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Inhibition of the VEGF signaling pathway attenuates
tumor-associated macrophage activity in liver cancer
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Abstract. Tumor-associated macrophage (TAMs) are para-
mount for tumor progression and immune tolerance in the
tumor microenvironment of various types of cancer, including
liver cancer. The aim of the present study was to investigate the
effect of vascular endothelial growth factor (VEGF) inhibition
on TAM polarization and function during their interactions
with macrophages and liver cancer cells. TAMs were induced
by culturing MO macrophages with cancer cell-conditioned
medium. TAMs cultured with cancer cell-conditioned
medium and vascular endothelial growth factor (VEGF)
inhibitor were defined as modified TAMs, and the expression
levels of TAM-associated markers and VEGF receptor 2 were
evaluated using reverse transcription-quantitative polymerase
chain reaction (RT-qPCR). The effects of TAMs and modified
TAMs on cancer cell proliferation and migration were investi-
gated using conditioned medium. Programmed death-ligand 1
(PD-L1) mRNA expression in modified TAMs and cancer cells
cultured in modified TAM-conditioned medium (TAM-CM)
for 48 h was examined using RT-qPCR. In order to investigate
signaling pathways in macrophages, western blot analysis
was performed. CD163 and CD206 and M2 macrophage
marker expression was upregulated in TAMs and modified
TAMs. Modified TAM-CM exhibited a decreased ability to
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promote cancer cell proliferation and migration in comparison
with the use of TAM-CM. The VEGF concentration was
significantly higher in the TAMs than in MO macrophages;
however, the modified TAMs displayed a significantly lower
VEGEF secretion than TAMs. PD-L1 expression was decreased
in modified TAMs as compared with TAMs. Western blot
analysis revealed that the Akt/mTOR signaling pathway was
significantly suppressed in the modified TAMs compared
with TAMs. It was observed that TAMs cultured in a
VEGF-depleted environment displayed lower secretion levels
of cytokines involved in tumor progression and a decreased
immune tolerance-inducing ability. On the whole, the results
of the present study suggested that VEGF inhibition in TAMs
may be a potential therapeutic target for liver cancer.

Introduction

The tumor microenvironment (TME) plays a crucial role in
cancer occurrence and progression. The TME consists of
endothelial cells, fibroblasts, vascular components, macro-
phages, immune cells and secreted cytokines (1,2). Targeting
the TME represents a potential approach for the treatment of
cancer at the tumor and cellular level simultaneously.

Tumor-associated macrophages (TAMs) are one of the
most common populations of tumor-infiltrating immune
cells in the TME (3). Macrophages can be classified into
two subtypes, the M1 phenotype (classically activated) and
M2 phenotype (alternatively activated). TAMs are usually
polarized toward the tumor-promoting M2 phenotype rather
than the tumoricidal M1 phenotype (4). Several studies have
demonstrated that high numbers of TAMs in the TME are
associated with a poor prognosis in various types of cancer,
including ovarian, pancreatic and lung cancer (5-8). Through
the secretion of various cytokines, TAMs can promote tumor
growth, angiogenesis and epithelial-mesenchymal transition
(EMT) and reduce immune cell antitumor activity, leading
to the suppression of antitumor immune responses in the
TME (9-11).

Vascular endothelial growth factor (VEGF) is an impor-
tant cytokine in the TME, and cancer cells and TAMs are the
major sources of VEGF (12,13). During tumor progression,
VEGEF secreted by cancer cells binds to the VEGF receptor
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(VEGFR) of endothelial cells, thereby enhancing endothelial
cell proliferation and migration, and promoting angiogenesis
near the tumor site (14). Furthermore, it has been reported
that VEGF secreted by cancer cells functions in an autocrine
and paracrine manner, and enhances tumor growth via the
activation of the VEGF/VEGFR signaling pathway in cancer
cells (15). Cancer cells have been also reported to produce
cytokines and chemokines, such as interleukin (IL)-4, IL-10,
and C-C motif chemokine ligand 2 (CCL2) to induce TAM
infiltration. CCL2 is involved in the recruitment of mono-
cytes, IL-4 and IL-10, polarizing monocytes toward the M2
phenotype (termed TAMs) (16). TAMs that are recruited and
activated by cancer cells have been reported to secrete VEGF
and promote tumor progression (17). It has been previously
reported by the authors that VEGF secreted by TAMs may
promote the EMT of cancer cells via transcription factor
nuclear factor (erythroid-derived 2)-like 2 (Nrf2) activation in
cancer cells (18). However, the findings of the effects of VEGF
on macrophages have thus far been controversial (19,20).
Wheeler et al (19) reported that VEGF treatment significantly
enhanced the upreglation of M2 markers of macrophages,
while Linde et al (20) reported that VEGF was not involved
in the M2 polarization of macrophages in vitro. Thus, the
effects of VEGF secreted by cancer cells on TAM polarization
remain unclear.

