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PD-L1 mediates triple-negative breast cancer evolution
via the regulation of TAM/M2 polarization
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Abstract. Tumor-associated macrophages/M2-type
(TAM/M2) play a key role in the metastasis and angiogen-
esis of cancer, and are considered to be critical targets for
cancer treatment. However, it remains unclear whether
o-programmed death-ligand 1 (aPD-L1; PD-L1 inhibitor)
inhibits tumor progression via targeting TAMs. In the present
study, it was demonstrated that aPD-L1 significantly inhibited
IL-13-induced TAM/M2 polarization in vitro. Moreover,
oPD-L1 inhibited the epithelial-mesenchymal transi-
tion (EMT) process and the stemness of triple-negative breast
cancer (TNBC) cells, which were mediated via the reversal
of TAM/M2 polarization. This therefore inhibited the migra-
tion and angiogenesis of TNBC cells. Furthermore, aPD-L1
prevented STAT3 phosphorylation and nuclear translocation,
which resulted in the arrest of TAM/M2 polarization. In vivo
experiments further demonstrated that aPD-L1 reduced the
number of lung metastases without affecting tumor growth.
Moreover, oPD-L1 reduced the expression levels of TAM/M2,
EMT, stemness and vascular markers in tumor tissues. In
summary, these data suggest that aPD-L1 plays a vital role
in the anti-metastasis and anti-angiogenesis of TNBC in vitro
and in vivo via the inhibition of TAM/M2 polarization. These
findings may thus provide a novel therapeutic strategy for
clinically refractory TNBC.
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Introduction

Breast cancer is the most common type of cancer and the
main cause of cancer-related mortality among women (1). It
has previously been reported that breast cancer accounts for
~11.7% of all global cancer cases and 15.5% of all female
cancer-related deaths (2). Breast cancer is divided into the
following four subtypes according to its molecular pheno-
types: i) Luminal A; ii) Luminal B; iii) human epidermal
growth factor receptor-2; and iv) triple-negative breast cancer
(TNBC) (3). TNBC accounts for ~15% of all breast cancer
cases (4) and is characterized by an obvious heterogeneity,
an early age of onset, a high risk of visceral metastasis, high
tumor invasiveness and a high histological grade (5). Due to
the high tumor heterogeneity of TNBC and the lack of a clear
therapeutic target, effective treatments are still lacking.

The tumor microenvironment (TME) plays a key role
in the occurrence and development of cancers (6). Tumor
cells promote the evolution of cancer by altering the TME
to create favorable conditions for their own survival (7).
Tumor-associated macrophages (TAMs) are the main immune
cells in the TME and account for 50-80% of mesenchymal
cells (8). TAMs have a strong plasticity and polarize into
different phenotypes under the stimulation of the TME and
cytokines. Moreover, TAMs can be divided into macrophages
activated by the classical pathway, TAM/M1, or the alternative
pathway, TAM/M2, according to their different polarization
modes. TAM/MI1 mainly contributes towards tumor inhibition,
whereas TAM/M2 has more tumor promoting properties (9).
Moreover, ~90% of breast cancer-related deaths are caused by
metastasis (10). Furthermore, cytokines in the TME interact
with tumor cells and thereby play a crucial role in the process
of tumor metastasis (11). TAM/M2 are associated with a poor
prognosis of breast, colorectal and gastric cancer (12-14).
Furthermore, epithelial-mesenchymal transition (EMT) is
associated with tumor metastasis and a poor prognosis (15).
A previous study reported that TAMs enhanced the metastasis
of colorectal cancer cells by inducing the EMT process (16).
Cancer stem cells (CSCs) are self-regenerative and have a high
carcinogenic potential; they are thus considered to be related to
chemotherapeutic resistance, metastasis and recurrence (17).
TAM-derived cytokines enhance the stemness of cancer via the
EMT process (18). TAM/M?2 induce angiogenesis and secrete
pro-angiogenic factors, such as vascular endothelial growth
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factor (VEGF), degrade the tumor extracellular matrix and
help tumor cells to evade the immune system. These factors
help promote tumor metastasis, immunosuppression and drug
resistance, and provide nutrition and metastasis pathways that
contributes towards tumor growth (19). Therefore, reversing
the polarization of TAM/M2, reducing their recruitment and
blocking the tumor-promoting function of TAM/M2 may
prove to be a potential novel antitumor therapeutic strategy.
Programmed death receptor-1 (PD-1) is an inhibitory
co-receptor that binds to programmed death ligand-1 (PD-L1)
to effectively inhibit T-cell activity, thereby reducing the
T-cell recognition of tumor cells and enabling tumor cells to
evade immune supervision (20). The expression of PD-1 and
PD-L1I in patients with TNBC are higher compared with other
molecular types of breast cancer (21). PD-L1 inhibitors have a
long-lasting effect on advanced TNBC (22). A previous study
reported that tumor drug resistance significantly restricted the
later efficacy of PD-1/PD-L1 inhibitors (23). PD-L1 expression
in the TME of tumor cells and host immune cells assists tumor
cell immune evasion. Therefore, monitoring PD-L1 expression
levels in tumor tissues is more important than monitoring
PD-L1 expression levels in tumor cells (24). The expression
of PD-L1 plays a decisive role in host immune cells, rather
than tumor cells (25). Therefore, the expression of PD-L1 in
TAMs plays a key role in tumor progression. It can thus be
hypothesized that TNBC may induce TAM/M2 polarization
and promote tumor evolution. However, whether aPD-L1
inhibits TNBC malignant progression by reversing TAM/M2
polarization has not yet been reported, at least to the best of
our knowledge. Therefore, the present study aimed to investi-
gate the role of aPD-L1 in the regulation of TAM polarization
in the TME of TNBC, to reveal the molecular role of aPD-L1
in reversing TAM polarization towards the M2 phenotype, and
to provide a novel therapeutic strategy for refractory TNBC.

