ONCOLOGY LETTERS 18: 1840-1846, 2019

Tumor-associated macrophages affect the biological
behavior of lung adenocarcinoma A549 cells
through the PI3K/AKT signaling pathway
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Abstract. Tumor associated macrophages (TAMs) are a
major type of inflammatory cell in a tumor microenviron-
ment. Previous evidence has suggested that TAMs promote
tumorigenesis, growth, invasion and metastasis, thereby
affecting tumor metabolism. The mechanisms through which
they affect the invasion and metastasis of lung cancer cells
remain unclear. The present study investigated the effects and
molecular mechanisms of TAMs on the proliferation, invasion
and migration of lung adenocarcinoma A549 cells. Human
mononuclear leukemia THP-1 cells were induced into TAMs.
The morphological changes that occurred during the induction
of the THP-1 cells were examined with a light microscope.
Successful TAM formation was confirmed via flow cytometry.
Proliferation, invasion and migration of the lung adeno-
carcinoma A549 cells were detected by EDU proliferation,
scratch wound and Transwell invasion and migration assays,
respectively. The expression levels of key proteins involved in
the PI3K/AKT signaling pathway were detected by western
blot analysis. It was identified that treatment with interleukin
(IL)-4, IL-13 and Phorbol-12-myristate-13-acetate success-
fully induced THP-1 to form TAMs. The indirect coculture
model of TAMs was established by Transwell chamber detec-
tion, and the proliferation, invasion and migration ability of
lung adenocarcinoma A549 cells were enhanced. Western blot
analysis indicated that the expression levels of phosphorylated
(p)-PI3K and p-AKT proteins were significantly upregulated
in the TAMs coculture group compared with that of the blank
control group. In summary, the present study demonstrated that
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TAMs may promote the proliferation, invasion and migration
of lung adenocarcinoma A549 cells in vitro, perhaps through
the activation of the PI3K/AKT signaling pathway.

Introduction

Lung cancer is the most common type of malignant tumor,
accounting for 11.6% of total global cancer incidence and
18.4% of cancer-associated mortalities (1). As lung cancer
has no specific symptoms and signs, patients usually present
with advanced stage disease at primary diagnosis. Despite
the availability of comprehensive treatments, including active
surgery and radiotherapy, a large percentage of patients inevi-
tably succumb to the disease due to recurrence and distant
metastasis. A study of risk factors associated with lung cancer
and a comprehensive understanding of its pathogenesis is vital
in the prevention and treatment of this disease.

The tumor microenvironment is the environment
surrounding a tumor that may promote immune escape and
induce tumor resistance (2-4). Macrophages are an important
component of the tumor microenvironment. They may be
divided into two primary groups, termed M1 and M2, which
may be identified by their cell surface markers and functional
phenotypes (5). Tumor-associated macrophages (TAMs) are
recruited to tumors as monocytes from the blood, and as they
escape across the vasculature of the tumor, they differentiate
into macrophages. Immature monocytes have good plasticity
and may therefore be induced by interleukin (IL)-4 and IL-13
to form M2 macrophages, which have similar functions to
TAMs (6,7). In general, increased levels of M1-like infiltrates
in the tumor are correlated with an improved prognosis,
exhibiting an antitumoral effect, whereas increased levels of
M2-like TAM infiltrate are correlated with poor prognoses,
demonstrating pro-tumoral effects (8,9). TAMs are abundant
in all the stages of tumor progression (4). In early phases,
macrophages recognize the malignant cells and present
their antigens to the effectors of the immune system. In
later stage disease, TAMs serve a role in tumor progression
by stimulating tumor growth, angiogenesis, metastasis and
immunosuppression (10). By producing growth factors, they
stimulate carcinoma cell proliferation (11). They are also able
to produce proteolytic enzymes that digest the extracellular
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matrix to assist with tumor cell dissemination. Finally, they
provide a supportive niche for metastatic tumor cells at distant
sites (12).

