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M2 polarization of macrophages facilitates arsenic-induced cell 
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ABSTRACT

The alterations in microenvironment upon chronic arsenic exposure may 
contribute to arsenic-induced lung carcinogenesis. Immune cells, such as 
macrophages, play an important role in mediating the microenvironment in the lungs. 
Macrophages carry out their functions after activation. There are two activation status 
for macrophages: classical (M1) or alternative (M2); the latter is associated with 
tumorigenesis. Our previous work showed that long-term arsenic exposure induces 
transformation of lung epithelial cells. However, the crosstalk between epithelial cells 
and macrophages upon arsenic exposure has not been investigated. In this study, 
using a co-culture system in which human lung epithelial cells are cultured with 
macrophages, we determined that long-term arsenic exposure polarizes macrophages 
towards M2 status through ROS generation. Co-culture with epithelial cells further 
enhanced the polarization of macrophages as well as transformation of epithelial cells, 
while blocking macrophage M2 polarization decreased the transformation. In addition, 
macrophage M2 polarization decreased autophagy activity, which may account for 
increased cell transformation of epithelial cells with co-culture of macrophages.

INTRODUCTION

Arsenic is a naturally existing element present 
in food, soil and water, and humans are exposed to 
arsenic through environmental contamination and 
occupational exposure. In contrast to the short-term, 
high dose therapeutic use of arsenic, chronic exposure to 
environmental levels of arsenic promotes skin, bladder, 
liver and lung cancers. The US Environmental Protection 
Agency reduced the permissible level of arsenic in 
drinking water from 50 ppb to 10 ppb in 2001. Still, 
arsenic is found over the permissible level in drinking 
water from private wells in many areas in western and 
southwestern states as well as in Alaska. Inorganic arsenic 
compounds promote human lung cancer and the primary 

route of arsenic exposure in humans is through diet and 
drinking water.

Our previous work showed that long-term arsenic 
exposure induces transformation of lung epithelial cells 
in vitro, and xenograft tumor formation in nude mice. 
Our data indicated that oxidative stress was a driving 
force to promote, and autophagy was a cell self-protective 
mechanism against, the carcinogenic actions of arsenic [1]. 
We later determined that arsenic increased the secretion 
of inflammatory cytokines by the epithelial cells, which 
in turn may facilitate arsenic-induced transformation of 
epithelial cells by inhibiting autophagy [2].

Macrophages, especially alveolar macrophages 
(AM), are the major immune cell population in the lung, 
and regulate the local microenvironment by orchestrating 
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immune responses under both physiological and 
pathological conditions [3]. AM secret a wide variety 
of soluble factors, such as cytokines, chemokines, 
growth factors and enzymes, and the effector functions 
of these factors extend far beyond phagocytosis and 
antigen presentation. In addition, cells of the monocyte-
macrophage lineage are diverse with high plasticity. The 
phenotype and function of AM are altered in patients 
with lung cancer [4]. Therefore, this study investigated 
crosstalk between macrophages and lung epithelial cells 
and examined the effects of arsenic carcinogenicity in the 
co-culture system.

Macrophages carry out diverse effector functions 
after activation. Depending on the environmental cues, the 
activation of macrophages can be classified as classical 
(or M1) or alternative (or M2). The phenotype of M1 
macrophages includes: secretion of pro-inflammatory 
cytokines, high production of reactive nitrogen with 
strong microbicidal and high tumoricidal activity. In 
contrast, M2 macrophages promote tissue remodeling, 
tumor progression and are immune suppressive. M1 
and M2 macrophages are also distinct in their cellular 
membrane markers, cytokine and chemokine expression 
profiles as well as arginine metabolism. For instance, 
M1 macrophages express high levels of CD86, produce 
pro-inflammatory cytokines, such as TNF-α and IL12, 
and chemokines, such as CXCL11. In contrast, M2 
macrophages express high levels of CD163, CD204 
or CD206 on their membrane, produce high levels of 
cytokine IL-10, and chemokines, CCL17 and CCL18. In 
rodents, high levels of inducible nitric oxide synthases 
(iNOS) and arginase-1 (Arg-1) were observed in M1 
and M2 macrophages, respectively [5–7]. Macrophage 
polarization may alter a microenvironment to either 
promote or inhibit lung tumor formation.