Materials and methods

Cells and cell culture. The Yanbian University Cancer
Research Center (Yanji, China) supplied the human TNBC
(MDA-MB-231 and Hs578T) cell lines, the mouse 4T1 cell
line, immortalized HUVECs, the human monocyte THP-1
cell line, and the mouse macrophage RAW264.7 cell line. All
cell lines were cultured in RPMI-DMEM (Gibco; Thermo
Fisher Scientific, Inc.) containing 10% FBS (Gibco; Thermo
Fisher Scientific, Inc.) and 1% streptomycin-penicillin
(100 U/ml). THP-1 cells were differentiated into macrophages
using 100 ng/ml phorbol-12-myristate 13-acetate (PMA;
Sigma-Aldrich; Merck KGaA) for 24 h. The cells were cultured
at 37°C in an atmosphere of 5% CO,.

Flow cytometry. The RAW264.7 cells (5x10°) were washed
twice with cell staining buffer (Biolegend, Inc.) and were
subsequently fixed using fixation buffer (Biolegend, Inc.).
The cell membranes were broken using permeabiliza-
tion buffer (Biolegend, Inc.). The cells were then stained
with CD68-FITC (1:100; cat. no. 137006; Biolegend, Inc.),
CD206-phycoerythrin (1:100; cat. no. 141706; Biolegend, Inc.)
and CD86-allophycocyanin (1:100; cat. no. 105011; Biolegend,
Inc.) antibodies at 4°C for 2 h (1:100; Biolegend, Inc.). The
cells were subsequently suspended in 500 ul cell staining

buffer and examined using a BD Accuri C6 flow cytometer
(BD Biosciences). FlowJo V10.5.3 (TreeStar, Inc.) software
was employed for analysis.

Western blot analysis. The MDA-MB-231, Hs578T, RAW264.7
and THP-1 cells were collected and the total protein was
extracted using RIPA lysate (RIPA lysis buffer: PMSF, 100:1).
Nuclear and cytoplasmic proteins was isolated using a Nuclear
and Cytoplasmic Protein Extraction kit (Beyotime Institute of
Biotechnology) according to the manufacturer's instructions. The
protein concentration was determined and quantified using a BCA
kit (Roche Diagnostics). Proteins (30 ug per lane) were separated
using SDS-PAGE (8 and 10%) and the separated proteins were
then transferred a to PVDF membrane (MilliporeSigma). The
membrane was placed in 5% non-fat milk (BD Biosciences) and
blocked for 2 h atroom temperature to remove non-specific binding
sites. The membranes were incubated with the primary antibodies
at 4°C overnight and subsequently with the secondary antibodies
at room temperature for 1 h. Primary antibodies specific for the
following proteins were used: PD-L1 (1:1,000; cat. no. 60475
and 85164; CST Biological Reagents Co., Ltd.), CD86 (1:1,000;
cat. no. sc-28347; Santa Cruz Biotechnology, Inc.), CD206
(1:1,000; cat. no. 24595; CST Biological Reagents Co., Ltd.),
VEGF (1:1,000; cat. no. sc-7269; Santa Cruz Biotechnology, Inc.),
MMP2 (1:1,000; cat. no. sc-13594; Santa Cruz Biotechnology,
Inc.), MMP9 (1:1,000; cat. no. sc-393859; Santa Cruz
Biotechnology, Inc.), E-cadherin (1:1,000; cat. no. 14472; CST
Biological Reagents Co.,Ltd.), zonula occludens-1 (ZO-1; 1:1,000;
cat. no. 8193; CST Biological Reagents Co., Ltd.), N-cadherin
(1:1,000; cat. no. sc-8424; Santa Cruz Biotechnology, Inc.),
vimentin (1:1,000; cat. no. sc-6260; Santa Cruz Biotechnology,
Inc.), Slug (1:1,000; cat. no. sc-166476; Santa Cruz Biotechnology,
Inc.), Twist (1:1,000; cat. no. sc-81417; Santa Cruz Biotechnology,
Inc.), CD44 (1:1,000; cat. no. 3570; CST Biological Reagents
Co., Ltd.), octamer-binding transcription factor 4 (Oct4; 1:1,000;
cat. no. 75643; CST Biological Reagents Co., Ltd.), Nanog
(1:1,000; cat. no. sc-374103; Santa Cruz Biotechnology, Inc.),
Bmil (1:1,000; cat. no. sc-390443; Santa Cruz Biotechnology,
Inc.),Sox2 (1:1,000; cat. no. sc-365823; Santa Cruz Biotechnology,
Inc.), CCAAT/enhancer-binding protein § (CEBPp; 1:1,000;
cat. no. sc-7962; Santa Cruz Biotechnology, Inc.), phosphorylated
(p-)ERK (1:1,000; cat. no. 4695; CST Biological Reagents Co.,
Ltd.), ERK (1:1,000; cat. no. 48303; CST Biological Reagents
Co., Ltd.), p-STAT6 (1:1,000; cat. no. 56554; CST Biological
Reagents Co., Ltd.), STAT6 (1:1,000; cat. no. sc-374021; Santa
Cruz Biotechnology, Inc.), p-STAT3 (1:1,000; cat. no. 9145; CST
Biological Reagents Co., Ltd.), STAT3 (1:1,000; cat. no. 9139;
CST Biological Reagents Co., Ltd.), f-actin (1:1,000;
cat. no. CW0096; CWBio Technology Co., Ltd.), GAPDH
(1:1,000; cat. no. CW0100M; CWBio Technology Co., Ltd.) and
H3 (1:1,000; cat. no. 60932; CST Biological Reagents Co., Ltd.).
Three different loading controls were used (B-actin, GAPDH
and H3) in this experiment. Horseradish peroxidase-conjugated
secondary antibodies, including goat anti-mouse (1:3,000;
cat. no. ZB-2305; ZSGB-BIO Technology Co., Ltd.) and goat
anti-rabbit (1:3,000; cat. no. ZB-2301; ZSGB-BIO Technology
Co., Ltd.) antibodies were used. Enhanced chemiluminescence
kit (CWBio Technology Co., Ltd.) was used to detect antibody
signals and images were collected. ImageJ (v. 1.48; National
Institutes of Health) software was employed for analysis.
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Immunofluorescence (IF) staining. MDA-MB-231, Hs578T
and RAW264.7 cells, with a 30% fusion rate, were seeded
into six-well plates, fixed with anhydrous methanol at room
temperature for 15 min and permeated with 0.5% Triton
X-100 (CWBio Technology Co., Ltd.) at room temperature for
10 min. The cells were then blocked with 3% BSA (Beijing
Solarbio Science & Technology) at room temperature for
2 h. Subsequently, the cells were incubated with primary
antibody in 3% BSA at 4°C overnight. Primary antibodies
specific for the following proteins were used: CD206 (1:100;
cat. no. 24595; CST Biological Reagents Co., Ltd.), E-cadherin
(1:100; cat. no. 14472; CST Biological Reagents Co., Ltd.),
Vimentin (1:100; cat. no. sc-6260; Santa Cruz Biotechnology,
Inc.), CD44 (1:100; cat. no. 3570; CST Biological Reagents Co.,
Ltd.), p-STAT3 (1:100; cat. no. 9145; CST Biological Reagents
Co., Ltd.) and STAT3 (1:100; cat. no. sc-8059; Santa Cruz
Biotechnology, Inc.). Following incubation with the primary
antibodies, the cells were then incubated with Alexa Fluor
488 goat anti-rabbit IgG (1:400; cat. no. A11008; Invitrogen;
Thermo Fisher Scientific, Inc.) or Alexa Fluor 568 goat
anti-mouse IgG (1:400; cat. no. A11004; Invitrogen; Thermo
Fisher Scientific, Inc.) at room temperature for 1 h. The cells
were counterstained with DAPI and imaged using a Leica
SP5II confocal microscope (Leica Microsystems GmbH).