Previous studies have indicated that TAMs may be a
diagnostic and prognostic indicator for malignant pleural
effusion (13,14), thereby suggesting a close association with
lung cancer invasion and metastasis. Stromal macrophages
expressing macrophage scavenger receptor 1 are associated
with tumor aggressiveness in lung adenocarcinoma (15). A
previous study hypothesized that the developmental origin
of TAMs dictates their relative distribution, function and
response to cancer therapies in lung tumors (16). Furthermore,
the distribution patterns of M1 and M2 macrophages in tumor
islets and stroma were demonstrated to be associated with the
prognosis of non-small cell lung cancer (NSCLC); high levels
of M1 macrophage infiltration in the tumor islets and low
levels of total tumor-infiltrating M2 macrophages were asso-
ciated with improved survival of patients with NSCLC (17).
However, the mechanism of its effect on lung cancer invasion
and metastasis remains unclear. The aim of the present study
was to investigate the effects of TAMs on the proliferation,
invasion and migration of lung adenocarcinoma A549 cells,
and to explore its molecular mechanism.

Materials and methods

Cell culture and treatment. A549 and THP-1 human mono-
nuclear leukemia cell lines were provided by the Jiangxi
Provincial Key Laboratory of Molecular Medicine. A549
cells were cultured in Dulbecco's modified Eagle's medium
(DMEM,; Biological Industries Ltd.) supplemented with 10%
fetal bovine serum (FBS; Biological Industries Ltd.) and
maintained in a humidified atmosphere of 5% CO, and 95%
air at 37°C. THP-1 cells were cultured in RPMI-1640 medium
supplemented with 10% FBS and 0.05 mM [(3-mercaptoethanol
in a humidified atmosphere of 5% CO, and 95% air at 37°C.

Induced differentiation of THP-1 cells. The THP-1 cells were
cultured and differentiation was induced (f-mercaptoethanol
was removed during induction, and the serum was inactivated).
Initially, the cells were cultured in RPMI-1640 medium supple-
mented with 320 nM phorbol 12-myristate 13-acetate (PMA,
ab120297). After 48 h, the cells adapted from suspension to
adherent growth (cultured MO macrophages). Thereafter, the
original medium was discarded and changed to RPMI-1640
medium supplemented with 20 ng/ml IL-4 and IL-13 for
72 h. The majority of the cells protruded from pseudopods,
and were identified as TAMs. Following repeated washing
with aseptic PBS, subsequent co-cultivation was possible. The
cytokine recombinant human IL-4 (200-04)/1L-13 (200-13)
was purchased from PeproTech, Inc.

ELISA assay. Following normal culture of THP-1 and TAMs
for 48 h, cell culture supernatant was centrifuged for 20 min
at 1,000 x g and at a temperature of 2-8°C. Cell debris and
impurities were removed and supernatant was collected.
Samples were stored at -20°C to avoid repeated freezing
and thawing. These assays were performed according to the
manufacturer's instructions, using the Invitrogen ELISA Kit
(cat. no., KHCO0101; Thermo Fisher Scientific, Inc.) for human
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IL-10. The standard curve assay range was 7.8-500 pg/ml,
sensitivity <1 pg/ml.

Flow cytometry. MO and TAMs were digested with trypsin
without phenol red. THP-1 cells grown normally without treat-
ment were used as normal controls. They were resuspended
following low-speed (600 x g) centrifugation at room tempera-
ture for 5 min. A total of 1x10° cells were counted in each flow
tube, then washed 3 times with sterile PBS. Cluster of differ-
entiation (CD) 14 (cat. no., 555399; dilution 1:5) and CD163
(cat. no., 556018; 1:5) flow and isotype control antibodies
(BD Biosciences) were then added and incubated for 45 min
in the dark at room temperature. Following washing, they
were resuspended in 500 ul PBS and examined using a flow
cytometer. The results were analyzed using BD FACSDiva 6.1
software (BD Biosciences).

Transwell chamber indirect coculture and experimental
grouping. Using a 0.4 ym Transwell coculture system
(Sigma-Aldrich; Merck KGaA), THP-1 cells and TAMs were
indirectly cocultured with A549 cells, respectively. A549 cells
in the logarithmic growth phase were plated in 6- or 24-well
plates (lower chamber) and untreated THP-1 cells or induced
TAMs were placed in the Transwell chamber (upper chamber).
The experimental groups were as follows: Blank control (A549
cells were cultured in 1640-RPMI medium containing 1% FBS);
THP-1 cell coculture (A549 cells cocultured with THP-1 cells);
and TAMs coculture (A549 cells cocultured with TAMs).

