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Background: β2-adrenoceptors (β2-ARs) are expressed on the surface of immune cells,

including tumor-associated macrophages (TAMs). Previous studies have demonstrated that

the expression of β2-ARs in hepatocellular carcinoma (HCC) is significantly increased in vitro.

However, the role of β2-AR in M2-polarized macrophages remains unclear. G protein-coupled

receptor kinase 2 (GRK2) can regulate G protein-coupled receptor (GPCR). Previous studies

showed that down-regulation of GRK2 in HCC contributes the HCC progression, but it still

remains unclear whether the regulation of β2-AR in M2-polarized macrophages by GRK2 can

promote HCC.

Purpose: The present study was designed to investigate the role of activated β2-AR in M2-

polarized macrophages in the HCC progression and GRK2 regulatory effect, as well as the

underlying mechanisms involved.

Results: The results demonstrated that the M2-polarized macrophages were increased with

HCC progression. In vitro, the activation of β2-AR by terbutaline in M2-polarized macro-

phages elevated the proliferative, migratory and invasive attributes of HCC cells.

Furthermore, GRK2 down-regulation in β2-AR activated M2-polarized macrophages acti-

vated the downstream cyclic adenosine monophosphate (cAMP)/protein kinase A/cAMP-

response element binding protein and cAMP/interleukin-6/signal transducer and the activator

of transcription 3 signaling pathways, contributing to the secretion of tumor-associated

cytokines, and thus resulting in the promotion of malignant biological behavior in HCC cells.

Conclusion: These findings suggest that the regulation of β2-AR occurs through the

silencing of GRK2 in M2-polarized macrophages, which is conducive to HCC development,

through its engagement in the activation of downstream signaling.

Keywords: hepatocellular carcinoma, tumor microenvironment, macrophage, beta2-

adrenoceptor, G protein-coupled receptor kinase 2, therapeutic target

Introduction
Hepatocellular carcinoma (HCC) is a highly malignant type of cancer and the

second leading cause of cancer-associated mortality.1 Although the progress on

surgical procedures, including minimally invasive treatment and liver transplanta-

tion for HCC have been progressed, patients with HCC still have a poor prognosis

with frequent recurrences and metastases. The molecular targeting agent, sorafenib,

are used to improve the overall survival rates of patients at late stage HCC, but with
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limited effect. Therefore, novel therapeutic targets are

required to improve the survival of patients with HCC.

Tumor associated macrophages (TAMs) are a type of

immune cells present in the tumor microenvironment. They

resemble M2 subtype, and produce large quantities of tumor-

associated cytokines and chemokines, and differing fromM1

cells.2,3 It has become increasingly evident that the presence

of intratumor macrophages in a large number is associated

with the high vessel density and the progression of various

tumors, including urinary bladder and breast cancer.4–7 β2-
adrenoceptors (β2-ARs) as a subtype of ARs, belong to the G
protein-coupled receptor (GPCR) family with a common

structural signature of seven membrane-spanning helices.8

β2-AR is overexpressed in HCC, the activation of β2-AR
leads to the HCC growth progression as demonstrated in

various HCC cell lines, like SMMC-7721, MHCC97L,

HepG2 and MHCC97H.9–11 Furthermore, ARs are distribu-

ted on the surface of macrophages. A previous study demon-

strated that β-adrenergic signaling modulates the growth and

metastasis of tumors by producing changes to the tumor

microenvironment, including macrophage recruitment.12

Grailer et al13 reported that catecholamine-induced activation

of the β2-AR modified the entire macrophage phenotype,

resulting in the type of M2-polarized macrophage in mice.

However, the effect of activated β2-AR in M2-polarized

macrophages on HCC cells remains unclear.

G protein-coupled receptor kinase 2 (GRK2) has a total-

body expression and is primarily identified as the kinase

that phosphorylates and desensitizes agonist-bound GPCRs,

including β2-AR.14,15 Our previous study revealed that the

inhibition of GRK2 significantly promotes HCC cell

growth.16 Nevertheless, whether GRK2 regulates β2-AR
in M2-polarized macrophages and contributes to the pro-

gression of HCC requires further investigation.

In the present study, terbutaline (Terb) was used as a

selective agonist to active β2-ARs in M2-polarized macro-

phages. The results demonstrated that CD163 and CD206

(markers of M2-polarized macrophages) were increased with

HCC progression. Furthermore, the down-regulation of

GRK2 in Terb-stimulated M2-polarized macrophages

delayed the β2-AR internalization, activated the downstream

cyclic adenosine monophosphate (cAMP)/protein kinase A

(PKA)/cAMP-response element binding protein (CREB) and

cAMP/interleukin-6 (IL-6)/signal transducer and activator of

transcription 3 (STAT3) signaling pathways in macrophages,

and promoted the secretion of pro-tumor cytokines. Finally,

the proliferative, migratory and invasive abilities of HCC

cells were elevated. These results suggested that GRK2

targeting at M2- polarized macrophages may be a potential

therapeutic approach for the treatment of the patients with

HCC through the blocking of tumor progression.