ELISA. ELISA was performed according to the manufacturer's
instructions. The concentrations of interleukin (IL)-10 (Mlbio;
cat. no. ml037873; Shanghai Enzyme-linked Biotechnology
Co., Ltd.) and IL-12 (Mlbio; cat. no. ml037868; Shanghai
Enzyme-linked Biotechnology Co., Ltd.) in the RAW264.7
cell culture supernatants were determined using the corre-
sponding kits.

MTT assay. The MDA-MB-231, Hs578T and RAW264.7
cells (5x10%)/well were seeded and incubated in 96-well plates
at 37°C for 24 h. Conditioned medium (CM) or drugs (IL-13,
30 ng/ml; and/or aPD-L1, 15 pug/ml) were added and the
cells were further incubated at 37°C for 0, 24, 48 and 72 h.
Subsequently, 100 ul MTT reagent (1 mg/ml; Beyotime
Institute of Biotechnology) were added to each well and the
cells were incubated at 37°C for 4 h under the same condi-
tions. Subsequently, 100 1 DMSO (Beijing Solarbio Science
& Technology) were added to each well and the optical
density at 490 nm was assessed using a full-wavelength
multifunctional microplate reader (Tecan, Inc.). At least five
wells/group were analyzed and the experiment was repeated
three times.

Apoptosis assay. The MDA-MB-231, Hs578T and RAW264.7
cells (1x10% were washed twice with binding buffer and were
then stained using the Annexin V-FITC Apoptosis Detection
kit (BD Biosciences) according to the manufacturer's instruc-
tions. The cells were analyzed using a BD Accuri C6 flow
cytometer (BD Biosciences). FlowJo V10.5.3 (TreeStar, Inc.)
software was employed for analysis.

Cell morphology. RAW264.7 cells, with a 30% fusion rate,
were incubated in 6-well plates at 37°C for 12 h and were
then treated with the TAM/M2-inducing factor, I1L-13
(10, 20 and 30 ng/ml; Biolegend, Inc.) and/or aPD-L1
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(15 pg/ml; 10F.9G2 monoclonal antibody; cat no. BE0101;
Bio X Cell) at 37°C for 48 h. Morphological cell changes were
observed using a microscope and images were obtained (IX73,
Olympus Corporation).

CM preparation. RAW264.7 and THP-1 (PMA) cells were
treated with IL-13 and/or aPD-L1 at 37°C for 48 h. The cells
were then cultured in serum-free medium at 37°C for 24 h, and
three types of CM (control, IL-13 and IL-13 + aPD-L1) were
prepared. The CM was directly used in the assays or stored at
-80°C. The CM was filtered and 2% FBS was added.

Transwell assay. The MDA-MB-231 and Hs578T cells (5x10%)
in 100 ul serum-free RPMI-DMEM were seeded into the upper
chamber. The bottom chamber was filled with RPMI-DMEM
with 10% FBS. The cells were incubated at 37°C for 6 h. The
upper chambers were replaced with different types of CM.
Cells passing through the subsurface of the filtration membrane
were fixed with 4% paraformaldehyde at room temperature for
20 min and were then stained with 0.1% crystal violet at room
temperature for 20 min. In total, three fields (magnification,
x200) were randomly selected for imaging using a microscope
(IX73; Olympus Corporation). Image-J software (v. 1.46;
National Institutes of Health) was used to quantify the number
of cells in each field.

Wound healing assay. Cells, with a 80% fusion rate, were
incubated in six-well plates at 37°C for 24 h. The wound was
scratched vertically using a 200 pl pipette tip and the plates
were washed three times with PBS to remove dead cells in the
well. The cells with serum-free CM (containing IL-13 and/or
aPD-L1) were imaged using a microscope (IX73; Olympus
Corporation) at 0, 12 and 24 h.

Soft-agar colony-forming assay. In 96-well plates 1% agarose
(Beijing Solarbio Science & Technology) in complete medium
was applied and was solidified at 37°C for 30 min. The
MDA-MB-231 and Hs578T cells (1x10°) were mixed with
0.3% agarose in CM and were plated on top of the bottom
layer of 1% agarose. Subsequently, complete medium was
applied on top of the cell layer. The number and size of the
colonies were observed using a microscope (citation 5; BioTek
Instruments, Inc.) after 14 days.

Endothelial tube formation assay. Matrigel (BD Biosciences)
and RPMI-DMEM were diluted 1:1 in 96-well plates and
solidified at 37°C for 4 h. HUVECs (2x10%) were incubated
in 2:1 diluted CM and culture medium (Gibco; Thermo Fisher
Scientific, Inc.) containing 10% FBS (Gibco; Thermo Fisher
Scientific, Inc.) and 1% streptomycin-penicillin (100 U/ml)
at 37°C for 4 h. The capillary structure was imaged using a
microscope (IX73; Olympus Corporation).