EDU proliferation experiment. Each group contained 3
duplicate wells. A549 cells were seeded at a density of
1.0x10%/600 pl in DMEM medium and placed in a 24-well
plate. The normal culture was at 70-80% confluence. The old
medium was removed via a Transwell chamber membrane
(0.4 uM). THP-1 cells and TAMs cells were seeded at a
density of 1x10%/200 ul according to the aforementioned
experimental coculture groups. The Transwell membrane
was removed after 24 h and suspended in DMEM medium
containing 50 uM EDU reagent A (Guangzhou RiboBio Co.,
Ltd.) for 2 h, following removal of the lower chamber culture
medium. Cells were fixed with 4% formaldehyde for 15 min
at room temperature and treated with 0.5% Triton x100 for
20 min at room temperature to permeabilize cells. After being
washed with PBS three times, cells were incubated with 1X
Apollo reaction cocktail (200 pl/well) for 30 min. DNA was
stained with 10 pg/ml of Hoechst 33342 stain (200 ul/well)
for 20 min and visualized with fluorescence microscopy.
Images were captured with a fluorescence microscope (magni-
fication, x100). Five groups of confluent cells were randomly
selected from each sample image. EdU-positive cells were
counted in the fluorescent image, and the relative positive
ratio was calculated as the number of red positive cells as a
percentage of blue DAPI-stained cells from the average of the
five group values.

Transwell invasion and migration assay. A549 cells cocul-
tured with THP-1 cells or TAMs for 48 h were trypsinized,
centrifuged at 600 x g for 5 min at room temperature and
resuspended in serum-free DMEM medium, and cell density
was adjusted to 1x10°/ml. The cell suspension (200 pl) was
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Figure 1. Differentiation of THP-1 human monocytic leukemia cells into TAMs. (A) THP-1 human monocytic leukemia cells. (B) Stage I induced undifferenti-
ated macrophages (MO). (C) Stage II induced TAMs. Images are at magnification, x100. TAMs, tumor associated macrophages.
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Figure 2. ELISA detection of IL-10 expression in THP-1 cells and TAM culture
supernatants. ““P<0.0001 vs. control. TAMs, tumor associated macrophages;
IL-10, interleukin 10.

added to the upper chamber, which was precoated with
50 ug/ml Matrigel gel at 37°C for 30 min, and 600 ul DMEM
supplemented with 10% FBS was added to the lower chamber.
After 24 h, the Transwell membrane (8 ym) was removed and
fixed with 100% methanol at room temperature for 30 min.
The cells were wiped with a cotton swab to avoid penetration
of the membranes of the upper chamber, and then stained with
0.1% crystal violet at room temperature for 20 min. A light
microscope (magnification, x100) was used to capture images
and count the number of transmembrane cells and examine
the invasive ability of A549 cells. The protocols for the
Transwell migration and invasion experiments were identical,
with the exception of the use of Matrigel gel in the invasion
experiments only.

Scratch wound assay. A549 cells were seeded in 6-well plates.
At a confluence of 80-90%, a sterile 200 ul pipette tip was
used to scratch cells. Following 2 washing steps with sterile
PBS, fresh DMEM high glucose medium containing 1% FBS
was added. In the upper chambers of Transwell (membrane
pore size, 0.4 ym), THP-1 or TAM cells (1x10° cells/well)
were plated in 500 x1 RPMI-1640 medium supplemented with
1% FBS, and incubated at 37°C for 2 h. Transwells were then
placed into the 6-well plates containing A549 cells which had
been previously prepared. Images were captured under an light
microscope (magnification, x100) at O and 24 h, respectively,
and the wound area was measured.