Programmed death-ligand 1 (PD-L1) plays a crucial role in
the TME by suppressing the anti-tumor T cell-mediated immune
response. Novel therapies targeting the PD-L1/programmed
cell death protein 1 axis have been developed for cancer treat-
ment. In the treatment of liver cancer, bevacizumab (a VEGF-A
inhibitor) and atezolizumab (a PD-L1 inhibitor) have already
been clinically applied as cancer treatments (21,22). Previous
studies have suggested that the tumor stroma, including
TAMs, is a regulator of PD-L1 expression in cancer cells (1-3).
However, whether VEGF secreted by TAMs is involved in
PD-L1I regulation in the TME remains unclear.

In the present study, the role of VEGF in the TME of liver
cancer was investigated with particular focus on the effects
of VEGF inhibition on TAM function. It was observed that a
VEGF-depleted environment attenuated the tumor-promoting
function of TAMs and the ability of TAMs to enhance
PD-L1 expression in cancer cells through the decreased
cytokine secretion of TAMs, and via the inactivation of the
VEGFR2/Akt/mTOR pathway.

Materials and methods

Cells and cell culture. Huh-7 (RCB1366) and HepG2
(RCBI1648) cells (human liver cancer cell lines) were obtained
from the RIKEN BioResource Center Cell Bank. THP-1
cells (a human monocyte cell line) were obtained from the
Culture Collections of Public Health England (https:/www.
phe-culturecollections.org.uk/). The Huh-7 and HepG2 cells
were maintained in DMEM (Thermo Fisher Scientific, Inc.),
and the THP-1 cells were maintained in RPMI-1640 (Wako
Pure Chemical Industries, Ltd.). Media were supplemented
with 10% FBS (Thermo Fisher Scientific, Inc.) and 1%
penicillin/streptomycin (Gibco; Thermo Fisher Scientific,
Inc.). To induce cell differentiation into MO macrophages, the
THP-1 cells were exposed to 150 nmol/l phorbol 12-myristate

13-acetate (PMA; MilliporeSigma) for 48 h. All cells were
maintained under a 5% CO, atmosphere at 37°C.

Preparation of conditioned medium (CM) and TAMs. The
Huh-7 and HepG2 cells were cultured to 80% confluency in
100-mm culture dishes, in order to obtain CM. All cells were
washed with pre-warmed PBS twice and then incubated with
fresh medium without FBS. Following 48 h of incubation
at 37°C, the supernatant was collected, centrifuged at 800 x g
for 5 min at 22°C, and filtered through a 0.2-um sterile filter.
The cancer cell-derived CM (Huh-7-CM and HepG2-CM)
was used without additional FBS.

To obtain TAMs, MO macrophages were treated with
cancer cell-derived CM (Huh-7-CM and HepG2-CM). CM
was added to the culture medium at a ratio of 1:1, and the
cells were stimulated for 48 h at 37°C. TAMs induced from
Huh-7-CM were defined as TAM(Huh7), and TAMs induced
from HepG2-CM were defined as TAM(HepG2). To obtain
modified TAMs, MO macrophages were treated with cancer
cell-derived CM containing VEGF antibody. VEGF antibody
(cat. no. MAB293; R&D Systems, Inc.) was added to the
medium at the concentration of 60 ng/ml.

The M0-CM, TAM-CM and modified TAM-CM were
collected from the MO macrophage culture, TAM culture and
modified TAM culture, respectively, in the same manner as
described above. In the proliferation and migration assays,
the CMs were added to the culture medium at a ratio of 1:1.
The same concentration of human IgG (cat. no. 1-001-A;
R&D Systems, Inc.) was used as a control.