Materials and methods
Reagents
Phorbol-12-myristate-13-acetate (PMA) was bought from

Sigma Aldrich (St. Louis, Missouri, USA), human IL-4 and

human IL-13 were purchased from Peprotech (200-04 and

200-13, Rocky Hill, USA).The anti-CD163, anti-CD206,

anti-β2-AR and anti-PKA antibodies were purchased from

Santa Cruz Biotechnology(sc-33559, sc-58986, sc-271322

and sc-98951, Ca, USA). Phenylmethylsulfonyl fluoride

(PMSF) was bought from beyotime biotechnology

(Shanghai, China). Primary antibodies against STAT3,

pSTAT3, pCREB were purchased from Cell Signaling

Technology (4904s, 9131s and 9198s, Danvers, MA, USA).

Anti-CREB antibody was purchased from Abcam (ab32515,

Cambridge, MA, USA). AlexaFluor488 donkey anti-mouse

antibody and AlexaFluor594 goat anti-rabbit antibody were

purchased from ThermoFisher Scientific (A11037, A21202,

Waltham, MA, USA). Fluorescein isothiocyanate dextran

(FITC-dextran) was from Sigma Aldrich (FD40s, St. Louis,

Missouri, USA). AlexFluor 647 was from Fcmacs (FMS-

Msaf64701, Nanjing, Jiangsu, China).

Patients and samples
A total of 80 patients with HCC and 10 patients with

hepatolithiasis (control group) who were diagnosed and

underwent surgery at the First Affiliated Hospital of

Anhui Medical University (Anhui, China) between Jan,

2012 and Dec, 2015, and had complete clinical data were

included. Patients who received chemotherapy or radiation

therapy prior to surgery were excluded from the present

study. Fresh HCC specimens from patients with HCC and

healthy liver tissue from those with hepatolithiasis were

formalin-fixed, paraffin-embedded, and cut into 4 μm sec-

tions. Histopathological evaluation was performed inde-

pendently by three pathologists. The present study was

approved by the Research Ethics Committee of Anhui

Medical University and written informed consents were

provided by all patients. The study was performed in

accordance with the Declaration of Helsinki.

Immunofluorescence double staining
In order to determine the inflitration of M2-polarized

macrophages from HCC tissues, immunofluorescence
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double staining was performed. The paraffin-embedded

tissue was sliced into 4 μm sections, heated at 70°C,

dewaxed with xylene and rehydrated with graded alcohol

washes. Subsequently, a pressure cooker was used to per-

form antigen retrieval, followed by blocking of endogen-

ous peroxidase activity with 3% hydrogen peroxide for

15 min. Thereafter, slides were incubated with CD163

and CD206 (markers of M2-polarized macrophages) (dilu-

tion 1:50) primary antibodies overnight at 4°C. The next

day, slides were incubated with goat-anti-rabbit IgG (dilu-

tion 1:100) and goat-anti-mouse IgG (dilution 1:100) sec-

ondary antibodies at room temperature for 1 h in the dark.

Following washing twice with PBS, 4ʹ,6ʹ-diamidino-2-

phenylindole (DAPI; Zhongshan Biotechnology Inc.,

Beijing, China, ZLI-9557) was used to stain the nuclei at

room temperature for 10 min, and stored at 4°C. Laser

scanning confocal microscope (SP8; Leica, Germany) was

used to observe and image fluorescent sections. The same

exposure time and microscope settings were used for all

captured images.

M2-polarized macrophage induction and

identification
Human monocytic cell line THP-1 was purchased from

cell bank of Chinese Academy of Sciences (Shanghai,

China), and was cultured in Roswell Park Memorial

Institute (RPMI)-1640 medium (Gibco; Thermo Fisher

Scientific, Inc., Waltham, MA, USA) supplemented with

10% FBS(Wisent Biomart,Quebec, Canada) at 37°C in a

5% CO2 nhumidified atmosphere. It was a widely used

method that use monocyte, such as THP-1 to differentiate

into macrophage.17 THP-1 was treated with 320 nmol/L

PMA for 24 h. Once differentiated, PMA was removed.

Then the cells were treated with IL-4 (20 ng/ml) simulta-

neously treated with IL-13 (20 ng/ml), as inducers of the

M2 phenotype, for another 24 h.18 The M2 macrophages

were used freshly.

Identification of M2-polarized macrophages was per-

formed by immunofluorescence. THP-1 cells suspension

(5×104 cells/well) were inoculated on coverslips that were

placed previously into a 12-well plate. Then the cell induc-

tion was performed according to the aforementioned pro-

cedures. The induced cells were fixed with 4%

formaldehyde in PBS for 20 min, followed by three

times washing with PBS and then permeabilized with

0.1% Triton-X 100. After blocked with 1% fetal bovine

serum (FBS) in PBS for 1 h, the cells were washed three

times with PBS and incubated with the primary antibody

CD206 (dilution 1:50) and CD163 (dilution 1:50) at 37 °C

overnight at 4 °C. The 12-well plate was incubated with

secondary antibodies: goat-anti-rabbit IgG (dilution 1:100)

and goat-anti-mouse IgG (dilution 1:100) the next day.

