancer cells in
a TNBC mouse model. Moreover, RNA sequencing analysis showed that TAMs could enhance mitogen-activated
protein kinase (MAPK) pathway activation in 4 T1 cells compared to that in control cells. Further, the depletion
of TAMs by clodronate liposomes significantly reduced MAPK pathway activation in vivo. In addition, the
blockade of MAPK signaling by a MEK inhibitor repressed TAM-mediated cancer cell proliferation. Most im-
portantly, MEK inhibition combined with macrophage depletion significantly suppressed tumor growth and
increased T lymphocyte infiltration in a TNBC model. Our study suggests the possibility that TAM-induced MAPK
pathway activation promotes cancer cell proliferation. Thus, MEK inhibition combined with macrophage de-
pletion might represent an effective treatment for TNBC.

1. Introduction

In China, breast cancer is the leading cause of cancer-related death
in women younger than 45 years and it is projected to account for 15%
of all newly-diagnosed cancers in females [1]. Triple-negative breast
cancer (TNBC) is a heterogeneous subtype characterized by high pro-
liferation, high histological grade, and features associated with poor
prognosis due to limited effective treatment options [2]. Despite the
fact that TNBC patients have higher response rates to neoadjuvant
chemotherapy, recurrence is more commonly observed in this type of
breast cancer [3]. Therefore, effective therapeutic targets to treat this
disease subtype are urgently needed.

Tumor-associated macrophages (TAMs), the most abundant leuko-
cytes in the tumor microenvironment, support the tumor by promoting
angiogenesis, secreting growth factors, and suppressing adaptive im-
munity [4,5]. Clinical evidence has shown that increased TAMs posi-
tively correlate with poor prognosis in breast cancer patients [6-8].

Accordingly, the depletion of TAMs has been reported to reduce tumor
growth in breast cancer mouse models [9,10]. In addition, previous
studies have shown that TNBC cell lines have the strongest ability to
activate macrophages to induce a TAM-like phenotype [11,12], in-
dicating that interactions between TNBC cells and TAMs can contribute
to cancer progression. Thus, TAMs could be an interesting therapeutic
target for patients with TNBC.

The mitogen-activated protein kinase (MAPK) pathway is one of the
best-characterized kinase cascades in cancer cell biology. Aberrant ac-
tivation of this pathway by growth factors or activating mutations in
oncogenic kinases can lead to the continuous stimulation of cell growth
[13,14]. The combination of single-cell RNA and protein analytical
platforms has revealed that stromal cells contribute to the proliferative
phenotype of pancreatic cancer through the MAPK pathway [15].
MAPK pathway activation is also one of the most important intrinsic
properties of TNBC [16]. However, studies have not elucidated the
relationship between TAMs and this pathway in TNBC, in addition to
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whether TAMs contribute to tumor growth through MAPK pathway
activation.

In this study, a TNBC mouse model was used to study the supporting
effects of TAMs in vivo, and a co-culture system of TAMs and 4 T1 cells
was established in vitro to explore the mechanism underlying the pro-
proliferative effect of TAMs. We also explored the therapeutic efficacy
of TAM-depletion in combination with a MAPK signaling inhibitor for
the treatment of TNBC.

2. Materials and methods
2.1. Cell line and mice

Murine 4T1breast cancer cells were purchased from the American
Type Culture Collection (Manassas, VA, USA), and were maintained in
MEM supplemented with 10% fetal bovine serum (FBS). The human
MDA-MB-231 TNBC cell line was purchased from the Cell Bank of the
Chinese Academy of Sciences (Shanghai, China). These cells were cul-
tured in Leibovitz's 15 medium supplemented with 10% FBS. Both lines
were incubated in humidified 37 °C conditions. Female BALB/c mice,
8-10 weeks, were purchased from the Experimental Animal Center of
Wuhan University and were housed in a specific pathogen-free facility
at the Experimental Animal Center (Tongji Medical College of
Huazhong University of Science and Technology, Wuhan, China). The
care of and experimentation with mice were performed in accordance
with institutional guidelines under protocols approved by the
Institutional Animal Care and Use Committee at the animal care unit of
Huazhong University of Science and Technology, Wuhan, China.