Cell proliferation assay. Cell Counting Kit-8 (CCK-8) assay
(Dojindo Molecular Technologies, Inc.) was performed in
accordance with the manufacturer's protocol. Briefly, 10%
CCK-8 reagent was added to each well. The plates were
incubated at 37°C for 2 h, and the absorbance was analyzed at
450 nm using a microplate reader (SpectraMax i3; Molecular
Devices, LLC).

Migration assay. Transwell migration assays were performed
using 24-well plates with 8-ym pore membrane inserts
(Corning, Inc.) in accordance with the manufacturer's protocol.
Huh-7 and HepG2 cells were seeded in the upper chamber at a
concentration of 20,000 cells in 100 yl of medium containing
1% FBS. In the lower chamber, corresponding CM was added
to the 10% FBS DMEM culture medium at a ratio of 1:1; the
final FBS concentration was 5%. Following 24 h of incubation
at 37°C, cells that had migrated to the bottom of the Transwell
membrane were fixed with 4% paraformaldehyde for 15 min.
The membrane was stained using 0.2% crystal violet solu-
tion (Wako Pure Chemical Industries, Ltd.) for 20 min at
room temperature, and stained cells were counted using a
phase-contrast microscope (BX43; Olympus Corporation) in
three random fields per membrane (x200 magnification).

Wound healing assay. Huh-7 and HepG2 cells were seeded in
six-well plates and grown to 90% confluency. The cell mono-
layer was scratched using a plastic pipette tip across the well
to create a 1-mm-wide gap. The detached cells were removed
by washing with PBS twice. The well was then replenished
with fresh DMEM medium containing 1% FBS followed by
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the addition of corresponding CM at a ratio of 1:1, the final
FBS concentration was 0.5%, the cancer cells were cultured
for a further 24 h at 37°C. Images of the wound areas were
captured using a phase-contrast microscope (magnification,
x40; DP22-CU; Olympus Corporation) at 0 and 24 h after
scratching. The wound healing rates were calculated using
Imagel v1.46r software (National Institutes of Health) and
using the following equation: Wound healing rate (%)=[area
(0 h)-area (24 h)]/area (0 h) x100.

Cytokine array. Cytokines in MO-CM and TAM-CM were
detected using a Proteome Profiler Human Cytokine Array kit
(cat. no. ARY005B; R&D Systems, Inc.) following the manu-
facturer's protocol. The chemiluminescence signal intensities
on the membranes were detected using a Lumino Image
Analyzer (Amersham Imager; Cytiva).

ELISA. The concentrations of VEGF and MMP-9 in the CM
were detected using a VEGF ELISA kit (cat. no. DVE0O; R&D
Systems, Inc.) and an MMP-9 ELISA kit (cat. no. DMP900;
R&D Systems, Inc.), respectively, following the manufacturer's
protocol. The absorbance was measured at 450 nm using a
microplate reader (SpectraMax i3; Molecular Devices, LLC).

Reverse transcription-quantitative polymerase chain reaction
(RT-gPCR). The RNeasy Mini Kit (Qiagen GmbH) was used to
extract total RNA from the cells following the manufacturer's
instructions. The total RNA concentration was determined
using a spectrophotometer (NanoDrop 2000; Thermo Fisher
Scientific, Inc.) according to manufacturer's instructions.
cDNA was synthesized from 2.5 ug total RNA using a
High-Capacity cDNA Reverse Transcription kit (4368813,
Applied Biosystems; Thermo Fisher Scientific Inc.) in a final
volume of 50 pl. The cycling conditions for the reverse tran-
scription were as follows: Incubation at 25°C for 10 min, 37°C
for 120 min, 85°C for 5 min. All samples were kept at -20°C
until ready for use. The StepOnePlus Real-Time PCR System
(Applied Biosystems; Thermo Fisher Scientific Inc.) was
used to conduct qPCR. The qPCR conditions consisted of an
Initial denaturation for 3 min at 95°C, followed by 40 cycles of
30 sec denaturation at 95°C, annealing for 30 sec at 58°C and
extension at 72°C for 45 sec. The final extension was carried
out at 72°C for 10 min. The primers from TagMan assays
(assay identification number) used in the present study are as
follows: CD163 (Hs00174705_m1), CD206 (Hs00267207_m1),
VEGFR2 (Hs00911700_m1) and PD-L1 (Hs00204257_m1).
GAPDH (4326317E) was used as an internal control. All
primers were purchased from Thermo Fisher Scientific, Inc.
The data were analyzed using the 2424 method (23). The
results are presented as the fold changes of the relative mRNA
expression for each experimental group compared with that in
the control group.