DAPI was used to stain the nuclei. Laser Scanning

Confocal Microscope (SP8, Leica, Germany) was used to

observe and photograph fluorescent sections.

Phagocytosis assays
After M2-polarized macrophage cells treated with Terb at

different concentration (10−4, 10−5, 10−6 mol/L) for 10 min,

phagocytosis was assayed by flow cytometry. The removed

(5×104) cells were suspended in 200 µl PBS containing

0.5% bovine serum albumin, and incubated with FITC-

dextran (1 mg/ml) at 37 °C or 4 °C for 90 min, followed

by three times washing with PBS. Then, the cells were

analyzed on CytoFLEX flow cytometer (Beckman Coulter,

Inc., Brea, CA, USA). Data were analyzed using Cytexpert

software. The phagocytosis of M2-polarized macrophages

was analyzed by calculating the mean FITC value.

GRK2 small interfering RNA(siRNA)

transfection
According to the GRK2 gene sequences, siRNA duplexe tar-

geting the GKR2 gene was synthesized (GenePharma,

Shanghai, China):GRK2-homo-1675 sense, 5ʹ-GCAUCAU-

GCAUGGCUACAUTT-3ʹ,GRK2-homo-1675 antisense, 5ʹ-

AUGUAGCCAUGCAUGAUGCTT-3ʹ. 2×105 THP-1 cells

were plated into 24-well plate and induced into M2-polarized

macrophages. The transfectionwas conducted according to the

guidance of Lipofectamine RNAiMAX protocol (Invitrogen,

Life Technologies).Western blot was used to confirm the

transfection.

Preparation of conditioned media (CM)

of M2-polarized macrophages
Three types of CM were collected for future use: M2-

polarized macrophages without any treatment; M2-polar-

ized macrophages treated with Terb (10−5 mol/L); and

M2-polarized macrophages transfected with GRK2

siRNA, followed by Terb stimulation (10−5 mol/L) for

12 h. Following the aforementioned treatments, the medium

in each group was replaced with serum-free fresh mediu-

mand incubated for 2 days prior to the collection of CM.

Cell debris from the supernatants was removed by centrifu-

gation prior to use in experiments.
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Proliferation assay
The human liver cancer cell lines HepG2 and SMMC-7721

were purchased from the Type Culture Collection of the Cell

Bank of Chinese Academy of Sciences (Shanghai, China)

and cultured in Dulbecco’s modified Eagle medium

(DMEM) (Gibco; Thermo Fisher Scientific, Inc.) supple-

mented with 10% FBS at 37°C in a humidified atmosphere

with 5% CO2.
19 An MTTassay was performed to investigate

the viability of liver cancer cells co-cultured with CM from

M2-polarized macrophages transfected with GRK2 siRNA.

The 100 μl liver cancer cells were plated in 96-well culture

plate at a density of 5×104 cells/ml. The cells were cultured in

medium containing 0.5% FBS overnight. Cells were then

incubated with the CM from the M2-polarized macrophages

for 48 h and subsequently with MTT solution (5.0 mg/ml,

20.0 μl/well) at 37°C in 5% CO2 for 4 h. Following the

treatments, dimethyl sulfoxide (DMSO) (150 μl/well) was
used to dissolve the MTT-formazan product. Following agi-

tation for 10 min on a horizontal oscillator, the plates were

analyzed on an Infinite M1000 PRO microplate reader

(Tecan Group Ltd., Männedorf, Switzerland). The prolifera-

tion of HCC cells was analyzed by calculating the OD value

at 490 nm.

Migration assay
Awound-healing assay was performed to examine the effects

of the CM from M2-polarized macrophages cultured under

different conditions on the migration rate of liver cancer

cells. HepG2 and SMMC-7721 cells were plated in 6-well

plates and incubated until 80–90% confluence was achieved.

A “scratch” was created by wounding the cell monolayer

with a 200 μl-pipette in a straight line. Subsequently, the cells
were washed three times with PBS to remove cell debris and

cultured in fresh medium supplemented with 0.5% FBS,

followed by incubation with the CM from each group. An

inverted microscope (IX71; Olympus Corporation, Tokyo,

Japan) was used to capture images at 0 and 48 h after

incubation. Three fields from each well were documented

and each experiment was repeated three times. Cell migra-

tion was determined bymeasuring themovement of cells into

the scraped area, and quantitative analysis was evaluated

using ImageJ software with the mean percentage wound

closure area relative to the area of the initial wound.

Invasion assay
Transwell cell culture chambers (24 wells, 8-μm pore size;

Corning Incorporated, Corning, NY, USA) were used for

invasion assay. The Transwell membranes were first

coated with 100 μl Matrigel matrix. The liver cancer

HepG2 or SMMC-7721 cell lines suspended in 100 μl
serum-free medium were plated in the upper chambers

(5×103 cells), and 500 µl CM from each group supple-

mented with 10% FBS was added to lower chambers.