Cell co-culture system. RAW264.7 cells (5x10*) were added to
600 1 RPMI-DMEM with 10% FBS, which was added to the
bottom chamber. The MDA-MB-231 or Hs578T cells (1x10%)
were added to 100 1 RPMI-DMEM with 10% FBS, which
was added to the upper chamber. The cells were co-cultured
at 37°C for 6 h and subsequently aPD-L1 (15 pg/ml) was
added at 37°C for 48 h. The supernatant was harvested for use


https://www.spandidos-publications.com/10.3892/ijo.2022.5440

4 MENG et al: PD-L1 MEDIATES TNBC EVOLUTION VIA THE REGULATION OF TAM/M2 POLARIZATION

in ELISA, and the RAW264.7 cells were harvested for use in
western blot analysis and flow cytometry.

The RAW264.7 cells (5x10%) in 100 x1 RPMI-DMEM
with 10% FBS were seeded into the upper chamber. The
MDA-MB-231 or Hs578T cells (1x10%) in 100 xl RPMI-DMEM
with 10% FBS were seeded into the bottom chamber. The cells
were co-cultured at 37°C for 6 h and aPD-LI1 subsequently
incubated at 37°C for 48 h. The MDA-MB-231 or Hs578T cells
were then collected for use in western blot analysis, wound
healing and Transwell assays.

The following six groups were established: i) Negative
control group, RAW264.7 cells were cultured separately;
ii) positive control group, RAW264.7 cells were treated with
IL-13 to produce TAM/M2; iii) co-culture group 1, RAW264.7
cells were co-cultured with MDA-MB-231 cells; iv) co-culture
treated group 1, RAW264.7 cells were co-cultured with
MDA-MB-231 cells with aPD-L1 treatment; v) co-culture
group 2, RAW264.7 cells were co-cultured with Hs578T
cells; vi) co-culture treated group 2, RAW264.7 cells were
co-cultured with Hs578T cells with aPD-L1 treatment.

Animal experiments. The animal experiments were
conducted between November, 2021 to December, 2021.
A total of 20 female BALB/c mice (age, 5 weeks, weighing
~20 g) were purchased from Beijing Vital River Laboratory
Animal Technology Co., Ltd. All mice were housed under
specific-pathogen-free conditions (temperature, 22°C;
humidity, 50%; light/dark cycle, 12/12 h), the animals were also
provided with free access to food and water, and the padding
was replaced twice a week. Animal health and behavior
were monitored every day. The 4T1 cells (5x10°/100 ul) were
subcutaneously injected into the right flanks of the mice to
establish a tumor model. After the tumors were palpable, the
mice were randomly divided into the negative control (n=5)
and aPD-L1 group (n=5). aPD-L1 (200 pg) was administered
intraperitoneally to the mice once a day every 3 days (26).
Tumor size was measured every 3 days and tumor volume was
calculated using the following formula: Length x width? x0.5.
The animals were sacrificed 25 days after the aPD-L1 treat-
ment. For detecting lung metastases, 4T1 cells (1x10%/100 pl)
were injected into the tail vein of the mice. After 7 days, the
mice were randomly divided into the negative control (n=5)
and aPD-L1 group (n=5). aPD-L1 (200 pg) was administered
intraperitoneally to the mice once a day every 3 days. The
animals were sacrificed at 45 days after the aPD-L1 treatment.
The humane endpoints of the experiment were as follows:
i) Tumor burden, =10% body weight; ii) tumor volume,
>2,000 mm?; iii) weight loss, 220% body weight; iv) ulcer-
ation or infection on tumor; v) no movement for >24 h; and
vi) no eating or drinking. In this experiment, no mice were
found dead. All mice were sacrificed by cervical dislocation
following an intraperitoneal injection of sodium pentobarbital
(30 mg/kg) and sacrifice was confirmed when the mice had
stopped breathing and did not respond to stimulation. The
lungs were collected and the surface nodules were quantified.
The tumor and lung tissues were fixed with 10% formalin
at 4°C for 24 h. The paraffin-embedded tumor tissues were
sliced into 4-um-thick sections. The expression of the markers
was confirmed using immunohistochemical staining. Animal
euthanasia was performed via cervical dislocation under 2%

isoflurane anesthesia. The present study was approved by the
Animal Ethics Committee of Yanbian University (approval
no. YD20220916004), and was performed according to the
guidelines of the Committee on Animal Research and Ethics.

Hematoxylin and eosin (H&E). Tumor and lung tissue sections
were dewaxed and rehydrated, stained with H&E (ZSGB-BIO
Technology Co., Ltd.) at room temperature for 5 min and
the stained tissue was evaluated under a microscope (1X73;
Olympus Corporation).

Immunohistochemistry (IHC). Tumor and lung tissue sections
were dewaxed and dehydrated. Subsequently, antigen retrieval
was performed using microwave heating in 10 mM citrate
buffer (pH 7.0) at 80°C for 20 min. Endogenous peroxidase
was blocked with 3% H,O, (ZSGB-BIO Technology Co.,
Ltd.) at room temperature for 30 min. The tissue sections
were incubated with primary antibodies at 4°C overnight.
Primary antibodies specific for the following proteins were
used: CD206 (1:100; cat. no. 24595; CST Biological Reagents
Co., Ltd.), E-cadherin (1:100; cat. no. 14472; CST Biological
Reagents Co., Ltd.), vimentin (1:100; cat. no. sc-6260; Santa
Cruz Biotechnology, Inc.), CD44 (1:100; cat. no. 3570; CST
Biological Reagents Co., Ltd.), VEGF (1:100; cat. no. sc-7269;
Santa Cruz Biotechnology, Inc.). Following incubation with
the primary antibodies, the samples were incubated with
horseradish peroxidase-conjugated secondary antibody
(cat. no. PV9005; ZSGB-BIO Technology Co., Ltd.) at room
temperature for 1 h. The samples were stained using DAB
(ZSGB-BIO Technology Co., Ltd.) at room temperature for
5 min and counterstained with hematoxylin at room tempera-
ture for 1 min. The images were obtained using a microscope
(IX73; Olympus Corporation).