Western blot analysis. Cell lysates were obtained, and western
blot analysis was performed as previously described (18,24).
Briefly, total proteins were extracted by lysing the cells using
RIPA lysis buffer (Thermo Fisher Scientific, Inc.), containing
a protease inhibitor cocktail (Sigma-Aldrich; Merck KGaA)
and a PhosSTOP phosphatase inhibitor cocktail (Roche
Diagnostics). The protein concentration was measured using a

BCA kit (Thermo Fisher Scientific Inc.). Equal amounts (20 pg)
of extracted proteins were separated on 10% SDS-PAGE gels
and transferred onto PVDF membranes (Bio-Rad Laboratories,
Inc.). The membranes were incubated with the indicated
primary antibody overnight at 4°C. The membranes were then
incubated with appropriate HRP-conjugated secondary anti-
body for 1 h at room temperature. The proteins were detected
using ECL reagents (Cytiva). Western blot densitometry band
quantification was performed using ImageJ v1.46r software
(National Institutes of Health). The primary antibodies used in
the present study, along with the corresponding dilutions, are
listed in Table I. The p-Akt antibody used in the present study
detected endogenous Akt phosphorylated at Ser473.

Statistical analysis. All statistical analyses were performed
using JMP software (version 13; SAS Campus Drive). The
Student's t-test was used for statistical comparisons between
two groups, and one-way ANOVA with the Tukey-Kramer
test was used for statistical comparisons among three or more
groups. All experiments were repeated more than three times.
Data are expressed as the mean = SD. A P-value <0.05 was
considered to indicate a statistically significant difference.

Results

Polarization of MO macrophages toward the M2 phenotype
(termed TAMs) by cancer cell-CM. To generate TAMs, THP-1
cells were first stimulated with PMA for 48 h to induce their
differentiation into MO macrophages. The M0 macrophages
were then cultured with Huh-7-CM or HepG2-CM for a further
48 h (Fig. S1A). The two generated TAM lines, TAM(Huh-7)
and TAM(HepG?2), expressed increased mRNA levels of the
M2 macrophage markers, CD163 and CD206, as compared
with the expression levels in MO macrophages (P<0.05,
Fig. S1B).

TAMs enhance liver cancer cell line proliferation and
migration. Subsequently, the effects of TAMs on the malignant
potential of Huh-7 and HepG2 cells were investigated. TAMs
were established using CM from Huh-7 and HepG2 cells; CM
from the two sets of TAMs was then collected, and the Huh-7
and HepG?2 cells were cultured with the TAM-CM (Fig. S2A).
TAM-CM from both cell lines significantly increased the
proliferation and migration of the Huh-7 and HepG2 cells
compared with the effects of MO-CM (P<0.05, Fig. S2B-D).
These results indicated that secreted factors from TAMs may
play a crucial role in the effects of TAMs on the proliferation
and migration of cancer cells.

Inhibition of VEGF secretion by TAMs attenuates liver
cancer cell proliferation and migration. A cytokine array
using TAM(Huh-7)-CM was used to compare the differences
in cytokine secretion between TAMs and MO macrophages.
The results illustrated that TAMs secreted increased levels
of VEGF in comparison with the MO macrophages (Fig. 1A).
The VEGF concentrations in the TAM(Huh-7)-CM and
TAM(HepG2)-CM were then examined using ELISA. The
results revealed that both TAM cell lines secreted significantly
higher VEGF levels than the MO macrophages (P<0.001,
Fig. 1B). To investigate the effects of VEGF secretion by TAMs
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Table I. Details of antibody sources and concentrations used for western blot analysis.

