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A B S T R A C T

M2-type tumor-associated macrophages (TAMs) infiltration contributes to cancer malignant progression.
However, the mechanisms for controlling recruitment and M2 polarization of macrophages by cancer cells are
largely unclear. NADPH oxidase 4 (NOX4) is abundantly expressed in non-small cell lung cancer (NSCLC) and
mediates cancer progression. NOXs are in close relation with cancer-related inflammation, nevertheless, whether
tumoral NOXs influence microenvironmental macrophages remains undentified. This study found that there was
a close association between NOX4 expression and macrophage chemotaxis in patients with NSCLC analyzed
using TCGA RNA-sequencing data. NOX4 in NSCLC cells (A549 and Calu-1 cell lines) efficiently enhanced
murine peritoneal macrophage migration and induces M2 polarization. Immunohistochemical analysis of clin-
ical specimens confirmed the positive correlation of NOX4 and CD68 or CD206. The mechanical study revealed
that tumoral NOX4-induced reactive oxygen species (ROS) stimulated various cytokine production, including
CCL7, IL8, CSF-1 and VEGF-C, via PI3K/Akt signaling-dependent manner. Blockade of the function of these
cytokines reversed NOX4 effect on macrophages. Specifically, the results showed that tumoral NOX4-educated
M2 macrophages exhibited elevated JNK activity, expressed and released HB-EGF, thus facilitating NSCLC
proliferation in vitro. Pretreatment of macrophages with JNK inhibitor blocked tumoral NOX4-induced HB-EGF
production in M2 macrophages. Finally, in a xenograft mouse model, overexpression of NOX4 in A549 cells
enhanced the tumor growth. Elimination of ROS by NAC or inhibition of NOX4 activity by GKT137831 sup-
pressed tumor growth accompanied by reduction in macrophage infiltration and the percentage of M2 macro-
phages. In conclusion, our study indicates that tumoral NOX4 recruits M2 TAMs via ROS/PI3K signaling-de-
pendent various cytokine production, thus contributing NSCLC cell growth.

1. Introduction

Lung cancer is the leading cause of cancer mortality worldwide, and
non-small cell lung cancer (NSCLC) accounts for up to 80% of all lung
cancer cases with poor prognosis. It is urgent to explore new and more
effective targets against NSCLC progression.

Cancer cells have increased levels of reactive oxygen species (ROS)
in comparison to their normal counterparts. A major source of ROS in
cancer cells is produced by NADPH oxidases (nicotinamide adenine
dinucleotide phosphate oxidase, NOXs) [1]. NOXs are a family of
membrane bound enzyme complexes that have the primary function to

generate superoxide (O2
•-) or hydrogen peroxide (H2O2). NOXs consist

of seven members: NADPH oxidase 1 (NOX1), NOX2 (gp91phox), NOX3,
NOX4, NOX5, Duox1, and Duox2 [2]. NOXs have been confirmed to be
closely correlated with cancer development and progression [3]. Our
previous studies show that NOX4 is abundantly expressed in NSCLC
cells and contributes to NSCLC progression through ROS/PI3K pathway
activation [4] and promotion of glycolysis [5]. Nevertheless, the com-
prehensive mechanisms for NOX4-mediated NSCLC malignant pro-
gression remain largely unknown.

Tumor-associated macrophages (TAMs) are a major component of
the leukocyte infiltration of many solid tumors. There are two well-
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established polarized macrophage phenotypes, including classically
activated macrophages (M1) and alternatively activated macrophages
(M2) [6]. The infiltration of M2 TAMs has been positively associated
with tumor progression and has also been described as an inhibitor of
inflammatory responses in most types of human cancer including
NSCLC [7,8]. Also in vitro, M2 macrophages encourage growth of
various tumor cells [9] and promote tumor cell survival [10]. Tumor
cells induce macrophage infiltration in tumor tissues and skew macro-
phages to a M2 phenotype to facilitate their malignant progression,
however, the underlying mechanisms for controlling recruitment and
M2 polarization of macrophages by cancer cells are largely unclear.

Interestingly, a recent report by Mongue-Din et al. showed that
cardiomyocyte NOX4 skews macrophage toward an M2-polarized
phenotype, thus protecting against myocardial infarction-induced car-
diac remodeling [11]. Besides, a previous study revealed that NOX-in-
duced ROS in macrophages play a critical role in the differentiation of
alternatively activated macrophages and the occurrence of tumor-as-
sociated macrophages [12]. Nevertheless, whether tumoral NOXs in-
fluence microenvironmental macrophages remains undentified. There-
fore, this study was aimed to explore the potential role of tumoral
NOX4 in microenvironmental macrophages and its significance in
NSCLC cell growth.

2. Materials and methods

2.1. Bioinformatic tools

All expression profiling data of mRNA analyzed in this study were
downloaded from The Cancer Genome Atlas (TCGA, http://
cancergenome.nih.gov/). The differentially expressed genes between
the NOX4 low and NOX4 high (one-fourth cutoff) were subjected to GO
analysis performed with DAVID Bioinformatics Resources 6.7 (http://
david.abcc.ncifcrf.gov/) and Gene set enrichment analysis (GSEA)
analysis with GSEA v2.0.13 software.