Statistical analysis. GraphPad Prism 8.0 software (GraphPad
Software, Inc.) was used for statistical analysis. A two-tailed
unpaired Student's t-test was used to compare the mean values
of two groups. One-way ANOVA with Tukey's post hoc test
were used to compare the mean values of multiple groups. All
experiments were repeated in triplicate and their mean values
are presented as the mean + SD. P<0.05 was considered to
indicate a statistically significant difference.

Results

aPD-L1 reverses TAM/M2 polarization. RAW264.7
cells were treated with continuous concentrations of the
TAM/M2-inducing factor, IL-13 (0, 10, 20 and 30 ng/ml) for
48 h. IF staining, western blot analysis and ELISA demon-
strated that IL-13 promoted the levels of the TAM/M2 marker,
CD206, in the RAW264.7 cell cytoplasm and the secretion of
IL-10 in a concentration-dependent manner. IL-13 at 30 ng/ml
had the most pronounced effect and this concentration was
selected for use in further experiments (Fig. 1A-D). The
RAW264.7 cells were treated with continuous concentrations
of aPD-L1 for 24, 48 and 72 h. The results of MTT assay
demonstrated that aPD-L1 at concentrations <15 pyg/ml did
not affect the proliferation of the RAW264.7 cells. aPD-L1 at
a concentration of 15 yg/ml was thus selected for use in further
experiments (Fig. 1E).
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Figure 1. aPD-L1 reverses TAM/M2 polarization. (A) Flow cytometry was used to determine the percentage of CD206*/CD68* RAW264.7 cells (Q2 region)
treated with IL-13 (0, 10,20 and 30 ng/ml). (B and C) Immunofluorescence staining and western blot analysis were performed to determine the protein expres-
sion levels of CD206 in RAW?264.7 cells treated with IL-13 (magnification, x400). The markers were all expressed in the cytoplasm. (D) ELISA was performed
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with aPD-L1 (0, 5, 10 and 15 pg/ml). (F) Western blot analysis was used to determine the protein expression levels of PD-L1 in RAW264.7 cells treated with
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IL-10 levels in RAW264.7 cells treated with IL-13 and/or aPD-L1 were assessed using ELISA. (L) RAW264.7 cell morphology was imaged using a microscope
when the cells were treated with IL-13 and/or aPD-L1. "P<0.05, “P<0.01 and "“P<0.001, vs. control. ns, not significant; aPD-L1, programmed death-ligand 1
inhibitor; TAM/M2, tumor-associated macrophages/M2-type.
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To examine the potential effects of macrophages on
TNBC progression, 100 ng/ml PMA were used to induce the
differentiation of THP-1 cells into macrophages, which were
characterized by the expression of the recognized macrophage
marker, CD68 (Fig. S1A). To investigate the functions of
oPD-L1 in TAM/M2 cells, the protein expression levels of
PD-L1 were examined in TAM/M2 cells using western blot
analysis. The results demonstrated that the PD-L1 protein
expression levels were upregulated in the TAM/M2 cells
and that aPD-L1 downregulated the expression of PD-L1
(Figs. 1F and S1B). Subsequently, it was demonstrated that
IL-13 (30 ng/ml) and/or aPD-L1 (15 pg/ml) had no notable
effect on the proliferation and apoptosis of RAW?264.7 cells,
as shown by MTT and flow cytometric assays (Fig. 1G and H).
The results of flow cytometry, western blot analysis and ELISA
demonstrated that aPD-L1 inhibited the TAM/M2 marker,
CD206, and the IL-10 levels induced by IL-13. However, the
expression of the TAM/MI1 marker, CD86, and the IL-12
levels were not markedly affected by IL-13 and/or aPD-L1
(Figs. 1I-K and S1B). To further investigate the effects of
oPD-L1 on TAM/M2 polarization, changes in cell morphology
were observed using a microscope. IL-13 stimulated the
RAW264.7 cells and changed the morphology from a round
or oval shape to a long spindle shape, whereas aPD-L1 inhib-
ited cell extension (Fig. 1L). These data thus suggested that
oPD-L1 inhibited TAM/M2 polarization.

aPD-LI inhibits the TAM/M?2-induced migration and angio-
genesis of TNBC cells. The RAW264.7 and THP-1 cells were
treated with IL-13 and/or aPD-L1 for 48 h and supernatant
was replaced with serum-free medium for 24 h and then
collected as CM (Fig. 2A). To examine the effects of aPD-L1
on the interaction between TAM/M?2 and TNBC cells, it was
determined that CM had no notable effect on the proliferation
and apoptosis of TNBC cells, as shown by MTT assay and
flow cytometry (Fig. 2B and C). Subsequently, wound healing
and Transwell assays confirmed that the MDA-MB-231 and
Hs578T cells treated with the CM of IL-13/RAW264.7 or
IL-13/THP-1 cells exhibited an increased cell migration,
whereas the CM of IL-13 + aPD-L1/RAW264.7 or IL-13 +
oPD-L1/THP-1 cells reversed this phenomenon (Figs. 2D an
d E, and S1C and D).

Neovascularization in tumor tissues is an important
condition for malignant tumor metastasis that is regulated via
various chemokines in the TME (27). In the present study,
to investigate the effects of aPD-L1 on angiogenesis via
TAM/M2 polarization in vitro, an endothelial tube forma-
tion assay was performed. The results demonstrated that
HUVECsS treated with the CM of IL-13/RAW264.7 cells
exhibited increased microtubule formation, whereas the CM
of IL-13 + aPD-L1/RAW264.7 cells reversed this phenomenon
(Fig. 2F). Subsequently, western blot analysis was performed
and the results demonstrated that the MDA-MB-231 and
Hs578T cells treated with the CM of IL-13/RAW264.7 or
IL-13/THP-1 cells exhibited upregulated protein expression
levels of VEGF, MMP2 and MMP9. However, the CM of
IL-13 + aPD-L1/RAW264.7 or IL-13 + aPD-L1/THP-1 cells
reversed this phenomenon (Figs. 2G and S1E). These data thus
suggested that aPD-L1 inhibited TNBC cell migration and
angiogenesis that was induced by TAM/M2 polarization.