2.2. M2 polarized bone marrow-derived macrophages and conditioned
media

Mouse bone marrow cells were harvested from femurs of female
BALB/c mice, and then re-suspended in complete DMEM medium with
50 ng/mL murine M-CSF (Peprotech, USA) in a 100-mm Petri dish.
After 4days, half the medium was replaced with complete DMEM
medium with 25ng/mL murine IL-4 (Peprotech, USA) to induce dif-
ferentiation into the M2 phenotype. Macrophage purity was determined
by flow cytometry. Conditioned medium was prepared from M2 po-
larized macrophages cultured for 24h at a seeding concentration of
1 x 10%/mL.

2.3. 4TI cell co-culture with M2 macrophages

47T1 cells (1 X 10°) were plated in 6-well plates with 2 mL medium.
After 12h, M2 macrophages (5 x 10°) were plated onto 0.4-mm pore
inserts in the upper chambers of 6-well transwell plates with 1.5 mL
medium. Co-culture systems were maintained for an additional 72 h.

2.4. Evaluation of proliferation

The Cell Counting Kit-8 (CCK-8) (BOSTER, China) was used to
evaluate cell proliferation following the manufacturer's instructions.

2.5. 4 T1 mouse model of breast cancer

4T1 tumor cells (5 x 10°) were injected, either alone or mixed with
M2-macrophages (1 x 10°), into the mammary fat pads of BALB/c
mice. Selumetinib (Target Molecule Corp, USA), a highly potent MEK
inhibitor, was intraperitoneally injected at 50 mg/kg once daily. The
volume of the tumor was calculated as follows: volume = (length X
width X width)/2.

2.6. Macrophage depletion

We used clodronate liposomes (From Vrije Universiteit, Amsterdam)
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to deplete macrophages in vivo. A dose of 100 uL of clodronate lipo-
somes was orthotopically injected into the mammary fat pads of BALB/
¢ mice, and 24 h later, 4 T1 cells (5 x 10°) mixed with 100 uL PBS or
clodronate liposomes were injected into the same fat pads. Next, clo-
dronate lipsomes were injected around the tumor implantation sites
once every other day for 4 weeks.

2.7. Quantitative real-time PCR and western blotting

Total RNA was extracted using TRIzol reagent (Takara, Shiga,
Japan). The RNA samples were reverse transcribed into cDNA using the
ReverTra Ace qPCR RT Kit (Toyobo, Osaka, Japan). The levels of target
gene mRNA transcripts relative to the control -actin were determined
by quantitative RT-PCR analyses on a Roche Light Cycler 480 System
using SYBR Green Real Time PCR Master Mix (Toyobo) and specific
primers. The data were normalized to (3-actin levels and analyzed by the
27 A4St method. The sequences of primers are shown in Supplementary
Table 1.

The procedure for western blotting was described in our previous
study [17]; briefly, 4 T1 cells were washed twice with ice-cold PBS and
lysed in RIPA buffer and boiled with 5x loading buffer. After electro-
phoresis and membrane transfer, the target proteins were probed with
the following primary antibodies: anti-GAPDH (1:1000, Proteintech
Group, China), anti-Phospho-Erkl/2(Thr202/Tyr204) (1:2000, Cell
Signaling Technology, USA), and anti-Erk1/2(1:1000, Cell Signaling
Technology, USA).

2.8. Immunofluorescence

The biopsied mouse breast tumor sections (4-um) were stained with
rabbit anti-p-ERK1/2 (1:200, Cell Signaling Technology, USA) or rabbit
anti-Ki67 (1:200, Abcam, UK) and goat anti-mouse CD206 (1:200, RD,
USA) overnight at 4 °C. The bound antibodies were detected with FITC-
donkey anti-goat antibody and PE-donkey anti-rabbit antibody (1:400,
Jackson ImmunoResearch, USA) and nuclei were stained with DAPI
(Sigma, USA). The cells were analyzed by laser confocal microscopy
(Olympus, Japan).

2.9. RNA-sequencing

Total RNA was extracted from the control macrophages and those
co-cultured with 4 T1 cells using TRIzol® Reagent according the man-
ufacturer's instructions (Invitrogen, USA) and genomic DNA was re-
moved using DNase I (TaKara, Japan). Subsequent sequencing was
conducted by Majorbio (Shanghai, China).