In our current study, we used a co-culture system 
of BEAS-2B cells, a human lung epithelial cell line, with 
macrophages derived from THP-1 cells. We investigated 
how arsenic regulates macrophage activation in the 
presence or absence of the epithelial cells, and how an 
alteration in macrophage activation status in turn affects 
arsenic-induced cell transformation. THP-1 is a human 
monocyte cell line, widely used as an in vitro model 
system to study macrophage functions [8]. Our data 
suggest the existence of a crosstalk between macrophages 
and epithelial cells. Long-term arsenic exposure 
polarizes macrophages towards M2 activation through 
ROS generation; co-culture of epithelial cells further 
enhances this macrophage polarization. More importantly, 
macrophage M2 polarization in turn facilitates arsenic-
induced transformation of epithelial cells by inhibiting 
autophagy activity in these cells. Blocking macrophage 
M2 polarization decreases arsenic-induced transformation. 
The results provide new insights into how macrophages 
regulate the microenvironment in arsenic-induced lung 
carcinogenesis.

RESULTS

Co-culture of THP-1 derived macrophages 
enhances arsenic-induced transformation of 
BEAS-2B (B2B) cells

Our previous work showed that exposure of B2B 
cells, which are immortalized human lung branchial 
epithelial cells, to 0.25 μM sodium arsenite for 12 weeks 
induced transformation as evidenced by anchorage-
independent cell growth (colony formation) [1]. To 
determine the effect of macrophages on arsenic-induced 
transformation of lung epithelial cells in this current 
study, we co-cultured B2B cells with macrophages 
using transwell plates; THP-1-derived macrophages 
were placed in the upper compartments and B2B cells 
in lower compartments. Macrophages were derived from 
THP-1 cells (a human monocyte cell line) after treatment 
with 50 ng/mL of PMA for 24 hours; this system is an in 
vitro model widely used for macrophage study [8]. The 
newly generated macrophages are in a resting stage and a 
categorized as M0 status [9]. As shown in Figure 1A, the 
differentiation of THP-1 toward the macrophage phenotype 
was confirmed by the induction of CD68, a marker for 
macrophages differentiation [8]. After exposure to arsenic 
for 12 weeks, cell transformation of epithelial cells was 
determined by soft agar assay. The results indicate that 
co-culture of macrophages significantly enhanced arsenic-
induced cell transformation of B2B cells as colony 
numbers increased from 27.67 ± 5.51/well in control to 
45.33 ± 6.51/well with co-culture, P < 0.05 (Figure 1B).

Arsenic induces alternative activation of THP-1-
derived macrophages, which is further enhanced 
by co-culture with B2B cells

To determine the effect of arsenic on macrophage 
activation, we first examined the expression of CD163 and 
CD206, two markers for alternative-activated macrophages 
[6]. As shown in Figure 2A and 2B, arsenic increased the 
expression of both CD163 and CD206 on the macrophages, 
and co-culture of B2B cells further increased the proportion 
of the macrophages expressing these markers (P < 0.05). It 
has been shown that secretion levels of IL10, TGF-β and 
CCL18 are enhanced when macrophages are alternatively 
activated, while increased levels of IL12 and CXCL11 
are observed in classically activated macrophages [5]. To 
confirm the phenotype of the arsenic-induced activated 
macrophages, the secretion levels of IL10, TGF-β, CCL18, 
IL12 and CXCL11 were determined. Arsenic exposure 
increased the secretion of IL10, TGF-β and CCL18 in the 
media (P < 0.01); co-culture of B2B cells further increased 
these levels (P < 0.05). The levels of IL12 and CCL11 
did not change significantly (Figure 2C). The increased 
secretion of these cytokines by the macrophages was 
further supported by their increased mRNA levels in the 
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Figure 1: Co-culture with THP-1 derived macrophages enhances arsenic induced transformation of B2B cells. A. CD68+ 
THP-1 cells were significantly increased 24 hours after 50 nM PMA treatment as shown by flow cytometric analysis. B. B2B cells alone 
or co-cultured with THP-1 derived macrophages were exposed to 0.25 μM arsenic for 12 weeks and arsenic-induced cell transformation of 
B2B cells was determined by soft agar assay. The experiment was performed in triplicate. * indicates P < 0.05.