aPD-LI inhibits the TAM/M2-induced EMT process and
the stemness of TNBC cells. To investigate whether aPD-L1
inhibits the EMT process of TNBC cells via the regulation of
TAM polarization, western blot analysis and IF staining were
performed. The results demonstrated that the MDA-MB-231
and Hs578T cells treated with the CM of IL-13/RAW264.7 or
IL-13/THP-1 cells exhibited upregulated protein expression
levels of the mesenchymal markers, N-cadherin, vimentin,
Slug and Twist. Furthermore, the protein expression levels
of the epithelial markers, E-cadherin and ZO-1 were down-
regulated. However, the MDA-MB-231 and Hs578T cells
treated with the CM of IL-13 + aPD-L1/RAW264.7 or IL-13 +
aPD-L1/THP-1 cells exhibited a reversal of this phenomenon
(Figs. 3A and B, and S1E).

Tumor cells express high levels of stem cell surface
markers following EMT progression, which indicates
that these cells have become stem cells (28). In the present
study, to investigate whether aPD-L1 inhibits the stemness
of TNBC cells via the regulation of TAM/M?2 polarization,
western blot analysis and IF staining were performed. The
results demonstrated that the MDA-MB-231 and Hs578T cells
treated with the CM of IL-13/RAW264.7 or IL-13/THP-1 cells
exhibited upregulated protein expression levels of the stem-
ness markers, CD44, Oct4, Nanog, Bmil and Sox2. However,
the MDA-MB-231 and Hs578T cells treated with the CM of
IL-13 + aPD-L1/RAW264.7 or IL-13 + aPD-L1/THP-1 exhib-
ited a reversal of this phenomenon (Figs. 3C and D, and S1F).
The present study then investigated whether aPD-L1 inhibits
CSC properties without affecting cell proliferation. There is
increasing evidence to suggest that 3D cell culture is a more
accurate reflection of the TME 2D culture (29). Therefore,
the soft agar colony formation assay, a technique widely
used to assess CSC proliferation, was used herein (30). The
results demonstrated that TNBC cells treated with the CM of
IL-13/RAW264.7 cells exhibited an increased colony number
and size, whereas the CM of IL-13 + aPD-L1/RAW264.7
reversed this phenomenon (Fig. S2). These data thus suggested
that aPD-L1 inhibited the EMT process and the stemness
of TNBC cells by reversing TAM/M?2 polarization, which
thereby inhibited TNBC metastasis and angiogenesis.

aPD-LI reverses TAM/M?2 polarization in the co-culture
system. The effects of TAM/M2 polarization on TNBC cells
were identified and therefore a co-culture system of TAMs
and TNBC cells was established to simulate this interaction in
the TME (Fig. 4A). Flow cytometry and western blot analysis
confirmed that the percentage of CD206*/CD68* (TAM/M?2)
cells and the levels of CD86 and CD206 in the RAW264.7
cells co-cultured with TNBC cells were upregulated, whereas
aPD-L1 downregulated the percentage of CD206*/CD68*
cells. However, the percentages of CD86*/CD68* (TAM/M1)
cells were not significantly altered in the co-culture system
with or without aPD-L1 (Fig. 4B and C). To further support
these results, ELISA was performed and the results demon-
strated that the IL-10 levels in the positive control group,
co-culture group 1 and co-culture group 2 were increased,
whereas aPD-L1 reversed this phenomenon. However, the
IL-12 levels were not altered by the co-culture system with or
without oPD-L1 (Fig. 4D). These data suggested that aPD-L1
regulated the interaction between TAMs and TNBC cells.
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Figure 2. aPD-LI inhibits the migration and angiogenesis of TNBC promoted by TAM/M2. (A) Schematic diagram of the RAW264.7 cell CM preparation.
(B and C) MDA-MB-231 and Hs578T cell proliferation and apoptosis were examined using MTT assay and flow cytometry when the cells were treated with
CM. (D and E) MDA-MB-231 and Hs578T cell migration was assessed using wound healing and Transwell assays when the cells were treated with CM
(magnification, x200). (F) HUVEC microtubule formation capacity was assessed using the endothelial tube formation assay when the cells were treated with
CM. (G) VEGF, MMP2 and MMP9 protein expression levels in MDA-MB-231 and Hs578T cells treated with CM were examined using western blot analysis.
"P<0.05, “P<0.01 and *"P<0.001. ns, not significant; aPD-LI, programmed death-ligand 1 inhibitor; TAM/M2, tumor-associated macrophages/M2-type;
CM conditional media; VEGF, vascular endothelial growth factor.
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Figure 3. aPD-L1 inhibits the EMT process and the stemness of TNBC promoted by TAM/M2. (A) Protein expression levels of EMT markers, E-Cadherin,
Z0-1,N-Cadherin, Vimentin, Slug and Twist, in MDA-MB-231 and Hs578T cells treated with CM, as determined using western blot analysis. (B) E-cadherin
and vimentin protein expression levels in MDA-MB-231 and Hs578T cells treated with CM were analyzed using IF staining. The markers were all expressed
in the cytoplasm (magnification, x400). (C) Protein expression levels of the stemness markers, CD44, Oct4, Nanog, Bmil and Sox2, in MDA-MB-231 and
Hs578T cells treated with CM, as determined using western blot analysis. (D) CD44 protein expression levels in MDA-MB-231 and Hs578T cells treated with

oPD-L1, programmed death-ligand 1 inhibitor; EMT, epithelial-mesenchymal transition; TAM/M2, tumor-associated macrophages/M2-type; ZO-1, zonula

occludens-1; CM, conditional media; IF, immunofluorescence.