2.10. Flow cytometry

Mouse tumors were minced and digested with 1 mg/mL collagenase
D at 37 °C for 2h. After erythrocyte lysis, the cells were washed with
PBS and stained with anti-CD4-FITC, anti-CD8-PE, anti-F4/80-PE, anti-
CD11b-APC-CY7, anti-CD206-APC (all BD PharMingen, USA), and iso-
type IgG for 30 min at 4 °C. The 4 T1 cells in different groups were fixed,
permeabilized, and intracellularly stained with rabbit antibody against
phospho-Erk1/2 (Thr202/Tyr204; 1:800, Cell Signaling Technology,
USA) for 60 min at 4°C. Next, samples were incubated with FITC-
donkey anti-rabbit antibody (1:400, Jackson ImmunoResearch, USA)
for 30 min at room temperature. The cells were characterized by flow
cytometry (BD LSR Fortessa X-20) and the data were analyzed using
FlowJo software.

2.11. Statistical analysis
Colony formation assays and fluorescent signals from immuno-

fluorescence staining were quantified using ImageJ version 1.37 V.
Statistical analyses were performed using SPSS version 17.0 and
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Fig. 1. Tumor-associated macrophages (TAMs) enhance 4 T1 breast cancer growth.

Representative flow cytometric analyses of CD11b* F4/80" CD206 " tumor-associated macrophages (TAMs) among monocytes from 4 T1 mammary tumors (A) and
the purity of CD11b* F4/80" CD206* M2 macrophages from the bone marrow of mice after M-CSF and IL-4 induction (B) was tested. (C) 4 T1 cells (1 x 10%) were
cultured alone or co-cultured with 5 x 10> M2 macrophages in 96-well plates for 72 h. The relative growth rate of the control group (blue) and the M2 macrophage
co-cultured group (red) (n = 5) was assessed by CCK-8 assays. (D) 4 T1 cells were treated with normal culture medium (blue) or 30% M2 macrophage-conditioned
medium (red) for 72 h. Cell proliferation was assessed by CCK-8 assays (n = 5). (E) Tumor volumes (mm®) and tumor weights (g) in individual groups of mice
(n = 4). (F) Inmunofluorescence staining of CD206 (green) and Ki-67 (red) in the tumor tissues from the control group (upper) and from the group co-injected with
M2 macrophages (lower) based on confocal microscopy. Cell nuclei were stained with DAPI (blue). Scale bars = 100 pm. Original magnification, x 200. Data are
representative images or expressed as the mean + SEM of each group from three separate experiments, *p < 0.05, **p < 0.01, ***p < 0.001. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)

GraphPad Prism version 5.0. The differences between groups were **P < 0.01, and ***p < 0.001. Data are presented as the
analyzed using an unpaired Student t-test and the differences among the mean + SEM.

groups were analyzed by one-way analysis of variance (ANOVA). The

Kaplan—-Meier method was used to estimate survival. Differences were

considered significant at P < 0.05. The asterisks indicate *P < 0.05,
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3. Results

3.1. TAMs enhance TNBC tumor growth

TAMs comprise a diverse collection of cell types with distinct
functions in the tumor microenvironment. We performed flow cyto-
metry to analyze the features of TAMs isolated from 4 T1 mammary
tumors. Our findings were consistent with previous studies that TAMs
in breast cancer are primarily a subpopulation with an M2 phenotype

(Fig. 1A) [18,19].
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proliferation of 4 T1 cells in vitro, we isolated monocytes from the bone
marrow of BALB/c mice and then treated them with M-CSF and IL-4 to
induce the M2 phenotype (Fig. 1B). As shown in Fig. 1C, incubation
with M2 macrophages significantly stimulated the proliferation of
breast cancer cells compared to that with the vehicle control. We next
investigated whether the supernatant from M2 macrophages could
exert the same pro-proliferative effect. Similarly, treatment with 30%
M2 macrophage-conditioned medium also remarkably promoted cell
proliferation (Fig. 1D). For the breast cancer mouse model, 4 T1 cells
were injected into the mammary fat pads of BALB/c mice either alone
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Fig. 2. Tumor-associated macrophages (TAMs) enhance MAPK pathway activation in tumor cells.
(A) KEGG pathway analyses of significantly upregulated pathways in 4 T1 cells after co-culture with TAMs for 72 h. (B) Heatmap showing changes in MAPK pathway-
related genes. (C) Representative flow cytometric analyses of phosphorylated ERK1/2 levels in 4 T1 cells (blue) or 4 T1 cells co-cultured with TAMs (red) for 24 h,
liotype-stained cells are shown in grey. Relative mean fluorescence intensity (MFI) of phosphorylated ERK1/2 in 4 T1 cells is shown in each group at right (n = 4).
(D) Kaplan-Meier analysis of the association between the expression of MAP2K1, KRAS, and MAPK1 and overall survival in breast cancer patients (n = 536). (E) The
relative mRNA expression of genes encoding EGF, HB-EGF, IGF-1, TGF-a, PDGFB, and TGFB3 in 4 T1 cells, TAM-treated 4 T1 cells, macrophages, and TAMs was
examined by RT-PCR analysis; n = 6 in each group. Data are representative images or expressed as the mean
*p < 0.05, **p < 0.01, ***p < 0.001. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