macrophages (P < 0.05) (Figure 2D). Another important 
marker for macrophage M2 activation is the protein level 
ratio of arginase-1 (Arg-1) verses inducible nitric oxide 
synthesis (iNOS), but this parameter has been noted to 
be more definitive in mouse macrophages [7]. To further 
confirm the effect of arsenic on macrophage polarization 
and explore whether this effect is specific to THP-1-derived 
macrophages, Raw 264.7 cells (a mouse macrophage cell 
line) and E10 cells (immortalized mouse lung epithelial 
cells) were cultured together and exposed to arsenic. 
Arsenic exposure not only up-regulated CD206 and 
increased secretion of IL10 and TGF-β, but also increased 
the ratio of Arg-1 to iNOS in Raw 264.7 cells (P < 0.05) 
(Figure 2E-2H), indicating that arsenic exposure skewed 
macrophages toward the M2 phenotype. Co-culture of E10 
cells further enhanced arsenic-induced macrophage M2 
polarization. More importantly, the effects of arsenic and 
co-culture of epithelial cells on macrophage polarization is 
not specific to THP-1 cells.

Inhibition of macrophage alternative activation 
by lipopolysaccharides (LPS) plus interferon 
gamma (IFN-γ) decreases arsenic-induced B2B 
cell transformation

LPS and IFN-γ together promote classical 
macrophage activation and inhibit alternative activation of 
THP-1-derived macrophages [9]. To confirm the important 
role of alternative activation of macrophages on arsenic-
induced B2B cell transformation, arsenic-induced cell 
transformation was assessed after co-treatment of B2B 
cells with macrophages treated with or without LPS plus 
IFN-γ. As shown in Figure 3A-3C, co-treatment of LPS 
plus IFN-γ inhibited alternative activation of macrophages, 
as evidenced by decreased levels of CD206, CD163, IL10, 
CCL18 and TGF-β (P < 0.05). More importantly, arsenic-
induced cell transformation was also inhibited by LPS 
plus IFN-γ; colony numbers were decreased from 46.67 

± 8.14/well without LPS and IFN-Υ to 21.00 ± 4.58/well 
with LPS and IFN-Υ (P < 0.05) (Figure 3D). These data 
confirm a promoting role of macrophage M2 activation on 
arsenic-induced cell transformation.

Autophagy in B2B cells is inhibited by co-culture 
with M2 macrophages

Our previous study established that oxidative stress 
is the driving force for, and autophagy acts as a cell 
self-protective mechanism against, arsenic-induced cell 
transformation [1]. The compromised autophagic activity 
that accompanies long-term arsenic exposure, which 
is evidenced by decreased LC3-II and increased P62 
levels, contributes to arsenic-induced cell transformation. 
Therefore, in current study we investigated whether co-
culture of macrophages with alternative activation affects 
autophagy activity in B2B cells. As shown in Figure 4, 
arsenic decreased LC3-II and increased P62 levels in B2B 
cells in the co-culture comparing to arsenic-treated B2B 
alone (P < 0.05), indicating autophagy activity in B2B 
cells was inhibited by the co-culture of M2 macrophages.

ROS promotes alternative activation of 
macrophages

We next sought to determine how arsenic skewed 
macrophages towards M2 phenotype. It has been shown 
that ROS induces macrophage alternative activation [5]. 
It is also well known that arsenic induces ROS generation 
in B2B and other cells [1, 10]. To determine whether ROS 
plays a role in arsenic-promoted alternative activation of 
macrophages, we transfected THP-1 derived macrophages 
with the SOD1 plasmid. SOD1 is an important anti-
oxidant enzyme and over-expression of SOD1 decreases 
ROS generation in B2B cells [1]. Over-expression of 
SOD1 in these cells was confirmed by western blot (Figure 
5A). The levels of CD106 and CD263 on the macrophages 
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Figure 2: Arsenic induces THP-1 macrophage M2 polarization which is further enhanced by co-culture with lung 
epithelial cells.THP-1 macrophages alone or co-cultured with B2B cells were treated with or without arsenic for 3 or 6 days. CD206+ and 
CD163+ macrophages were evaluated by flow cytometry A-B. After 6 days of treatment, the secretion levels of IL10, IL6, CCL18, TGF-β, 
IL12 and CXCL18 were determined by ELISA.

(Continued )



Oncotarget21402www.impactjournals.com/oncotarget

Figure 2 (Continued ): C. and the mRNA levels of IL10, IL6, CCL18 and TGF-β in the macrophages were determine by RT-PCR D. 
RAW264.7 cells were cultured alone or co-cultured with E10 cells and exposed to 0.25 μM sodium arsenite for 6 days. CD206+ RAW264.7 
cells were evaluated by flow cytometry.