After 24 h, a cotton swab was used to remove the non-

invasive cells on the top surface of the chambers, while the

cells that invaded the lower surface of the membranes

were fixed withmethanol and stained with 0.1% crystal

violet for 15 min. The invasive cells on the lower side of

the membrane were quantified by counting the number of

cells in four random fields with a light microscope (BX5;

Olympus Corporation).

Cytokine assays
The expression levels of cytokines in CM from M2-polar-

ized macrophages were evaluated by Human Cytokine

Array (QAH-CYT-1-1, Raybiotech, Norcross, GA, USA).

The microarray was performed according to the manufac-

turer’s instructions. The fluorescent images were scanned

by an Axon GenePix laser scanner (GenePix 4000B;

Molecular Devices, Orleans, USA), and the data were

analyzed with GenePix Pro 7.0 software. The cytokines

were quantified according to the standard curve calibrated

from the same array.

Western blot analysis
To confirm the successful transfection of GRK2, and mea-

sure the expression of β2-AR on the cell membrane and its

downstream signaling pathways, Western blot analysis was

performed. Total protein was extracted using RIPA protein

extraction reagent supplemented with phenylmethylsulfo-

nyl fluoride (PMSF) (1:100) following by centrifuged at

12,000×g for 10 min at 4 °C. The supernatants of cultures

were collected and maintained at −80 °C until use. Protein

concentrations were determined using a BCA Protein

Assay kit. A total of 20 μg protein was separated using

10% sodium dodecyl sulfate-polyacrylamide gel electro-

phoresis (SDS-PAGE). Thereafter, the proteins were elec-

trotransferred onto polyvinylidene difluoride (PVDF)

membranes (Bio-Rad, Shanghai, China), blocked with

5% non-fat milk in Tris-buffered saline (0.1 mol/L, pH

7.4) and then incubated at 4°C overnight with anti-GRK2

(dilution 1:500), anti-β2-AR (dilution 1:200), anti-PKA

(dilution 1:500), anti-STAT3, anti-pSTAT3 (dilution

1:1,000), anti-CREB (dilution 1:500), anti-pCREB (dilu-

tion 1:1,000) and anti-β-actin (dilution 1:1,000) primary
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antibodies. Subsequently, the protein was further incubated

with a horseradish peroxidase (HRP)-conjugated second-

ary antibody (dilution 1:10,000) for 2 h at room tempera-

ture. Following each step, blots were washed three times

with TBST. An Electro-Chemi-Luminescence (ECL)

detection kit (Pierce; Thermo Fisher Scientific, Inc.) was

used to visualize the bands. Autoradiographs were scanned

using ImageQuant LAS 4,000 mini (GE Healthcare Life

Sciences, Pittsburgh, USA) and the images were analyzed

by Image J software. All the experiments performed in the

current study were repeated three times.

Measurement of β2-AR on the membrane

of M2-polarized macrophages
Western blot assay was performed to detect the β2-AR on

the membrane of M2-polarized macrophages, which sti-

mulated with Terb for 5, 10, 15 or 20 min following

transfection with GRK2 siRNA. In order to extract mem-

brane proteins, the total protein of the M2-polarized

macrophages was centrifuged at 12,000×g for 10 min at

4°C. Some of supernatants were centrifuged at 100,000×g

for 1 h. Then, the precipitation was collected and main-

tained at −80°C until use. The following steps were per-

formed according to the procedures of Western blot.

Flow cytometry analysis
Following transfection with GRK2 siRNA, the M2-polar-

ized macrophages were stimulated with Terb (10−5 mol/

L) for 10 or 20 min, and flow cytometry was used to

assess the difference in β2-AR expression on the cell

membrane. The treated cells were suspended in 100 µl

PBS containing 0.5% bovine serum albumin, and incu-

bated with anti-β2-AR mAb at room temperature for 1 h.

Subsequently, the cells were washed with PBS once. The

cells at the bottom of the Eppendorf tubes were collected

following centrifugal separation and stained with

AlexFluor 647 (dilution 1:100) for 1 h, then analyzed

with a CytoFLEX flow cytometer (Beckman Coulter,

Inc.) using Cytexpert software package. The expression

of β2-AR of membrane on M2-polarized macrophage

cells was analyzed by calculating the mean fluorescence

intensity of β2-AR.

Measurement of β2-AR downstream

signaling
An ELISA kit (k317, BioVision, Inc.) was used to deter-

mine the cAMP level in M2-polarized macrophages. M2-

polarized macropohages stimulated with Terb for 5, 10 or

15 min in 24-well plate were the first group. The macro-

phages transfected with GRK2 siRNA and then stimulated

with Terb for 5, 10 or 15 min were the second group. The

following procedures were performed according to the

manufacturer’s protocol. The plates were analyzed using

an Infinite M1000 PRO microplate reader at 450 nm.