+ SEM of each group from three separate experiments,
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or with M2 macrophages. All mice were sacrificed 5weeks after in-
oculation. This showed that more TAMs resulted in increased tumor
volumes and weights (Fig. 1E). Primary tumor tissue sections from each
group were then analyzed by immunofluorescence staining. Interest-
ingly, we found that tumor sections from the co-injection group were
highly infiltrated by TAMs (CD206*) and surrounded by proliferating
tumor cells (Ki67 ") compared to that in the control group (Fig. 1F).
These data suggested that TAMs could enhance breast tumor growth.

3.2. TAMs enhance MAPK signaling in 4 T1 cells

We further investigated the underlying mechanisms through which
TAMs mediate pro-proliferative effects in 4 T1 cells in vitro. To simulate
the tumor microenvironment, M2 macrophages and 4 T1 cells were
plated into the upper and lower chambers of transwell co-culture sys-
tems, respectively (Fig. 2A). Next, we performed whole transcriptome
analysis of 4T1 cells incubated with vehicle control or M2 macro-
phages. Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
analyses showed that MAPK signaling was significantly enriched in the
M2 macrophages-treated group compared to that in controls (Fig. 2A
and B). To further determine whether the MAPK pathway was acti-
vated, the phosphorylation of ERK1/2 following M2 macrophage
treatment was analyzed by flow cytometry. The results indicated that
co-culture with M2 macrophages could significantly enhance the acti-
vation of MAPK signaling, as evidenced by increased phosphorylation
levels of ERK1/2 (Fig. 2C). Similarly, western blotting showed that
treatment with the supernatant from M2 macrophages could increase p-
ERK1/2 levels in 4T1 cells (Supplementary Fig. 1). To clarify the
clinical significance of the MAPK pathway in breast cancer, an online
Kaplan-Meier analysis tool based on The Cancer Genome Atlas (TCGA)
data sets (n = 536) revealed that the expression of important genes
associated with the MAPK pathway were inversely associated with
overall survival in breast cancer (Fig. 2D) [20]. Next, we validated the
mRNA expression of genes encoding six growth factors (EGF, HB-EGF,
IGF-1, TGF-a, PDGFB, and TGFB3) that can lead to MAPK pathway
activation in the TAM-4 T1 co-culture systems. The relative mRNA le-
vels of EGF, IGF-1, and PDGFB were remarkably increased in the 4 T1
cell-treated macrophages. Consistent with RNA sequencing results,
TAMs could significantly induce the mRNA expression of HB-EGF,
TGFB3, and TGF-a in the 4 T1 cell line (Fig. 2E). Together, these results
suggest that TAMs could enhance MAPK signaling in breast cancer cells.