Western blot analysis. Following treatment, A549 cells were
harvested and lysed using radioimmunoprecipitation assay
lysis buffer (Thermo Fisher Scientific, Inc.) supplemented
with PMSF (1 mM). The whole cell lysates were centrifuged
at 12,000 x g for 15 min at 4°C, and protein content in the
supernatant was determined by the bicinchoninic acid protein
assay kit (Applygen Technologies, Inc.). Proteins samples
(30 pg per lane) were separated by 10% SDS-PAGE and
transferred to PVDF membranes at 4°C for 90 min. After
blocking with 5% non-fat milk at room temperature for 60 min,
membranes were incubated with the following primary anti-
bodies overnight at 4°C: Anti-PI3K p85a (cat. no., ab191606;
1:1,000); anti-phosphorylated (p)-PI3K p85a (Y607; cat.
no., ab182651; 1:1,000); anti-AKT1/2/3 (cat. no., ab179463;
1:10,000); anti-p-AKT1 (Serd73; cat. no., ab81283; 1:1,000);
and anti-GAPDH (cat. no., ab181602; 1:10,000). All primary
antibodies were purchased from Abcam. The membranes
were then probed with IgG-horseradish peroxidase-conjugated
goat anti-rabbit (cat. no., ab2057; Abcam; 1:10,000) and goat
anti-mouse (cat. no., ab6789; Abcam; 1:10,000) secondary anti-
bodies for 1 h at room temperature. Finally, the proteins were
detected using ECL Enhanced Chemiluminescent kit (Thermo
Fisher Scientific, Inc.). Densitometric analysis was performed
using ImagelJ 1.44p software (National Institutes of Health).

Statistical analysis. Experiments were performed in trip-
licate. Data are presented as the mean + standard deviation.
Statistical analysis was performed using GraphPad Prism 6
software (GraphPad Software, Inc.). Data were evaluated
using one-way ANOVA with Tukey's post hoc test or unpaired
two-tailed Student's t-test. P<0.05 was considered to indicate a
statistically significant difference.

Results

Formation of TAMs. THP-1 human mononuclear leukemia cells
were successfully induced to form TAMs (Fig. 1A). After 48 h
of PMA stimulation, the cells adhered to the wall of the culture
plate but no longer proliferated. Cell became large, with round
or elliptical morphologies, and there was a pseudopod exten-
sion (Fig. 1B). After 72 h of stimulation with IL-4 and IL-13,
the majority of the cells were spindle-shaped, protruding from
the pseudopod (Fig. 1C). Then, ELISA was used to detect the
expression of IL-10 in THP-1 and TAM culture supernatants.
The results indicated that IL-10 expression levels in the TAM
culture supernatant were significantly increased compared
with the THP-1 supernatant (P<0.0001; Fig. 2). The flow
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Figure 3. Identification of TAMs by flow cytometry. The expression of CD14 and CD163 in (A) THP-1 cells, (B) MO macrophages and (C) TAMs was examined.
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Figure 4. TAMs may promote proliferation of A549 cells. DAPI- and EDU-positive staining indicates the total cells and proliferating cells, respectively
(magnification, x100). Group 1 represents normal control group; group 2 represents THP-1 coculture group; and group 3 represents TAMs coculture group.
The EDU proliferation assay test indicated that the proliferation rate of the TAMs coculture group was significantly increased compared with that of the blank

control group. “**P<0.0001 vs. control. TAMs, tumor associated macrophages.

cytometry data suggested that the expression rate of uninduced
THP-1 CD14*/CD163* cells was 0.96+0.09% (Fig. 3A). The
expression rate of CD14*/CD163* cells after 48 h of PMA
stimulation was 3.77+0.10% (Fig. 3B). The expression rate of
CD14*/CD163* cells following stimulation with IL-4 and IL-13
was 41.10+£1.21% (Fig. 3C), and the successful induction of
CD14%/CD163" cells was demonstrated in the TAMs culture
group (Fig. 3D). The rate of expression was significantly
increased compared with that of uninduced THP-1 cells, and
the difference was statistically significant (P<0.0001).