Antibody Company Cat. no. Dilution
Akt (total-Akt) mAb Cell Signaling Technology, Inc. 4691S 1:1,000
Phospho-Akt (p-Akt) mAb Cell Signaling Technology, Inc. 40608 1:1,000
mTOR (total-mTOR) mAb Abcam ab32028 1:1,000
Phospho-mTOR (p-mTOR) mAb Abcam ab109268 1:1,000
[B-actin mAb Cell Signaling Technology, Inc. 4970S 1:1,000
HRP-linked anti-rabbit antibody Cell Signaling Technology, Inc. 7074S 1:3,000

mAb, monoclonal antibody.
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Figure 1. TAMs secrete high amounts of VEGF. (A) Cytokine arrays of MO-CM and TAM(Huh-7)-CM. (B) VEGF concentration of MO-CM, TAM(Huh-7)-CM
and TAM(HepG2)-CM. The data are presented as the mean + SD. ““P<0.001 (one-way ANOVA with the Tukey-Kramer test). TAMs, tumor-associated macro-

phages; VEGF, vascular endothelial growth factor; CM, conditioned media.

on cancer cells, the Huh-7 and HepG2 cells were cultured with
TAM-CM or M0-CM, with the addition of VEGF antibody
(Fig. S3A). The effects of TAM-CM on the Huh-7 and HepG2
cell proliferation and migration activities were attenuated at
almost the same levels with MO-CM upon VEGF inhibition
(P<0.05, Fig. S3B-D). These results indicated that VEGF
secreted by TAMs may promote cancer cell malignancy,
further supporting its critical role in the TME.

VEGF inhibition induces the functional attenuation of
TAMs without affecting M2 polarization. To clarify the
critical role of VEGF in the interaction of TAMs and cancer
cells, the effects of VEGF secreted by cancer cells on TAM
polarization and function were investigated. VEGF secre-
tion from cancer cells was confirmed (Fig. 2A), as well as
VEGFR?2 expression upregulation in TAMs from the Huh-7
and HepG2 cells, as compared its expression in MO macro-
phages (P=0.04 and P<0.001, respectively, Fig. 2B). In order
to investigate whether VEGF is involved in the establishment
of TAM function during M2 polarization, MO macrophages

were cultured in cancer cell-CM in the presence or absence
of VEGF antibody for 48 h (Fig. 3A). TAMs induced in the
presence of the VEGF antibody (modified TAMs) displayed
M2-like spindle-shaped morphological changes (data not
shown), indicating that the inhibition of VEGF during M2
polarization did not affect TAM morphology. Likewise,
modified TAMs exhibited similar mRNA expression levels
of CD163 and CD206 as TAMs stimulated by cancer cell-CM
without anti-VEGF antibody. These findings revealed that the
inhibition of VEGF secreted by cancer cells did not affect the
upregulation of the expression of CD163 and CD206, which
are M2 macrophage markers (Fig. 3B). However, modified
TAM-CM exerted weaker effects on cancer cell proliferation
and migration compared with TAM-CM (P<0.05, Fig. 4A-C).
VEGEF secretion by modified TAMs was then investigated and
it was revealed that modified TAMs displayed a significantly
reduced VEGEF secretion compared with TAMs (P<0.001,
Fig. 5A). Additionally, the secretion of MMP-9, which
has been reported as one of the major factors secreted by
TAMs to be positively correlated with VEGF secretion (25),
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Figure 2. TAMs receive VEGF signals from cancer cells. (A) VEGF secretion by cancer cells (Huh-7, HepG2). (B) VEGFR2 mRNA expression in TAMs.
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was increased in TAMs and decreased in modified TAMs
(P<0.05, Fig. 5B).

Subsequently, the signaling pathways associated with
VEGF secretion were examined in TAMs and modified
TAMs. VEGFR2 mRNA expression was significantly
downregulated in modified TAM(Huh-7) compared with
the levels in TAM(Huh-7) (P=0.001, Fig. 5C). The p-Akt
and p-mTOR levels were also decreased in the modified
TAM(Huh-7) compared with levels in TAM(Huh-7), as
revealed using western blot analysis (P<0.001, Fig. 5D). These
results suggested that VEGF inhibition during M2 polarization
resulted in a decreased VEGF secretion in modified TAMs via
the inactivation of the VEGFR2/Akt/mTOR pathway.