(Continued )



Oncotarget21403www.impactjournals.com/oncotarget

Figure 2 (Continued ): E. The secretion of IL10 and TGF-β in the media was evaluated by ELISA F. and the mRNA levels of IL10 
and TGF-β in the RAW264.7 cells were determined by RT-PCR G. Arg-1 or iNOS protein levels in RAW264.7 cells were determined by 
western blot, quantified and the ratio of Arg-1 vs iNOS protein levels is shown H. All experiments were performed in triplicate. * and ** 
indicate P < 0.05 and P < 0.01 respectively.
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Figure 3: Inhibition of M2 polarization by LPS plus IFN-γ suppresses arsenic B2B transformation. THP-1 cells were co-
cultured with B2B cells and exposed to arsenic with or without co-treatment of LPS plus IFN-γ for 6 days. THP-1 macrophages with CD206 
A. and CD163 B. expression were determined by flow cytometry and the secretion levels of IL10, CCL18 and TGF-β were determined by 
ELISA C. The co-culture was maintained for 12 weeks and cell transformation of B2B cells was determined by soft agar assay. D. The 
experiment was performed in triplicate. * and ** indicate P < 0.05 P < 0.01, respectively.
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Figure 5: Reactive oxygen species (ROS) mediates arsenic induced THP-1 macrophage M2 polarization. A. THP-1 
macrophages were transfected with SOD1 plasmid and the level of SOD1 was determined by western blot. THP-1 or SOD1-overexpressing 
THP-1 macrophages were exposed to arsenic with or without co-treatment of BHA for 6 days and CD206 B. and CD163 C. positive 
macrophages were evaluated by flow cytometry. The experiment was performed in triplicate. * and ** indicate P < 0.05 P < 0.0 1, 
respectively.

Figure 4: Co-culture with THP-1 M2 macrophages inhibits autophagy activity in B2B cells. B2B cells were co-cultured 
with and without THP-1 macrophages in the presence or absence of arsenic for 12 weeks. Cells were harvested and LC-3 and p62 levels 
were determined by western blot. The relative protein levels were quantified using Imagine J software. The experiment was performed in 
triplicate. * and ** indicate P < 0.05 P < 0.01, respectively.
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as well as secretion levels of IL-10 and CCL18 induced 
by arsenic were determined with or without co-treatment 
of BHA, a potent anti-oxidant [5]. As shown in Figure 
5B-5C, over-expression of SOD1 or co-treatment of 
BHA significantly inhibited arsenic-induced alternative 
activation of macrophages, as evidenced by decreased 
expression of CD106 and CD263 (P < 0.01).

DISCUSSION

Although the cell mono-culture model has provided 
much of our current understanding of how single lineages 
of cells responds to stimuli, such as arsenic, it reflects few 
intercellular communications among the variety of cell 
types that exist in organs. Therefore, co-culture of multiple 
cell types is being used with increasing frequency as a 
solution to bridge this gap. In the current study, we used 
an in vitro co-culture model to investigate the crosstalk 
between epithelial cells and macrophages and to study the 
carcinogenic effects of arsenic.

Most studies that investigate arsenic carcinogenicity 
have focused on the carcinogenic effects of arsenic on 
tissue cells. For example, our previous work determined 
that long-term arsenic exposure induces transformation of 
lung epithelial cells [1, 2]. Although cell transformation 
per se is a critical step of tumor initiation, additional 
alterations in the microenvironment that surround the 
transformed cells are indispensable for the initiation and 
development of a lung tumor [11]. For this reason cancer 
has been suggested as a systemic disease [12] and, to better 
understand it, we must not only study the cancer cells, but 
the cancer cells together with the microenvironment in 
which the cancer cells initiate and grow.

A key component of the microenvironment is the 
immune system. [11], and in the lung, macrophages are 
the major immune cells. Macrophages, which are very 
heterogeneous and highly plastic, are subtly controlled 
by small changes in the microenvironmental signals. In 
tissues, the phenotype and functions of macrophages 
are constantly changed; they may undergo classical M1 
activation or alternative M2 activation in response to 
environmental cues [13]. In addition, it was shown that 
the phenotype of polarized M1 or M2 macrophages can be 
reversed in vitro and in vivo [14, 15]. The M1/M2 states 
mirror the Th1/Th2 polarization of T helper cells. M1/Th1 
and M2/Th2 phenotypes are dominant in pro- and anti-
tumor microenvironment, respectively. Therefore, the 
crosstalk between macrophages and lung tissue cells, such 
as epithelial cells, may determine a microenvironment that 
is pro- or anti-tumorigenesis. Advanced study has shown 
that M2 polarization of macrophages promotes lung tumor 
formation [16].