The standard curve was acquired according to the

standards, and the level of cAMP in the samples was

calculated. Western blot analysis was performed as afore-

mentioned to determine the PKA, CREB, p-CREB, STAT3

and p-STAT3 levels of M2-polarized macrophages stimu-

lated with Terb following the transfection with GRK2

siRNA.

Statistical analysis
Data are expressed as the mean ± standard deviation and

statistical analysis was performed using one-way analysis of

variance (S-N-K test or Dunnett’s test) and independent sam-

ple t-tests. The statistical significance between control and

experimental groups was analyzed using SPSS 16.0 statistical

software (SPSS Inc., Chicago, IL, USA). P<0.05 was con-

sidered to indicate a statistically significant difference.

Results
Infiltration of M2-polarized macrophages

were elevated in patients with HCC
Immunofluorescence staining was performed on the paraf-

fin-embedded sections from such patients with HCC to

investigate the expressions of CD163 and CD206 (markers

of M2-polarized macrophages) in different stage of HCC.

As shown in Figure 1, few cells had the positive co-

expression of CD163 and CD206 in the control group.

While in HCC group, cells in III+IV stage group had an

increase of co-expression of CD163 and CD206 than those

of I+II stage group.

Induction and identification of M2-polarized

macrophages
THP-1 cells are round and regular-shaped cells. After 48 h of

induction, the cells became adherent and differentiated into a

heterogeneous cell population comprising round and spindle-

shaped ones (Figure 2A). CD163 and CD206 are considered

as typicalM2-like markers.20–22 Immunofluorescence double

staining confirmed that the induction was successful follow-

ing the treatments with PMA, IL-4 and IL-13. The results
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demonstrated that CD163 and CD206 were expressed in

>90% cells (Figure 2B).

M2-polarized macrophages exhibit a

higher phagocytic capacity compared with

THP-1 cells and treatment with Terb

reduces phagocytosis
The capacity of taking up FITC-dextran was significantly

higher in M2-polarized macrophages compared with that in

THP-1 cells. The effects of Terb on phagocytic capacity were

further evaluated. As demonstrated in Figure 3, there was a

significant reduction in phagocytosis following stimulation

with Terb at a dose of 10−5 mol/L compared with 10−6 mol/

L. Nevertheless, when the Terb concentration increased to

10−4 mol/L, no significant reduction was observed compared

with the 10−5 mol/L group. M2-polarized macrophages pha-

gocytose cancer cells and the decline in phagocytic capacity

may lead to the growth of tumor cells. Due to the significant

reduction in phagocytosis, the concentration of Terb at the

dose of 10−5 mol/L was selected for the subsequent studies.

Activation of β2-AR in M2-polarized

macrophages elevates the proliferation,

migration and invasion of HCC cells, and

the regulatory effect of GRK2
MTT, wound-healing and transwell assays were per-

formed to detect the proliferation, migration and

CD206

C
on

tro
l

I +
 II

 S
ta

ge
III

 +
 IV

 S
ta

ge

CD163 DAPI Merge

Figure 1 Expression of CD163 and CD206 were increased in HCC group compared with control group. Few cells had the co-expression of CD163 and CD206 in control

group, while many more cells had the co-expression of CD163 and CD206 in Ⅰ+Ⅱ stage group of HCC. The number of co-expression cells was elevated in Ⅲ+Ⅳ stage

group compared with Ⅰ+Ⅱ stage group.

THP-1
A

B CD163

DAPI Merge

CD206

M2-polarized
Macrophage

Figure 2 Induction and identification of M2-polarized macrophages. (A) THP-1

cells were cultured under a normal condition and with PMA (320 nmol/L) for

24 h, and then PMA was removed following the differentiation. Then, the cells

were cultured with IL-4 (20 ng/ml) and IL-13 (20 ng/ml) for another 24 h

(magnification fold: 400×). (B) Immunofluorescence double staining showed

that CD163 and CD206 was co-expressed in >90% of cells indicating that a

successful induction.
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invasion of HepG2 and SMMC-7721 cell lines. In our

preliminary study, the proliferation, migration and inva-

sion of liver cancer cell lines cultured in blank medium

group, in the CM of M2-polarized macrophages group

and in the CM of Terb-stimulated M2-polarized macro-

phages group were all observed. As shown in Figures

S1–S3, the liver cancer cell lines cultured with CM of

M2-polarized macrophages group had a higher absor-

bance at 490 nm, an increasing wound closure and an

elevated number of migrated HCC cells compared with

the blank group. Those attributes of liver cancer cells

cultured with CM of Terb-stimulated M2-polarized

macrophages group were further elevated compared

with CM of M2-polarized macrophages group. These

preliminary study results showed that the proliferative,

migratory and invasive attributes of the liver cancer cell

lines cultured with CM of M2-polarized macrophages

were elevated and M2-polarized macrophages which

stimulated with Terb promoted the elevation.