TAMs affect the biological activity of A549 cells. In order to
understand the potential role of TAMs in the growth of A549
cells, an EDU proliferation kit was used to detect changes in the
proliferation rate of lung cancer A549 cells. The results demon-
strated that the proliferation rate of the blank control group was
19.4+1.1% after 24 h of A549 cell culture; the proliferation rate
of the THP-1 coculture group was 19.6+1.1%, and the prolif-
eration rate of TAMs coculture group was 25.2+1.9% (Fig. 4).
There was no significant difference between the THP-1 cocul-
ture and blank control groups (P=0.945), but the proliferation
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Figure 5. TAMs promote the invasion of A549 cells. Group 1 represents normal control group; group 2 represents THP-1 coculture group; and group 3 repre-
sents TAMs coculture group. The Transwell invasion assay demonstrated that, compared with the control group, TAMs significantly promoted the invasion of
A549 cells. Magnification, x100. “P<0.01 vs. control. TAMs, tumor associated macrophages.
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Figure 6. TAMs promote the migration of A549 cells. Group 1 represents normal control group; group 2 represents THP-1 coculture group; and group 3 represents
TAM:s coculture group. (A) Images from the Transwell migration assay. Magnification, x100. Compared with the control group, TAMs significantly promoted the
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longitudinal migration of A549 cells.
TAMs significantly promoted the lateral migration of A549 cells.
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rate of the TAMs coculture group was significantly increased
compared with that of the blank control group. These data
suggested that TAMs in coculture system may promote the
proliferation of lung adenocarcinoma A549 cells.

TAMs in the coculture system may promote the invasion
of lung adenocarcinoma A549 cells, as indicated by data from
the Transwell assay conducted in the presents study (Fig. 5).
After 24 h coculture, the number of transmembrane cells in
the blank control group was 77.3+8.3. The number of trans-
membrane cells in the THP-1 coculture group (group 2) was
82.3+9.1. The difference between these groups was not statis-
tically significant (P=0.753). The number of transmembrane
cells in the TAMs coculture group was 109.7+7.5, which was
significantly increased compared with that of the blank control
group (P=0.007). This confirmed that TAMs promoted the
invasive ability of A549 cells.

TAMs in coculture system may promote the migration
of lung adenocarcinoma A549 cells. In the present study, a

P<0.0001 vs. control. (B) Images from the scratch wound assay. Magnification, x100. Compared with the control group,
P<0.0001 vs. control. TAMs, tumor associated macrophages; NS, not significant.

Transwell assay was used to detect longitudinal migration
ability of A549 cells. The results indicated that after 24 h of
coculture, the number of transmembrane cells in the blank
control group was 269.0+12.5, and the number in the THP-1
coculture group was 275.3+12.1. The difference between these
two groups was statistically significant (P=0.816; Fig. 6A).
The number of transmembrane cells in the TAMs coculture
group was 396.7+£13.0, which was significantly increased
compared with that in the blank control group and the THP-1
coculture group (P<0.0001). A scratch wound assay was used
to detect lateral migration ability of A549 cells. The results
indicated that the differences between the TAMs coculture
group compared with the blank control group was 12.0+1.3%,
and between the THP-1 coculture group and the blank control
group was 12.6+1.4% (Fig. 6B). The migration rate of A549
cells after 24 h (35.3+1.2%) was significantly increased
(P<0.0001). These data suggested that TAMs may improve the
migration ability of A549 cells in the coculture system.
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PI3K/AKT signaling pathway is activated in A549 cells
by indirect coculture with TAMs. The western blot analysis
results indicated that the expression levels of the p-AKT and
p-PI3K proteins in the TAMs coculture group were signifi-
cantly increased compared with those in the blank control
group (Fig. 7). The differences were statistically significant
(P=0.014 and P=0.008, respectively). The expression levels of
the total (t)-AKT and t-PI3K proteins were not significantly
different from those in the blank control group (P>0.05). These
results demonstrated that TAMs may affect the biological
activity of lung adenocarcinoma A549 cells by activating the
PI3K/AKT signaling pathway in coculture systems.