The cytotoxic effects of arsenic on macrophages 
have been reported [17–19]. However, whether chronic 
arsenic exposure alters the functions of macrophage 
and, if it does, how this alteration is related to arsenic 

tumorigenicity in the lungs remains a mystery. The 
communication among cells can be complicated; 
a crosstalk between transformed/cancer cells and 
macrophages, through soluble mediators, such as 
cytokines and chemokines, has been shown to be critical 
for lung cancer development [3, 20]. In the present study, 
which focused on the crosstalk through soluble mediators, 
our data show that long-term arsenic exposure polarizes 
macrophages towards M2 phenotype; co-culture with 
epithelial cells further enhances this polarization. It should 
be noted that B2B cells constitutively secreted TGF-β[21], 
which could account for a minor M2 polarization in the 
co-culture in the absence of arsenic (Figure 2A, 2B). In 
addition, ROS plays a critical role in M2 polarization 
since inhibition of ROS generation ameliorated the 
polarization [22, 23]. Furthermore, long-term arsenic 
exposure changes the soluble mediators in the media, 
which inhibits autophagic activity in the epithelial cells 
and facilitates arsenic-induced transformation of these 
cells. IL-6 is likely an important mediator that inhibits 
autophagy and enhances cell transformation since IL-6 
was increased in the co-culture system (Figure 2C) and 
our previous work has shown IL6 inhibits autophagy 
and enhances transformation of B2B cells [2]. Finally, 
the current study focuses on how an interaction between 
macrophages and epithelial cells contributes to arsenic-
induced transformation of the epithelial cells. In the 
future study, it would be very interesting to determine the 
phenotypic, biochemical and metabolic changes in these 
cells after their transformation.

MATERIALS AND METHODS

Materials

Sodium arsenite solution was purchased from 
Merck. Phorbol 12-myristate 13-acetate (PMA) and 
butylated hydroxyanisole (BHA) were purchased from 
Sigma Aldrich. Anti-human CD68 antibody conjugated 
with phycoerythrin (PE), CD163 antibody conjugated 
with FITC and anti-mouse CD206 antibody conjugated 
with PE were from Biolegend. Anti-human CD206 
antibody conjugated with FITC was from BD Biosciences. 
SOD1 DNA plasmids (NM_001752 and NM_000454) 
were purchased from Origene. Antibodies against LC-
3II (Medical and Biological Laboratories), p62 (Sigma 
Aldrich), Arg-1 (Santa Cruz) and iNOS (Millipore) were 
used.

Cell culture

BEAS-2B (B2B, immortalized human bronchial 
epithelial cells), THP-1 (a human monocytic leukemia 
cell line) and RAW264.7 (a mouse macrophage cell line) 
were purchased from American Type Culture Collection 
(ATCC). Cell lines were authenticated on the basis of 
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viability, recovery, growth, and morphology. B2B cells 
were cultured in BEGM (Lonza) and THP-1 cells were 
cultured in 1640 medium containing 10% FBS. RAW264.7 
cells were cultured in DMEM medium containing 10% 
FBS. E10 (a mouse lung alveolar epithelial cell line) was 
kindly provided by Dr. Maria Ramirez (Pulmonary Center, 
Boston University School of Medicine) and were cultured 
in CMRL medium containing 10% FBS (Hyclone) as 
previously reported [24]. All cells were maintained at 
37°C with 5% CO2 in tissue culture incubators. Sodium 
arsenite solution was used for arsenic treatment.

Differentiation of THP-1 monocytes into 
macrophages

The method for differentiation of THP-1 cells into 
macrophages has been reported previously. [8] Briefly, the 
macrophages were generated by treatment of THP1-cells 
with 50 ng/mL PMA for 24 h; cells were subsequently 
washed with PBS to remove PMA. THP-1 macrophage 
differentiation was verified by monitoring the macrophage 
differentiation marker CD68 (Biolegend, Cat 333805) by 
flow cytometry.