According to the preliminary study results, in the pre-

sent study, we mainly focus on the regulatory effect of

GRK2 on the beta2-AR activation in M2-polarized

macrophages. GRK2 siRNAs were used to knock down

GRK2 expression in human M2-polarized macrophages.

The efficiency of GRK2 siRNA was determined using

Western blotting. Following transfection of GRK2

siRNA in M2-polarized macrophages for 48 h, the ex-

pression of GRK2 decreased compared with the negative

control group (Figure 4A). As shown in Figure 4B–D,

the liver cancer cells incubated with CM from M2-

polarized macrophages in the GRK2 siRNA+Terb-CM

group had a higher absorbance at 490 nm, an increasing

wound closure and an elevated number of migrated

HCC cells compared with the Terb-CM group. These

results revealed that inhibition of GRK2 by siRNA in

M2-polarized macrophages significantly elevated the

growth and metastasis of co-cultured liver cancer cells

compared with non-siRNA-treated macrophages.
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Activation of β2-ARs increases the IL-6,
vascular endothelial growth factor (VEGF)

and matrix metalloproteinase 9 (MMP-9)

levels secreted by M2-polarized

macrophages and the regulatory effect of

GRK2
To determine the cytokines that M2-polarized macro-

phages secreted, the cytokines assays were performed.

The expression levels of IL-6,VEGF, MMP-9, granulo-

cyte-macrophage colony stimulating factor (GM-CSF),

IL-10 and monocyte chemotactic protein-1 (MCP-1)

were significantly elevated in the supernatant of Terb-

stimulated M2-polarized macrophages compared with the

control group (Figure 5). As it was observed that down-

regulation of GRK2 in M2-polarized macrophages ele-

vated the proliferation, migration and invasion of liver

cancer cells, it was hypothesized that the enhancement of

functions of liver cancer cells may be associated with the

elevation of tumor-associated cytokines in M2-polarized

macrophages transfected with GRK2 siRNA. As shown in

Figure 5, the expression levels of IL-6, VEGF and MMP-9

were significantly enhanced in the GRK2 siRNA+Terb-

CM group compared with the Terb-alone group. These

results indicated that the GRK2 down-regulation increased

the secretion of IL-6, VEGF and MMP-9 in β2-AR-acti-
vated M2-polarized macrophages compared with the con-

trol group, and the expression levels of GM-CSF, MCP-1

and IL-10 may not associated with GRK2 regulation.

Down-regulation of GRK2 delays the

internalization of β2-AR in M2-polarized

macrophages
Western blot assay was performed to detect the internalization

of β2-AR in M2-polarized macrophages which stimulated

with Terb for 5, 10, 15, 20 mins following the transfection

with GRK2 siRNA. At 0 min, only a few β2-ARs were on the
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membrane of macrophages, and following Terb stimulation

for 5 min, a rapid elevation of β2-ARwas observed on the cell

membrane, reaching a peak at 10 mins in the Terb and GRK2

siRNA+Terb groups. Besides, in the GRK2 siRNA+Terb

group, there was an increase in the expression of β2-ARs on
macrophage membranes compared with the Terb-alone group.

Thereafter, β2-AR began to translocate into the cytosol

rapidly, and at 20min, themajority of the β2-ARswere located
in the cytosol of the Terb-alone group. While in the GRK2

siRNA+Terb group, the expression of β2-ARs gradually

decreased from 10 mins to 20 mins at a slower rate compared

with the Terb-alone group, and following 20-min of Terb

stimulation, a significant fraction of β2-ARs were still dis-

played on the membrane surface (Figure 6A). The results

regarding the expression of β2-ARs on the membrane surface

performed by flow cytometry analysis complied with those of

the Western blot analysis (Figure 6B).The results demon-

strated that GRK2 down-regulation increased β2-ARs expres-
sion on the macrophages membrane surface, and delayed the

desensitization and internalization of β2-ARs, resulting in a

prolonged effect.

Down-regulation of GRK2 in M2-polarized

macrophages promotes the activation of

β2-AR downstream signaling
It was observed that GRK2 down-regulation in M2-polar-

ized macrophages promoted the HCC progression. The
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underlying mechanisms were further investigated.

Engagement of β2-ARs activates a cascade of signaling

intermediates, including cAMP, an important second mes-

senger and PKA.23 Terb is a selective agonist of β2-AR
that activates adenylyl cyclase to form cAMP. Following

the stimulation of Terb for 5, 10 or 15 min, a rapid

elevation in cAMP was observed. The concentration of

cAMP reached a peak at 5 min and then gradually declined

from 5 min to 15 min. To further investigate the effect of

GRK2 on cAMP levels, M2-polarized macrophages were

transfected with GRK2 siRNA simultaneously stimulated

with Terb. The concentration of cAMP peaked after

10 min with Terb stimulation of GRK2 siRNA+Terb

group, which was increased more than 1-fold compared

with the peak of the Terb group, as shown in Figure 7A. In

addition, at 15 min, the concentration of cAMP in the

GRK2 siRNA+Terb group was higher compared with

that in the Terb-alone group. Therefore, it was evident

that inhibition of GRK2 amplified the formation of

cAMP in M2-polarized macrophages compared with the

Terb-alone group.