3.3. TAM depletion inhibits TNBC tumor growth and MAPK pathway
activation

Our results showed that TAMs significantly induce growth factor
expression and MAPK signaling in TNBC cells. Moreover, TAM-medi-
ated transcriptional changes were involved in cancer growth and
therapy resistance such as platinum drug, endocrine, and EGFR tyrosine
kinase inhibitor resistance (Fig. 2A). These facts might indicate that
targeting TAMs is a possible therapeutic strategy for breast cancer.
Therefore, we applied clodronate liposomes to selectively deplete
tumor-infiltrating macrophages in a 4 T1 breast cancer mouse model.
Tumors were surgically removed and weighed on day 35 after clo-
dronate liposome treatment. We found that clodronate liposomes could
reduce tumor volumes and weights (Fig. 3A). Further, tumor tissue
sections were analyzed by immunofluorescence staining. A significant
reduction in TAMs (CD206") and proliferating tumor cells (Ki67*)
were observed in the clodronate liposome-treated group, compared to
those in the control group (Fig. 3B). These results indicate that TAMs
are significantly associated with proliferating cancer cells in TNBC
mouse models. To determine whether MAPK signaling is associated
with macrophage infiltration, we evaluated the phosphorylation of
ERK1/2 and the quantity of infiltrated TAMs in breast cancer tissues
from different groups. Immunofluorescence staining of tumor tissues
revealed a significant reduction of p-ERK1/2 levels with decreased
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CD206* macrophage infiltration after TAM depletion (Fig. 3C-E). To
clarify the relationship between TAMs and MAPK signaling in breast
cancer, we evaluated data from the Tumor IMmune Estimation Re-
source [21]. Correlation analysis from TIMER (n = 1093) revealed that
MRC1 (CD206) expression was positively associated with MAP2K1
(ERK) in breast cancer (Fig. 3F). These findings suggest that TAM de-
pletion can significantly impair MAPK signaling in a TNBC mouse
model.

3.4. Blockade of MAPK signaling represses TNBC cell proliferation

To determine whether blocking MAPK signaling could affect TNBC
cell proliferation in vitro, we used selumetinib, a highly potent MEK
inhibitor, to block MAPK signaling in 4 T1 cells exposed to the TAM-
conditioned medium. 4 T1 cells were treated with increasing amounts
selumetinib for 48 h, and cell viability was measured by CCK-8 assays.
As shown in Fig. 4A, selumetinib application repressed the proliferation
of 4T1 cells in a dose-dependent manner. The colony formation capa-
city of 4T1 cells was also significantly inhibited after drug treatment
(Fig. 4B). Similarly, western blot analysis showed that the phosphor-
ylation of ERK1/2 in 4 T1 cells was potently reduced by selumetinib
(Fig. 4C). We next investigated whether selumetinib could inhibit TAM-
mediated pro-proliferative effects and MAPK signaling in vitro. M2
macrophages were added to the culture dishes with 4 T1 cells, and we
found that selumetinib could inhibit 4 T1 cell proliferation based on
CCK-8 assays (Fig. 4D). Flow cytometry also indicated that the mean
fluorescence intensity (MFI) of p-ERK1/2 in co-cultured 4 T1 cells was
significantly reduced by selumetinib treatment compared to that in
controls (Fig. 4E). We further examined whether selumetinib could
suppress human TNBC cell proliferation in the presence of growth
factors. IGF-1and EGF are important growth factors secreted from TAMs
[7,22]. First, we applied recombinant human IGF-1 and EGF to MDA-
MB-231 cells and observed increased cell proliferation in each group
(Fig. 4F). Next, we found that selumetinib could significantly inhibit
extracellular growth factor (EGF and IGF-1)-induced proliferation ef-
fects based on CCK-8 assays (Fig. 4G). These observations demonstrated
that selumetinib could suppress TNBC cell proliferation by blocking
MAPK signaling.

3.5. Combining selumetinib with clodronate liposomes suppresses TNBC
tumor growth and increases T lymphocyte infiltration

Various preclinical studies have shown that single-agent treatments
targeting TAMs have only limited efficacy [23]. Moreover, selumetinib
can suppress cancer cell proliferation by blocking MAPK signaling. We
thus hypothesized that MEK inhibitors combined with TAM depletion
could result in preferable therapeutic effects. To assess this hypothesis,
tumor-bearing mice were treated with selumetinib or clodronate lipo-
somes alone or in combination. We found that either alone caused a
modest inhibition of tumor growth. However, their combination sig-
nificantly restrained tumor progression compared to growth in the
control group (Fig. 5A). Immunofluorescence staining of tumor tissues
revealed high levels of p-ERK1/2 in the control mice tumors, whereas
either TAM depletion or selumetinib-treated groups showed markedly
reduced levels of p-ERK1/2 expression (Fig. 5B). In addition, flow cy-
tometry demonstrated a decreased frequency of CD206* TAMs (Fig. 5C
and D) and an increased percentage of CD8 " and CD4 ™" T cells in the
clodronate liposome-treated, but not in the selumetinib-treated groups
(Fig. 5E-G). Notably, preferable effects were obtained from combina-
tion therapy (Fig. 5B-G). Taken together, our findings indicated that
MEK inhibition combined with macrophage depletion could sig-
nificantly suppress TNBC tumor growth and increase T lymphocyte
infiltration.