Co-culture experiments and arsenic treatment

THP-1-derived macrophages were co-cultured with 
B2B cells in transwell plates (Costar, Cat 3412) with a 
2:1 ratio as reported previously [21]. Briefly, 10 × 105 
THP-1 macrophages were seeded onto 0.4 μm pore inserts 
(upper compartments) and 5 × 105 B2B cells were seeded 
in the bottom compartments of the transwell plates. For 
arsenic treatment, cells in both the upper and bottom 
compartments were exposed to 0.25 μM sodium arsenite 
[1]. B2B cells were passaged and re-plated into the bottom 
wells every week as described previously [1]. The inserts 
were replaced every week with newly generated THP-1 
macrophages since apoptosis was observed with longer 
culture. Co-cultures were maintained for 12 weeks to 
induce B2B cell transformation as described previously 
[1]. For the co-culture of mouse macrophages and lung 
epithelial cells, 10 × 105 RAW264.7 macrophages were 
seeded onto 0.4 μm pore inserts and 5 × 105 E10 cells 
were seeded in the bottom compartments of the transwell 
plates. Cells were treated with 0.25 μM sodium arsenite 
and maintained for 6 days.

Soft agar assay

B2B cell transformation was determined by 
anchorage-independent growth in soft agar as described 
previously [1]. Briefly, 5 × 103 cells were plated on 
six-well plates containing a bottom layer of 0.6% low- 
temperature-melting agar in BEGM media, and a top 
layer of 0.3% agar in BEGM media. The top layer of agar 
was covered with 1 mL of culture medium with medium 

replacement every 3 days. Colonies per well were counted 
and photographed after 3 weeks of growth.

Flow cytometry assay

The expression of CD68, CD163 and CD206 
on the membrane of macrophages was determined 
by flow cytometry using the protocols provided by 
the manufacturer (BD Bioscience). Briefly, THP-1-
derived macrophages were harvested then stained with 
CD68 antibody conjugated with PE, CD163 antibody 
conjugated with FITC and CD206 antibody conjugated 
with FITC, followed by flow cytometry analysis with a 
BD Biosciences Digital LSR II. Data were analyzed using 
FlowJo software (Tree Star Inc.).

Plasmid and transfection

Transfection of SOD1 DNA plasmid has been 
reported previously [1]. Briefly, macrophages were 
transfected with plasmids using Lipofectamine 2000 
(Invitrogen) and selected by G418 (Invitrogen) according 
to the manufacturer’s protocol. The transfection was 
confirmed by immunoblot analysis.

Western blot analysis

Western blots was performed as described 
previously [1]. Briefly, aliquots of the protein samples 
(20-40 μg) were separated by electrophoresis and 
transferred to nitrocellulose membranes. After blocking, 
the membranes were probed with primary antibodies and 
then with secondary antibody conjugated to horseradish 
peroxidase. The immune complexes were detected by the 
enhanced chemiluminescence method (PerkinElmer).

RT-PCR assay

Quantitative real-time reverse transcription-PCR was 
performed as described previously [2]. Briefly, total RNA 
was extracted with TRIzol reagent (Invitrogen, 15596-
026) and was reverse transcribed to cDNA using a Reverse 
Transcription System (Promega, A3500) according to 
the manufacturer’s instructions. PCR was performed 
on a Lightcycler 480 system (Roche) using a Power 
SYBR Green PCR Master kit (Invitrogen, 4368706). 
The standard -∆∆Ct method was used for determining 
changes in gene expression. The relative expression 
level of a given mRNA was assessed by normalizing 
to the housekeeping gene, beta-actin, and comparing 
with control values. The primers used for analysis were 
as below: IL10 forward, 5'-gcctaacatgcttcgagatc-3'; 
IL10 reverse, 5’-tgatgtctgggtctttc-3’; IL6 forward, 
5’-aacctgaaccttccaaagatgg-3’; IL6 reverse, 5’-tctggcttgttc 
ctcactact-3’; CCL-18 forward, 5'-tctatacctcctggcagattc-3'; 
CCL-18 reverse, 5’-tttctggacccacttcttat-3’; TGF-β 
forward,5'-ggtacctgaacccgtgttgct-3'; TGF-β reverse,5’-
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tgttgctgtatttctggtaacagctc-3’; Beta-actin forward, 5’-agcac 
agagcctcgccttt-3’; beta-actin reverse, 5’-agggtgaggatgc 
ctctctt-3’, Mouse TGF-β forward, 5'-tgacgtcactggagttgac 
gg-3’; mouse TGF-β reverse, 5’-ggttcatgtcatggatggtgc-3’, 
Mouse IL-10 forward,5’- tggcccagaaatcaaggagc-3’; 
Mouse IL-10 reverse, 5’-cagcagactcaatacacact-3’, Mouse 
beta-actin forward, 5’-tgtgatggtgggaatgggtcag-3’; Mouse 
beta-actin reverse, 5’-tttgatgtcacgcacgatttcc-3’.