PKA and CREB signaling are downstream of cAMP.

Thereafter, the expression levels of PKA, CREB and

pCREB in the three groups were measured. As shown in

Figure 7B, the expression level of PKA was higher in the

GRK2 siRNA+Terb group compared with the Terb-alone

group. Furthermore, no significant elevation of CREB was

observed in the GRK2 siRNA+Terb group compared with

the control and Terb-alone groups. Nevertheless, it was

demonstrated that p-CREB was remarkablely increased in
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the GRK2 siRNA+Terb group, which indicated that the

activated PKA resulted in the increased CREB phosphor-

ylation levels (Figure 7C).

β2-AR stimulation also elevates IL-6 production through

the classical β2-AR/cAMP pathway.24 In the present study, the

expression level of IL-6was elevated significantly in the super-

natant from M2-polarized macrophages in the GRK2 siRNA

+Terb group compared with Terb alone group. IL-6 which

binds to its receptor andGP130 can activate STAT3 and down-

stream signaling pathways.22,25 As shown in Figure 7C, no

significant elevation in STAT3 expression level was observed

in the GRK2 siRNA+Terb group, whereas p-STAT3 expres-

sion levels in cells pretreated with GRK2 siRNA+Terb

increased significantly. These results indicated that compared

with β2-AR-activated M2-polarized macrophages, the activa-

tion of the β2-AR/cAMP/PKA/CREB and the β2-AR/cAMP/

IL-6/STAT3 signaling pathways were significantly activataed

following the knockdown of GRK2.

Discussion
HCC is one of the most common malignancies of digestive

system with poor prognostic outcome. The tumor micro-

environment has been proved to play an important role in

modulating the metastasis and recurrence of cancer.

Macrophages are an important type of immune cells infil-

trated in the tumor microenvironment. In this study, the

number of M2-polarized macrophages in the late-stage of

HCC was elevated compared with that of early stage of

HCC. The results indicated that the infiltration of M2-

polarized macrophages in tumor microenvironment may

be related to the malignancy of HCC.

Macrophages functioning as executive cells of the

innate immune system, phagocytose bacteria, ingest and

degrade debris of debris, tumor cells and foreign materials

meanwhile secrete antimicrobial and pro-inflammatory

mediators as the effecter cells of the innate immune

system.26 In the current study, compared with THP-1

cells, the phagocytic ability of M2-polarized macrophages

was stronger. However, following stimulation with Terb at

a dose of 10−5 mol/L, the phagocytosis rate decreased

significantly. These results indicated that the activation of

β2-AR in M2-polarized macrophages suppressed phagocy-

tosis, which may lead to the HCC progression.

Our previous study reported that the decreased GRK2

expression could promote proliferative, migratory and inva-

sive abilities of liver cancer cells.16 Besides, Chen et al27

reported that β2-AR was positively associated with the

aforementioned abilities in HCC. In our preliminary study,

the results showed that CM of M2-polarized macrophages

could elevate the proliferative, migratory and invasive attri-

butes of co-cultured liver cancer cells. And those attributes

of liver cancer cells were further elevated when co-cultured

with CM of Terb-stimulated M2-polarized macrophages. To

further investigate the role of GRK2 in β2-AR signaling.

GRK2 siRNA was transfected into human M2-polarized

macrophages. The results demonstrated that following

GRK2 knockdown in β2-AR-activated macrophages, the

co-cultured HepG2 and SMMC-7721 cell lines exhibited a

prominent elevation in the proliferative, migratory and inva-

sive abilities.

Previous studies have reported that TAMs could pro-

mote the migration and invasion of cancer cells by secreting

various cytokines, which serve as tumor promoters through

their support in neovascularization, immunosuppression and

invasion in cancer.2,28–31 The present study revealed that the

expression levels of IL-6, VEGF and MMP-9 in the CM of

macrophages treated with GRK2 siRNA and Terb were

increased significantly. A previous study also reported that

the expression levels of IL-6 in patients with HCC were

elevated, which could be used to distinguish HCC from

benign liver lesions.2 In addition, increased VEGF expres-

sion secreted by macrophages accelerates the malignant

progression of tumors, and possesses a critical role in

HCC angiogenesis.3,32 Furthermore, macrophages exhibit

enhanced production of MMP-9 in tumor environments,

which remodels the extracellular matrix (ECM), These

facilitate cancer cells to invade through the ECM and con-

sequently promotes the metastasis of cancer cells.33 The

results of the current study demonstrated that down-regula-

tion of GRK2 in M2-polarized macrophages, which pro-

moted the progression of HCC, was due to the involvement

of cytokines secreted by M2 macrophages, including IL-6,

VEGF and MMP-9.