TNBC cells induce TAM/M?2 polarization, and positive
feedback promotes the malignant evolution of TNBC cells.
To investigate whether TAM/M2 cells promote the malig-
nant progression of TNBC cells in a co-culture system, a
co-culture system was established and wound healing and

Transwell assays were performed. The results demonstrated
that TAM/M2 promoted the migration of TNBC cells,
whereas aPD-L1 reversed this phenomenon (Fig. SA and B).
To further investigate whether TAM/M2 directly induces the
angiogenesis of TNBC, western blot analysis was performed.
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Figure 4. aPD-L1 reverses TAM/M2 polarization in the co-culture of TNBC cells and TAMs. (A) Schematic diagram of TNBC cells and the TAMs co-culture
system. (B) RAW264.7 cells were co-cultured with MDA-MB-231 and Hs578T cells. The percentages of CD86*/CD68* and CD206*/CD68* treated with or
without aPD-L1 in the co-culture system were determined using flow cytometry assay. (C) CD86 and CD206 protein expression levels, when the cells were
treated with or without aPD-L1 in co-culture, were determined using western blot analysis. (D) IL-12 and IL-10 levels, in cells treated with or without aPD-L1
in co-culture, were assessed using ELISA. "P<0.05, “P<0.01, ““P<0.001, and ““*"P<0.0001. ns, not significant; aPD-L1, programmed death-ligand 1 inhibitor;
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The results demonstrated that TAM/M?2 upregulated the
protein expression levels of VEGF, MMP2 and MMP?9 in
the TNBC cells, whereas aPD-L1 reversed these effects
(Fig. 5C). Furthermore, TAM/M?2 upregulated the protein
expression levels of mesenchymal and stemness markers in
TNBC cells and downregulated those of epithelial markers,

stemness.

whereas aPD-L1 reversed the EMT process and the stem-
ness of TNBC cells (Fig. 5D and E). On the whole, these
data suggested that aPD-L1 potentially inhibited the migra-
tion and angiogenesis of TNBC cells via the regulation of
the TAM polarization-mediated EMT process and cancer
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Figure 5. aPD-LI reverses TNBC malignant evolution in the co-culture of TNBC cells and TAMs. (A and B) MDA-MB-231 and Hs578T cell migration
capacity was assessed using wound healing and Transwell assays when the cells were treated with or without aPD-LI in a co-culture system (magnification,
x200). (C) Protein expression levels of VEGF, MMP2 and MMP9 in MDA-MB-231 and Hs578T cells, with or without aPD-L1 in a co-culture system, were
determined using western blot analysis. (D) Protein expression levels of the EMT markers, E-cadherin, ZO-1, N-cadherin, vimentin, Slug and Twist, in
MDA-MB-231 and Hs578T cells, with or without aPD-L1 in a co-culture system, were determined using western blot analysis. (E) Protein expression levels
of the stemness markers, CD44, Oct4, Nanog, Bmil and Sox2 in MDA-MB-231 and Hs578T cells, with or without aPD-L1 in a co-culture system were
determined using western blot analysis. ‘P<0.05, “P<0.01, “*P<0.001 and ***P<0.0001. «PD-L1, programmed death-ligand 1 inhibitor; TNBC, triple-negative
breast cancer; TAM/M2, tumor-associated macrophages/M2-type; VEGF, vascular endothelial growth factor; EMT, epithelial-mesenchymal transition;
Z0-1, zonula occludens-1.
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aPD-LI regulates TAM/M?2 polarization by downregulating
STAT3 phosphorylation and preventing its entry into the
nucleus. To further investigate the molecular mechanisms
through which aPD-L1 regulates TAM polarization, several
immune-related signaling pathways were examined. The
CEBPb, MAPK and STAT signaling pathways are all
involved in TAM/M2 polarization (31,32). In the present
study, western blot analysis was performed and the results
demonstrated that IL-13, with or without aPD-L1, did not
affect the protein expression levels of CEBPf. However, IL-13
upregulated the protein expression levels of p-ERK, p-STAT6
and p-STAT3. Of note, the protein expression levels of p-ERK
and p-STATG6 exhibited no notable changes following aPD-L1
treatment. However, the expression levels of p-STAT3 were
significantly downregulated following aPD-L1 treatment
(Figs. 6A and S1B). IL-13 binding with its receptor promotes
STAT3 phosphorylation to form a dimer in the nucleus (33).
The location of STAT3 and p-STAT3 was subsequently deter-
mined using IF staining and nucleoplasm separation assays.
The results confirmed that IL-13 led to the translocation of
STAT3 from the cytoplasm to the nucleus, whereas aPD-L1
led to the translocation of STAT3 from the nucleus to the
cytoplasm (Fig. 6B-D).

aPD-LI prevents lung metastasis in vivo by targeting TAM/M?2.
The effects of aPD-L1 on lung metastasis in subcutaneous and
intravenous models of TNBC were then investigated. aPD-L1
was dissolved in PBS and administered to mice intraperitone-
ally at a dose of 200 ug and the control group was treated
with PBS (Fig. 7A). There were no significant differences in
tumor growth and body weight between the two groups in the
TNBC subcutaneous models (Fig. 7B and C and F). However,
oPD-L1 reduced the number of metastatic nodes on the
lung tissue surface. H&E staining of the lung tissues further
confirmed the presence of lung metastases (Fig. 7D and E).
Similar results were obtained in the TNBC intravenous model
(Fig. 7G-I). These data suggested that aPD-L1 potentially
prevented lung metastasis in both subcutaneous and intrave-
nous models of TNBC.

Subsequently, IHC and IF staining demonstrated that
oPD-L1 reduced CD206 expression in the lung and tumor
tissues, which suggested that aPD-L1 potentially inhibited
TAM/M?2 polarization in vivo (Fig. 7J and K). IHC staining
further demonstrated that aPD-L1 upregulated the protein
expression levels of E-cadherin, and downregulated the protein
expression levels of vimentin, VEGF and CD44 (Fig. 7L-O).
These data thus suggested that aPD-L1 potentially played a
significant role in the evolution of TNBC (Fig. 8).

Discussion

The TME is complex and changeable and is closely associated
with the occurrence and metastasis of tumors. TAMs are a
key component of the TME (34). Cytokines, such as IL-10 and
TGF-f are secreted by TAM/M2 and can inhibit the tumor
immune response and promote tumor development (35).
Tumor cells can also release biomolecules into the TME and
promote TAM/M2 polarization. The number of TAM/M2
cells in tumor tissues is related to the malignant biological
behavior and poor prognosis of various solid tumors (36).