Measurement of secreted cytokines

Culture supernatants were collected and centrifuged 
at 1,000 rpm for 5 min. The cytokine levels were measured 
for IL-6, IL-10, IL-12, TGF-β, CCL11 and CCL18 with 
Platinum ELISA kits (eBioscience) according to the 
manufacturer’s instructions. Cytokine measurements 
were determined using SpectraMax M2 reader (Molecular 
Device) and analyzed using SoftMax PRO 4.0 software.

Measurement of autophagy activity

Autophagy activity upon arsenic exposure was 
monitored using a combination of LC3-II and P62 
levels. Arsenic at 0.25 μM increased LC3-II, which has 
been verified as a result of enhanced autophagy activity 
in our previous work [1]. To confirm that the alteration 
of LC3-II reflected the change of autophagic flux, the 
expression levels of P62 (SQSTM1) were also evaluated. 
P62 is an autophagosome membrane associated protein 
and is degraded in lysosomes after autophagosomes fuse 
with lysosomes; thus its level is negatively regulated by 
autophagic flux [2].

Statistical analysis

Differences among treatment groups were evaluated 
by ANOVA. Presented data are the mean ± SEM of 
three experiments. P < 0.05 was considered statistically 
significant. In cases in which significant differences were 
detected, specific post-hoc comparisons between treatment 
groups were examined by Student–Newman–Keul tests.

ACKNOWLEDGMENTS

The authors would like to thank Drs. Maria Ramirez 
and Mary Williams at Boston University School of 
Medicine for providing E10 cells. We also want to thank 
Ms. Catherine E. Anthony of Markey Cancer Center at 
University of Kentucky for editing the manuscript. This 
work was supported by the American Cancer Society 
[RSG-11-116-01-CNE to G.C.], National Natural Science 
Foundation of China (No.31660325 to J.C.) and NCI 
Cancer Center Support Grant (P30 CA177558).

CONFLICTS OF INTEREST

The authors declare no conflicts of interest.

REFERENCES

1. Zhang T, Qi Y, Liao M, Xu M, Bower KA, Frank JA, 
Shen HM, Luo J, Shi X, Chen G. Autophagy is a cell 
self-protective mechanism against arsenic-induced cell 
transformation. ToxicolSci. 2012; 130:298-308.

2. Qi Y, Zhang M, Li H, Frank JA, Dai L, Liu H, Zhang Z, 
Wang C, Chen G. Autophagy Inhibition by Sustained 
Overproduction of IL6 Contributes to Arsenic 
Carcinogenesis. Cancer research. 2014.

3. Schmall A, Al-Tamari HM, Herold S, Kampschulte M, 
Weigert A, Wietelmann A, Vipotnik N, Grimminger F, 
Seeger W, Pullamsetti SS, Savai R. Macrophage and cancer 
cell cross-talk via CCR2 and CX3CR1 is a fundamental 
mechanism driving lung cancer. Am J Respir Crit Care 
Med. 2015; 191:437-447.

4. Pouniotis DS, Plebanski M, Apostolopoulos V, McDonald 
CF. Alveolar macrophage function is altered in patients with 
lung cancer. Clin Exp Immunol. 2006; 143:363-372.

5. Zhang Y, Choksi S, Chen K, Pobezinskaya Y, Linnoila I, 
Liu ZG. ROS play a critical role in the differentiation of 
alternatively activated macrophages and the occurrence of 
tumor-associated macrophages. Cell Res. 2013; 23:898-914.

6. Kaku Y, Imaoka H, Morimatsu Y, Komohara Y, Ohnishi K, 
Oda H, Takenaka S, Matsuoka M, Kawayama T, Takeya M, 
Hoshino T. Overexpression of CD163, CD204 and CD206 
on alveolar macrophages in the lungs of patients with severe 
chronic obstructive pulmonary disease. PloS one. 2014; 
9:e87400.

7. Schneemann M, Schoeden G. Macrophage biology and 
immunology: man is not a mouse. Journal of leukocyte 
biology. 2007; 81:579; discussion 580.