Q. Zhang, et al.

A B

-3
o
1=
o
®

[~}
8
,.h .
Tumor weight (g)
o
»H

0.2

Tumor volume (mm?)
N »
o o
o o

o& o“o&
[$) o&
C Control CD206/DAPI

TAMs 29.3%

B CD11b

Clodronate
TAMs 12.0%

;> F4/80
D % E

% CD206 to DAPI
% p-ERK to DAPI

International Immunopharmacology 76 (2019) 105864

CD206/Ki67/DAPI

CD206/Ki67/DAPI

Control Clodronate

o I cor =0.254
p=153-17

Expression Level (log2 RSEM)
MAP2K1

0 5 10 15
Expression Level (log2 RSEM)
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(A) Tumor volumes (mm?) and tumor weights (g) in individual groups of mice (n = 4). (B) Immunofluorescence staining of CD206 (green) and Ki-67 (red) in the
tumor tissues from the control group (left) and from the clodronate liposome-treated group (right). Original magnification, x200; scale bars = 100 pm. (C)
Representative flow cytometric analyses of cancer infiltrating macrophages in tumors before TAM depletion (upper) and after TAM depletion (lower). Co-staining of
CD206 (green) and p-ERK (red) in the tumor tissue sections from the control group (upper) and from the clodronate liposome-treated group (lower). Representative
images are shown; original magnification, X 200; scale bars = 100 um. The average relative number of CD206 (D) and p-ERK (E) fluorescent signals in cells were
quantified in the tumor tissue sections from the control group and the clodronate liposome-treated group (n = 4). (F) MRC-1 (CD206) and MAP2K1 (ERK) mRNA

expression based on the TCGA breast cancer dataset was analyzed by the online database Tumor IMmune Estimation Resource. Data are representative images or
expressed as the mean + SEM of each group from three separate experiments, *p < 0.05, **p < 0.01, ***p < 0.001. (For interpretation of the references to colour

in this figure legend, the reader is referred to the web version of this article.)

4. Discussion

Here, we showed that TAMs might contribute to TNBC growth
through MAPK pathway activation. Further, combined MEK inhibition
and TAM depletion significantly restrained tumor growth in a TNBC
mouse model. Macrophages comprise a diverse collection of cell types
with different functional roles shaped by their tissue microenviron-
ment. Traditionally, TAMs have been considered to have an anti-tu-
morigenic ‘M1-like’ phenotype and a pro-tumorigenic ‘M2-like’ phe-
notype [24]. In addition, TNBC cells have the strongest ability to
activate macrophages to induce an M2-like phenotype, which in turn
promotes tumor growth [11,12,25,26]. We and others have demon-
strated that TAMs in TNBC models primarily comprise a subpopulation
with an M2 phenotype, expressing high levels of CD206 [27]. An

increased in (CD206 ") TAMs accompanied by proliferating tumor cells
(Ki67 ") was observed by immunofluorescence in our study, indicating
that TAMs might contribute to the highly proliferative feature of TNBC.

To further explore how TAMs support TNBC cell proliferation in the
tumor microenvironment, we performed whole transcriptome analysis
of 4 T1 cells incubated with TAMs and found that MAPK activation was
significantly enhanced. This was consistent with our findings that M2
macrophage-conditioned medium alone was sufficient to increase p-
ERK1/2 levels in TNBC cells. Thus, our results suggested that soluble
mediators are generated to exert a pro-proliferative effect on TNBC
cells. In the tumor microenvironment, growth factors function in an
autocrine/paracrine manner to stimulate cancer progression [28].
Previous studies have shown that macrophage-derived EGF can reg-
ulate murine breast cancer cell stemness and promote tumor cell
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24 h. Cell proliferation was assessed by CCK-8 assays (n = 4). Data are representative images or expressed as the mean + SEM of each group from three separate
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this article.)

migration [10,22]. TAMs are the main sources of IGF-lin invasive
breast cancer, and the blockade of insulin-like growth factors increases
paclitaxel efficacy [7]. Moreover, autocrine HB-EGF promotes breast
cancer metastasis and treatment with an HB-EGF inhibitor significantly
reduces tumor growth [29,30]. TNBC cells express higher levels of TGF-
a than non-TNBC cell lines and the TGFa-EGFR axis leads to cancer
progression in TNBC patients [31]. In the current study, we assessed the
growth factors involved in MAPK signaling and found that TNBC-
treated macrophages express high levels of EGF, PDGFB, and IGF-1.
Meanwhile, TAMs significantly induced the expression of HB-EGF, TGF-
a, and TGFB3 in 4 T1 cells. Our results suggested that the enhanced
autocrine/paracrine effects of growth factors might be involved in the
pro-proliferative effect of TAMs on TNBC cells; these findings highlight
the importance of TAMs in the tumor microenvironment.