Modified TAMs have a reduced ability to upregulate PD-LI
expression. Several studies have previously reported that M2
macrophages may enhance PD-L1 expression in lung cancer,
pancreatic cancer, and liver cancer (26-28). Thus, in the present
study, Huh-7 cells were cultured with TAM(Huh-7)-CM
or modified TAM(Huh-7)-CM for 48 h, and PD-L1 mRNA
expression in cancer cells was examined using RT-qPCR.
The results demonstrated that TAM(Huh-7)-CM increased
the mRNA expression of PD-L1 in the Huh-7 cells; however,
modified TAM(Huh-7)-CM had no effect compared with
MO-CM (Fig. 6A). Another study previously reported that
TAMs not only promoted PD-L1 expression in cancer cells,
but also expressed PD-L1 (29). Therefore, in the present study,
PD-L1 mRNA expression was examined and its upregula-
tion in TAMs was detected, while a weaker upregulation
was detected in modified TAM(Huh-7) compared with
TAM(Huh-7) (Fig. 6B). These findings illustrated that VEGF
inhibition attenuated the expression of PD-L1 and the tumor
immunosuppression function in TAM:s.

Discussion

In the present study, it was demonstrated that the inhibition
of VEGF secreted by cancer cells did not alter the M2
polarization of macrophages in the TME; however, the
tumor-promoting characteristics of TAMs were attenuated
though the suppression of VEGF secretion in TAMs. TAMs
induced in a VEGF-depleted environment exhibited reduced
activation of the Akt/mTOR signaling pathway and decreased
secretion of humoral factors, including VEGF and MMP-9.
Furthermore, the increased PD-L1 expression in cancer
cells was not achieved in the presence of TAMs induced in a
VEGF-depleted environment, with the PD-L1 expression of
these modified TAMs also being suppressed.

Furthermore, the effect of VEGF inhibition on the M2
polarization of macrophages in the TME was investigated.
TAMs are mainly M2 macrophages that are activated by
tumor-derived IL-4, IL-13, IL-10, macrophage colony-stim-
ulating factor and lactic acid in the TME. M2 macrophages
produce anti-inflammatory cytokines, such as IL-10, IL-13
and transforming growth factor-f to promote tumor develop-
ment and growth (30-32). It has been previously reported by
the authors that TAMs and cancer cells may interact via the
Nrf2 pathway, VEGF secretion by TAMs may enhance EMT
of cancer cells and that lactic acid secreted by cancer cells
may polarize macrophages toward the M2 phenotype (18).
However, contrary to the current expectations, the present
study demonstrated that VEGF inhibition by VEGF antibody
in the cancer cell-CM did not contribute to M2 macrophage
polarization inhibition.

The function of TAMs stimulated by cancer cell-CM in a
VEGF-depleted environment was further investigated using
VEGF antibody. Previous studies have demonstrated that
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TAMs may contribute to tumor neovascularization through
the upregulation of VEGF secretion, and the MMP-induced
degradation of extracellular matrix surrounding cancer cells,
resulting in the release of heparin-bound growth factors,
including VEGTF, to further support angiogenesis and tumor
progression (33,34). The results of the present study indicated
that modified TAMs, which were induced in a VEGF-depleted
environment, exhibited a weaker ability to promote the prolif-
eration and migration of cancer cells due to a reduction in the
VEGF secretion level. VEGFR?2 is expressed on macrophages,
and its expression is upregulated on M2 macrophages (35).
VEGF secreted by TAMs has been reported to function
simultaneously in a paracrine and autocrine manner through
the VEGFR?2 signaling pathway in TAMs, as also observed

in cancer cells. Recently, several studies have reported that
VEGFR2 expression on M2 TAMs plays a crucial role in
tumor immune tolerance within the TME (19,35). Other studies
have previously suggested that humoral factor secretion by
M2 macrophages may be regulated via the VEGF/'VEGFR2
signaling pathway (36-38). The present study confirmed that
VEGEF depletion suppressed Akt/mTOR pathway activation,
which is a main downstream pathway of VEGF/VEGFR2
signaling, in modified TAMs. The inactivation of the
Akt/mTOR pathway has been previously reported to reduce
VEGFR2 expression in glioma cells (39), and the inhibition
of the mTOR pathway has been reported to downregulate the
production of VEGF and MMP-9 in macrophages and cancer
cells (40,41). These reports are in support of the present results,
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Figure 4. VEGF inhibition reduces the malignant potential of TAMs. (A) Proliferation assay of Huh-7 and HepG2 cells cultured with modified TAM-CM.
(B) Transwell migration assay (scale bar, 100 ym; magnification, x200) of Huh-7 and HepG2 cells cultured with modified TAM-CM. (C) Wound-healing
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n.s., not significant (one-way ANOVA with the Tukey-Kramer test). VEGF, vascular endothelial growth factor; TAMs, tumor-associated macrophages;
CM, conditioned medium.

and paracrine VEGF secretion by TAMs and cancer cells may
represent a treatment strategy for inhibiting the TME, thereby
suppressing tumor progression.

concerning the modified TAMs demonstrating attenuated
cytokine secretion via inactivation of VEGFR2/Akt/mTOR
pathway. This finding suggests that the inhibition of autocrine
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VEGF, vascular endothelial growth factor; TAMs, tumor-associated macrophages; MMP-9, matrix metalloproteinase-9.