8. Tjiu JW, Chen JS, Shun CT, Lin SJ, Liao YH, Chu CY, 
Tsai TF, Chiu HC, Dai YS, Inoue H, Yang PC, Kuo ML, 
Jee SH. Tumor-associated macrophage-induced invasion 
and angiogenesis of human basal cell carcinoma cells by 
cyclooxygenase-2 induction. The Journal of investigative 
dermatology. 2009; 129:1016-1025.

9. Chanput W, Mes JJ, Savelkoul HF, Wichers HJ. 
Characterization of polarized THP-1 macrophages and 
polarizing ability of LPS and food compounds. Food Funct. 
2013; 4:266-276.

10. Lantz RC, Hays AM. Role of oxidative stress in arsenic-
induced toxicity. Drug Metab Rev. 2006; 38:791-804.

11. Finn OJ. Immuno-oncology: understanding the function 
and dysfunction of the immune system in cancer. Annals of 
oncology. 2012; 23:viii6-9.

12. Hanahan D, Weinberg RA. Hallmarks of cancer: the next 
generation. Cell. 2011; 144:646-674.

13. Sica A, Mantovani A. Macrophage plasticity and 
polarization: in vivo veritas. The Journal of clinical 
investigation. 2012; 122:787-795.

14. Saccani A, Schioppa T, Porta C, Biswas SK, Nebuloni 
M, Vago L, Bottazzi B, Colombo MP, Mantovani A, 



Oncotarget21409www.impactjournals.com/oncotarget

Sica A. p50 nuclear factor-kappaB overexpression in 
tumor-associated macrophages inhibits M1 inflammatory 
responses and antitumor resistance. Cancer research. 2006; 
66:11432-11440.

15. Guiducci C, Vicari AP, Sangaletti S, Trinchieri G, 
Colombo MP. Redirecting in vivo elicited tumor infiltrating 
macrophages and dendritic cells towards tumor rejection. 
Cancer research. 2005; 65:3437-3446.

16. Zaynagetdinov R, Sherrill TP, Polosukhin VV, Han W, 
Ausborn JA, McLoed AG, McMahon FB, Gleaves LA, 
Degryse AL, Stathopoulos GT, Yull FE, Blackwell TS. A 
critical role for macrophages in promotion of urethane-
induced lung carcinogenesis. Journal of immunology. 2011; 
187:5703-5711.

17. Burchiel SW, Mitchell LA, Lauer FT, Sun X, McDonald JD, 
Hudson LG, Liu KJ. Immunotoxicity and biodistribution 
analysis of arsenic trioxide in C57Bl/6 mice following 
a 2-week inhalation exposure. Toxicology and applied 
pharmacology. 2009; 241:253-259.

18. Li Q, Lauer FT, Liu KJ, Hudson LG, Burchiel SW. Low-
dose synergistic immunosuppression of T-dependent 
antibody responses by polycyclic aromatic hydrocarbons 
and arsenic in C57BL/6J murine spleen cells. Toxicology 
and applied pharmacology. 2010; 245:344-351.

19. Arkusz J, Stanczyk M, Lewiniska D, Stepnik M. Modulation 
of murine peritoneal macrophage function by chronic 

exposure to arsenate in drinking water. Immunopharmacol 
Immunotoxicol. 2005; 27:315-330.

20. Ke X, Wu M, Lou J, Zhang S, Huang P, Sun R, Huang L, 
Xie E, Wang F, Gu B. Activation of Toll-like receptors 
signaling in non-small cell lung cancer cell line induced by 
tumor-associated macrophages. Chin J Cancer Res. 2015; 
27:181-189.

21. Mayer AK, Bartz H, Fey F, Schmidt LM, Dalpke AH. 
Airway epithelial cells modify immune responses by 
inducing an anti-inflammatory microenvironment. European 
journal of immunology. 2008; 38:1689-1699.

22. Covarrubias A, Byles V, Horng T. ROS sets the stage for 
macrophage differentiation. Cell Res. 2013; 23:984-985.

23. Orsolic N, Kunstic M, Kukolj M, Gracan R, Nemrava J. 
Oxidative stress, polarization of macrophages and tumour 
angiogenesis: Efficacy of caffeic acid. Chem Biol Interact. 
2016; 256:111-124.

24. Kathuria H, Cao Y, Hinds A, Ramirez MI, Williams MC. 
ERM is expressed by alveolar epithelial cells in adult mouse 
lung and regulates caveolin-1 transcription in mouse lung 
epithelial cell lines. J Cell Biochem. 2007; 102:13-27.