In the current study, we demonstrated that TAM depletion in TNBC
tumors decreases CD206" TAMs, promotes CD4* and CD8 T~ cell
infiltration, and slows tumor growth. In contrast, selumetinib sig-
nificantly suppressed tumor growth by blocking MAPK signaling. Most
importantly, we found that preferable effects were obtained by con-
currently blocking MAPK signaling and depleting TAMs. It is well es-
tablished that TAMs comprise one of the central suppressive popula-
tions within tumors [24]. These cells suppress T cell functions through
various mechanisms such as inhibiting naive T cell proliferation, pro-
ducing immune checkpoint ligands, and secreting inhibitory cytokines
[32-34]. Emerging evidence indicates that targeting TAMs could sig-
nificantly promote T cell infiltration, which was found to be associated
with improved survival in TNBC [35-37]. However, single-agent
treatments to induce TAM depletion showed limited therapeutic effects
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from different groups. Scale bars = 100 um (upper) and 50 pm (lower). (C) Representative flow cytometric analyses of tumor-associated macrophages (TAMs) in
different groups. CD11b™ cells were gated among cells from dissociated 4 T1 tumors, and F4/80" CD206" cells were then analyzed among CD11b™ cells. (D) The
percentages of CD11b* F4/80* CD206* TAMs among CD11b™ cells from individual groups of mice were calculated (n = 4 per group). (E) Representative flow
cytometric analyses of CD4™ and CD8* T cells in different groups. Monocytes were first gated from total cells of dissociated 4 T1 tumors according to their SSC and
FSC. CD4™ and CD8™ cells were gated in lymphocytes and the percentages of CD4™ T cells (F) and CD8* T cells (G) from individual groups of mice are depicted

(n = 4 per group). Data are representative images or expressed as the mean

SEM of each group from three separate experiments, *p < 0.05, **p < 0.01,

***p < 0.001. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

[23]. Therefore, the focus has changed to find combinations with other
agents. Previous studies have shown that targeting tumor-infiltrating
macrophages improves chemotherapeutic responses in preclinical
models of pancreatic and breast cancer [38,39]. Combining TAM de-
pletion with checkpoint immunotherapy was found to induce tumor
regression in a pancreatic cancer model [36]. Synergism with TAM
depletion could also improve the radiotherapy efficacy in a prostate
cancer model [35]. Together, these findings indicate that preferable
responses might be obtained by combining macrophage depletion with
other anti-cancer therapies [40]. Meanwhile, our results showed that

TAMs enhance MAPK signaling in TNBC. Consistently, a recent study
reported that stromal cells contribute to the proliferative phenotype of
pancreatic cancer through MAPK signaling [15]. MAPK pathway acti-
vation was also found to be one of the most important intrinsic prop-
erties of TNBC in both genetically-engineered mouse models and in
human patients [16]. Accumulative evidence indicates that blocking
MAPK signaling with MEK inhibitors is a promising approach to sup-
press TNBC progression [41-43]. Therefore, our data suggest that
combination of MEK inhibitors and TAM depletion could be an alter-
native option to treat TNBC.
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However, there are limitations to our study. First, the combination
of MEK inhibitors and TAM depletion is encouraging based on the
short-term efficacy; however, we will need to perform long-term ob-
servations to check whether drug resistance occurs. In addition, there
are also biological restrictions associated with using a mouse cell line as
a cancer model, and thus, we will investigate patient-derived tumor
samples to further support our data.

In conclusion, our observations revealed that TAMs contribute to
TNBC tumor growth through MAPK pathway activation, which is po-
sitively correlated with TAM infiltration. Combining selumetinib with
clodronate liposomes could suppress MAPK signaling, promote CD4*
and CD8 T* cell infiltration, and restrain tumor growth in a TNBC
mouse model. Our findings might thus suggest new therapeutic options
for TNBC intervention.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.intimp.2019.105864.
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