Finally, the present study investigated whether the
VEGF-depleted environment was associated with tumor
immune tolerance via PD-L1 expression in cancer cells and
TAMs. Shima et al (28) reported that macrophages signifi-
cantly expressed PD-L1 during TAM-like M2 differentiation,
and TGF-f produced by TAMs induced PD-L1 expression in
lung cancer cells. Yao et al (42) reported that PD-L1 expres-
sion by macrophages was positively regulated by the PI3K/Akt
signaling pathway, in support of the current results. Another
study previously reported that PD-L1 expression by liver cancer

cells was regulated by the Nrf2 pathway (43), and a previous
report by the authors previously revealed that VEGF secreted
by TAMs may activate the Nrf2 pathway in liver cancer
cells (18). Therefore, VEGF inhibition can suppress the VEGF
autocrine loop in macrophages and reduce PD-L1 expression
in cancer cells through the inactivation of the AKT/mTOR
pathway in TAMs, possibly due to the suppression of the Nrf2
pathway in cancer cells.

Recent large-scale randomized clinical trials have demon-
strated that the concomitant use of anti-VEGF treatment
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Figure 7. Proposed mechanisms of VEGF inhibition in the TME and its effects
on TAMs. VEGEF inhibition in the TME did not affect the M2 polarization of
macrophages. TAMs stimulated in a VEGF-depleted environment displayed
reduced M2 characteristics, such as the secretion of VEGF and other cytokines
including MMP-9 and reduced immune tolerance of cancer cells through
PD-L1 in TAMs and cancer cells. This may be as VEGF depletion induces the
suppression of VEGF signaling pathways, including the VEGFR2/Akt/mTOR
pathway in macrophages. VEGF, vascular endothelial growth factor; TME,
tumor microenvironment; TAMs, tumor-associated macrophages; MMP-9,
matrix metalloproteinase-9; PD-L1, programmed death-ligand 1.

enhances the efficacy of anti-PD-L1 therapy in advanced
liver cancer, and this strategy has already been clinically
introduced globally. The results of clinical trials have demon-
strated that treatment with the combination of anti-PD-L1 and
anti-VEGF therapy is effective due to their synergistic effects
on tumor growth, as well as due to their ability to reprogram
the immunosuppressive environment to enhance anti-tumor
immune responses (21,22). Although the effects of combina-
tion therapy have been clinically confirmed, only a limited
number of studies support the co-association between VEGF
and PD-L1. Schmidinger (44) reported that PD-L1 expression,
as detected by immunohistochemistry, was associated with
VEGF expression, which reflected poor pathological features

in patients with clear cell renal cell carcinoma. The findings
of the present study suggested that the TAMs induced in a
VEGF-depleted environment had a weaker ability to promote
tumor progression and that VEGF inhibition in the TME
regulates PD-L1 expression in TAMs and cancer cells (Fig. 7).
This concept could help clarify the mechanisms of the effects
of the combined anti-PD-L1 and anti-VEGF therapy.

The present study has several limitations. Firstly, the results
were based on in vitro experiments using VEGF antibody. To
further investigate the effects of the inhibition of the VEGF
signal pathway in TAMs, genetic modification technology
targeting VEGF, including shRNA are required, as well as
experiments using a liver cancer animal model.

In conclusion, the importance of VEGF signaling for the
malignant potential of TAMs in the TME of liver cancer was
demonstrated in the present study. VEGF inhibitors may not
affect M2 polarization; however, VEGF inhibition impedes
tumor growth and attenuates TAM function. These effects
may suppress tumor progression and reduce tumor immune
escape through the inactivation of the VEGFR2/AKT/mTOR
pathway. Therefore, the present study revealed that VEGF
inhibition can lead to the functional deficiency of TAMs, in
support of the potential efficacy of the combined anti-VEGF
and anti-PD-LI treatment.
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