INTERNATIONAL JOURNAL OF ONCOLOGY 61: 150, 2022 11

Furthermore, the activation of immune regulatory site
PD-1/PD-L1 plays a critical role in the process of immune
cell recognition. Blocking the expression of PD-L1 in host
immune cells has more prominent tumor-suppressive effects
than inhibiting the expression of PD-L1 in tumor cells (24).
Targeting TAMs is an effective therapeutic approach with
which to modulate the activity of anti-PD-L1 agents in cancer
treatment (37). This indicates that PD-L1 may play a role by
directly regulating macrophage activity. The results of the
present study suggested that aPD-L1 potentially reversed the
expression levels of PD-L1, the TAM/M?2 marker, CD206,
and the levels of IL-10.

The receptor for advanced glycation end-products regu-
lates the TME by recruiting TAMs and therefore promotes the
progression and metastasis of TNBC (38). However, the effects
of blocking PD-1/PD-L1 on TAMs in the process of tumor
metastasis remain to be further elucidated. In the present
study, the effects of aPD-L1 on tumor cell migration via the
regulation of TAM polarization in vitro were investigated. The
results indicated that aPD-L1 potentially reversed the migra-
tion of TNBC cells mediated by TAM/M2 polarization.

EMT contributes towards enhancing the capability of
cancer cells to migrate and invade, which is critical in tumor
metastasis. Numerous solid tumors have a large number
of macrophages in the TME, which can promote tumor
metastasis (39). Cancer stemness originates from the fusion
of TAM/M2 and breast cancer cells, and these hybrid cells
overexpress mesenchymal and cancer stemness markers (40).
Therefore, tumor cells are likely to become CSCs following
the EMT of cancer cells (41). PD-1/PD-L1 induces immuno-
suppression and promotes the EMT of cancer cells (42). The
effects of aPD-L1 on the EMT and the stemness of cancer
cells were investigated in the present study via the regulation
of TAM polarization in vitro and in vivo. The results demon-
strated that aPD-L1 potentially reversed the EMT process and
the stemness of TNBC cells that were induced via TAM/M2
polarization.

Neovascularization in tumor tissues is an important
condition for the metastasis of malignant tumors, and this
process is regulated by various chemokines in the TME (43).
Macrophages promote the secretion of VEGF by tumor
cells to induce angiogenesis in local tumor tissues, which
provides nutrition for tumor growth and metastasis (44).
4-Hydroxphenyl retinamide inhibits the TAM/M2 phenotype,
which thereby inhibits the promotion of angiogenesis (45).
The expression of VEGF can promote the metastasis of cancer
cells (46). Furthermore, MMPs affect the expression of tumor
cell adhesion molecules and promote tumor cell translocation
beyond the basement membrane (47). The results of the present
study demonstrated that aPD-L1 downregulated VEGF,
MMP2 and MMP9 protein expression levels via the inhibi-
tion of TAM/M2 polarization. From the results of the present
study, it was suggested that aPD-L1 reversed the angiogenesis
of TNBC induced by TAM/M2 polarization. It can therefore
be hypothesized that aPD-L1 can potentially inhibit tumor
metastasis and angiogenesis.

The conversion of the macrophage phenotype is dependent
on the activation of the signaling pathway response. The
transcription factor CEBPb regulates the expression of early
growth response protein 2 and participates in the polarization
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Figure 6. aPD-L1 inhibits TAM/M2 polarization via the prevention of STAT3 phosphorylation and nuclear translocation. (A) The protein expression levels
of CEBPS, p-ERK, ERK, p-STAT6, STAT6, p-STAT3 and STAT3 in RAW264.7 cells treated with IL-13 and/or oPD-L1 were determined using western blot
analysis. (B and C) The protein expression levels and nuclear translocation of STAT3 and p-STAT3 in RAW264.7 cells treated with IL-13 and/or aPD-L1 were
assessed using immunofluorescence staining (magnification, x400). (D) Cytosol and nuclear protein expression levels of STAT3 and p-STAT3 in RAW264.7
cells treated with IL-13 and/or aPD-L1 were assessed using western blot analysis. "P<0.05, “P<0.01 and *“P<0.001. ns, not significant; aPD-L1, programmed
death-ligand 1 inhibitor; TAM/M2, tumor-associated macrophages/M2-type; CEBPf, cAMP response element-binding protein/CCA AT-enhancer-binding
protein 3; p-, phosphorylated.

process of macrophages (48). A previous study demonstrated  phosphorylation (36). Moreover, the STAT protein family
that tumor tissue promotes TAM/M?2 polarization and induces  regulates the biological behavior of tumor cells and immune
the metastasis of lung cancer via the upregulation ERK  cells via inflammatory mediators. These proteins play an
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Figure 8. aPD-L1 potentially inhibits TAM/M2 polarization by blocking STAT3 entry into the nucleus, which potentially contributes to its anti-metastatic and
anti-angiogenic function in triple-negative breast cancer. aPD-L1, programmed death-ligand 1 inhibitor; TAM/M2, tumor-associated macrophages/M2-type.

important role in the process of inflammation-cancer transfor-
mation. STAT3 signaling pathways serve an important role in
TAM/M2 polarization (49,50).IL-13 binds to the IL-13 receptor
on the surface of macrophages during TAM/M2 polarization
and initiates the intracellular tyrosine kinase phosphoryla-
tion cascade. STATS3 is activated in the cytoplasm following
phosphorylation at Y705 and S727. Activated STAT3 can
therefore be transferred to the nucleus and promotes TAM/M2
polarization. The results of the present study indicated that
the phosphorylation and nuclear translocation of STAT3 are
potentially involved in the regulation of TAM/M?2 polarization
via aPD-L1.

In conclusion, the results of the present study demon-
strated that aPD-L1 potentially inhibited TAM/M2
polarization in vitro and in vivo, which potentially contributed
to its anti-metastatic and anti-angiogenic function in TNBC.
Furthermore, STAT3 plays a crucial role in the effects of
oPD-L1 on TAM/M?2 polarization. Therefore, PD-L1 may be a
promising biomarker for determining the prognosis of patients
with TNBC and may provide a potential therapeutic target for
TAMs in anti-metastatic treatment.
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