The effect of GRK2 on the internalization of β2-AR
was determined. Phosphorylation of β2-AR by GRK is a

major step in its desensitization and the subsequent step is

receptor internalization.34,35 Previous studies have

reported that the kinase activity of GRK2 is primarily

responsible for the desensitization of β2-AR during the

first 30 min of stimulation.36,37 Malach et al35,38 revealed

that silencing of GRK2 activity abolished β2-AR phos-

phorylation, as well as the sensitivity to β2-AR activity.

The results of the present study demonstrated that follow-

ing pretreatment of macrophages with Terb for 10 min, β2-
ARs in the cytomembrane reached a peak and transferred

to the cytoplasm rapidly. While following the down-
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regulation of GRK2 in M2-polarized macrophages, the

formation of β2-ARs also reached a peak on membranes

with higher expression compared with the Terb-alone

group since 10 min following Terb pretreatment and the

internalization of β2-ARs slowed down. These results

indicated that down-regulation of GRK2 amplified β2-
AR activity and delayed its internalization in M2-polarized

macrophages.

The underlying mechanisms were investigated next.

Previous studies have reported that decreased expression

and activity of GRK2 significantly enhances cAMP forma-

tion. Activated β2-AR elevates the activity of adenylcyclase

on macrophage membranes to form cAMP via Gs, which

suppresses the innate and adaptive immune responses.24,38,39

Concomitantly, the current investigation suggested that fol-

lowing GRK2 silencing, the formation of cAMP in M2-

polarized macrophages was elevated significantly compared

with the Terb-alone group. As a result, cAMP thereafter

activated downstream components, the PKA and CREB. In

this study, the expression level of PKAwas also elevated in

the GRK2 siRNA+Terb group compared with Terb-alone

group. CREB is a nuclear transcription factor and has been

demonstrated to be up-regulated in various tumor types,

including non-small cell lung carcinoma, colorectal cancer

and glioma.40–42 CREB has been reported to be a mediator

between several signaling pathways and regulate expression

of downstream genes, including MMP-9, Bcl-2 and the cell

cycle-associated genes cyclinA1, cyclinB1 and cyclinD1.43

In the present research, the expression level of p-CREB

increased remarkablely in M2-polarzied macrophages trans-

fected with GRK2 siRNA simultaneously stimulated with

Terb. These observations suggested that down-regulation of

GRK2 in β2-AR-activated M2-polarized macrophages

amplified the activity of the β2-AR/cAMP/PKA/CREB sig-

naling pathway, leading to the elevation of MMP-9 levels.

cAMP activates downstream signaling pathways and

participates in the secretion of inflammatory cytokines.44,45

Madden et al46 reported that β2-AR stimulation regulated

IL-6 production through the classical β2-AR/cAMP signal-

ing pathway. Consistent with previous study findings, our

data indicated that IL-6 levels in the CM of β2-AR activated

macrophages pretreated with GRK2 siRNA were increased

significantly. IL-6 is known to active STAT3 through

GP130/janus kinase and binds to a recognition sequence

to promote the downstream genes, including VEGF, Cyclin

D1 and B-cell lymphoma-extra large (Bcl-XL).22,47,48 In the

present research, phosphorylation of STAT3 and the expres-

sion of VEGF were elevated in the GRK2 siRNA+Terb

group compared with the Terb-alone group. The results

indicated that the STAT3 signaling pathway was activated

in M2-polarized macrophages transfected with GRK2

siRNA, followed by the enhancement of VEGF expression.

MCP-1, GM-CSF and IL-10 were all related to the progres-

sion of malignant tumor.49–52 The secretion of MCP-1, GM-

CSF and IL-10 of M2-polarized macrophages were all

elevated when macrophages were treated with Terb, indicat-

ing that the agitation of β2-AR in M2-polarized macro-

phages could promote the secretion of these cytokines by

M2-polarized macrophages. However, they showed no

obvious changes after GRK2 silencing in β2-AR agitated

M2-polarized macrophages. The secretion of cytokines in

immune cells and tumor cells are complicated and were

involved with multiple signaling pathways and mechan-

isms. There may still be other proteins except for GRK2

which play critical roles in regulating β2-AR to secrete

these cytokines.

Taken together, our study demonstrated that the infil-

tration of M2-polarized macrophages was increased in the

late-stage HCC samples compared with the early stage

group and control group. This study also provided insight

into the mechanism of β2-AR regulation by silencing

GRK2 in M2-polarized macrophages, which contributes

to the progression of HCC. More HCC tissue samples

will be collected in the future and M2-polarized macro-

phages which isolated from human fresh liver cancer tis-

sues by fluorescence-activated cell sorting will be used to

further confirm the results. The effect of conditioned

media collected from GRK2 over-expressed M2-polarized

macrophages on co-cultured liver cancer cells will be

further investigated in vitro in our next work. The target-

ing on GRK2 in M2-polarized macrophages to block

tumor progression may be a potential therapeutic approach

for HCC patients.
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