Discussion

The tumor microenvironment is the internal environment on
which tumor cells depend for their survival and development. In
previous years, the interaction between immune cells and other
cells or factors in the tumor microenvironment has been demon-
strated. Immature monocytes in the blood are recruited by
various cytokines in the tumor microenvironment and induced
to undergo a phenotypic and functional transformation, thereby
forming TAMs. Furthermore, chemical factors including
chemokines, growth factors, angiogenic factors and matrix
proteases are produced to act on tumor cells in order to promote
tumor growth, invasion and metastasis. It is hypothesized that
immature monocytes may be induced into different functional
macrophages by different cytokines, including M1 macro-
phages induced by granulocyte-macrophage-colony-stimulating
factor/lipopolysaccharide to promote inflammation and tumor
suppressor activity via NF-kB and p-signal transducer and acti-
vator of transcription 1 pathways, and induced M2 macrophages
by IL-4 and IL-13 in order to promote tumor growth (6,7). As

1845

TAMs have a similar function to M2 macrophages, M2 macro-
phages are usually induced in vitro to replace TAMs in research
models (18). The present study also used specific concentrations
of PMA, IL-4 and IL-13 to stimulate the differentiation of
THP-1 cells into M2 macrophages as opposed to TAMs, and
used ELISA to detect the expression of IL-10 in THP-1 cells and
TAM culture supernatants. In addition, flow cytometry was used
to detect the expression ratio of CD14*/CD163* cells to verify
that the model was successfully established. The experimental
results indicated that following induction, the growth charac-
teristics of THP-1 cells changed from suspension to adherence,
and their morphology changed from round to fusiform with no
proliferative activity. The flow cytometry data suggested that
the expression ratio of CD14*/CD163* pattern in the induced
cells was significantly increased, thereby confirming that the
in vitro study model of TAMs was successfully established in
the present study.

Previous studies have demonstrated that TAMs may affect
the efficacy of epidermal growth factor receptor-tyrosine
kinase inhibitors (EGFR-TKI) targeted therapy in NSCLC, and
its pathological score may be used as an effective prognostic
biomarker (19-21). However, at a cellular level, there is no rele-
vant basic research to confirm that TAMs directly affect the the
ability of TKIs to induce cell death in NSCLC cells. Additional
studies are vital to explore the potential involvement of TAMs
in mediating NSCLC TKI-targeted drug resistance and TKI
resistance reversal via immunotherapy. In the present study,
a Transwell coculture method was used to simulate a tumor
microenvironment, and the effects of cytokines secreted by
TAMs on the biological activity of lung adenocarcinoma A549
cells were explored. The molecular mechanism was initially
examined on a preliminary basis. In the present study, an indi-
rect coculture model of TAMs and lung adenocarcinoma A549
cells was successfully established and an EDU proliferation
assay kit was used to detect the proliferation rate of A549 cells.
The results demonstrated that TAMs significantly promoted the
proliferation and clonality of A549 cells. Through Transwell
invasion, migration and scratch wound assays, it was also iden-
tified that TAMs also significantly promoted the invasion and
migration of A549 cells.

The PI3K/AKT cell signal transduction pathway a
signaling pathways closely associated with tumorigenesis and
development. In lung cancer, it not only promotes prolifera-
tion, invasion and migration of tumor cells through cascade
phosphorylation of a series of proteins, but it may also
affect the efficacy of EGFR-targeted therapy for non-small
NSCLC (22,23). Therefore, the present study aimed to verify
whether TAMs affect the biological activity of lung cancer
cells by activating the PI3K/AKT signaling pathway. In the
present study, the expression levels of t-PI3K, t-AKT and
corresponding phosphorylated p-AKT and p-PI3K proteins
were detected by western blot analysis. The results suggested
that TAMs may significantly promote the expression of phos-
phorylated PI3K and AKT proteins. In other words, cytokines
secreted by TAMs may activate the PI3K/AKT signaling
pathway in order to promote the proliferation, invasion and
migration of A549 cells. Whether TAMs are involved in
the TKI resistance observed in lung cancer cells exhibiting
EGFR-activating mutations would be an interesting topic of
future study.
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The data from the present study is inconclusive in certain
aspects, for example: TAMs in the microenvironment may
affect tumor cells through paracrine effects and direct contact,
but the present study only established an indirect coculture
environment. The proportion of TAMs in the in vitro TAMs
study model was high, but it was not pure. Although the present
study established the THP-1 coculture group to exclude the
effects of undifferentiated or other different types of macro-
phages, purification of TAMs by specific antibody-modified
magnetic beads would produce more convincing results. In
conclusion, TAMs promoted the proliferation, invasion and
migration of lung adenocarcinoma A549 cells, and this may
be associated with the activation of the PI3K/AKT signaling
pathway.
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