2.2. Specimen preparation and immunohistochemical analysis

The clinical NSCLC specimens were purchased from Shanghai Outdo
Biotch CO., Ltd (Shanghai, China). Sections of 32 specimens were
analyzed by immunohistochemistry (IHC) using indicated antibodies as
anti-NOX4 (ab133303), anti-CD206 (ab64693), and anti-CD68 (ab955)
from Abcam. The images were captured using the AxioVision Rel.4.6
computerized image analysis system (Carl Zeiss). The immunostaining
degree was determined based on both the proportion of positively
stained tumor cells and the intensity of staining. The proportion of
tumor cells was scored as follows: 0 (no positive tumor cells), 1 (< 10%
positive tumor cells), 2 (10–35% positive tumor cells), 3 (35–75% po-
sitive tumor cells), and 4 (> 75% positive tumor cells). The intensity of
staining was graded according to the criteria: 1 (no staining); 2 (weak
staining), 3 (moderate staining), and 4 (strong staining). The staining
index (SI) was calculated as staining intensity score × proportion of
positive tumor cells. The indicated protein expression was determined
by SI, scored as 0, 2, 3, 4, 6, 8, 9, 12, and 16. Samples with SI ≥ 8 were
determined as high expression and samples with SI＜ 8 were de-
termined as low expression.

2.3. Reagents

The NOX4 inhibitor GKT137831 (#S7171), the ROS scavager
acetylcysteine (NAC, #S1623), the PI3K inhibitor LY294002 (#S1105),
the JNK inhibitor JNK-IN-8 (#S4901) and the JNK inhibitor SP600125
(#S1460) were purchased from Selleckchem. VEGFR-3 Fc chimera re-
combinant protein (Flt-4/Fc) (#P35916) was purchased from R&D
Systems. The mouse EGF neutralizing antibody (#AF2028), the human
CCL7 neutralizing antibody (#MAB282), IL8 neutralizing antibody
(#MAB208) and CSF-1 neutralizing antibody (#AF216) were R&D

Systems. Cell culture reagents were obtained from Invitrogen. All other
reagents were from Sigma unless stated otherwise.

2.4. NSCLC cell lines, plasmids, and transfection

A549 and Calu-1 cell lines, originally purchased from ATCC, were
incubated at 37 °C in an atmosphere of 5% CO2 in DMEM supplemented
with 10% FBS, penicillin-streptomycin and glutamine (2mM). Cells
were transfected with 100 nM of a control shRNA, two individual
shRNA against NOX4 or a pCMV-NOX4 cDNA plasmid with
Lipofectamine 2000 (Invitrogen, 11668–019) overnight according to
manufacturer's instructions according to our previous study [4]. The
NOX4 shRNA sequences used in present study were as follows: shRNA1:
AGAGTATCACTACCTCCACCAGATGTTGG (sense), and shRNA2: AAC
CTCTTCTTTGTCTTCTACATGCTGCT (sense). The scramble shRNA se-
quence is UAGCGACUAAACACAUCAATT (sense).

2.5. Preparation of conditioned medium (CM)

The preparation protocol of CM of cancer cells (A549 and Calu-1)
was according to a previous study with minor modifications [13].
Briefly, cancer cells (5× 104/well) were seeded in a 12-well plate for
24 h. Then, the supernatants were harvested for treatment of macro-
phages. For induction of M2 polarization of macrophages, CM was re-
placed once after 48 h.

2.6. In vitro assay migration and M2 polarization of macrophages

Murine peritoneal macrophages were obtained according to another
study [14]. The animal experiment was approved by the Animal
handling and procedures were approved by the Guangdong Animal
Center (No. GDPU20170235). In brief, female BALB/c mice were in-
traperitoneally injected each with 1ml of 6% starch-broth solution.
After 3 days, the mice were sacrificed and intraperitoneally injected
each with 5ml of PBS, massaging the mice abdomen gently for 3min.
The peritoneal fluid was pulled out and centrifugated at 1500 rpm for
8min. The cells were collected, washed twice with PBS, re-suspended
into 24-well culture plates with the cell density of 2×105 cells/well,
and cultured with 1ml of RPMI-1640 containing 10% FBS.

Macrophage migration was assayed using the Falcon TM Cell
Culture Inserts containing polycarbonate membranes with pore sizes of
8 µm. Macrophages were seeded (1×105 cells/well) in the upper
chamber of a transwell and placed it on the 24-well plate. The CM of
A549 or Calu-1 cells were added into the lower chamber. After 10 h, the
cell suspension in the upper chamber was aspirated, and the upper
surface of the filter was carefully cleaned with cotton plugs.
Macrophages were stained with crystal violet and images from five
representative fields of each membrane were captured. The migratory
cells within the lower chamber were counted and statistically analyzed.
The evaluation method of M1 or M2 polarization of macrophages was
according a previous report [15], as mannose receptor CD206 (an M2
macrophage marker) was detected by western blotting and levels of M1
cytokines (IL 12 and IL23), and the M2 cytokine (IL10) were de-
termined by ELISA.

2.7. Western blotting

Western blotting protocol was according to our previous report [4].
Cells were lysed in RIPA buffer (50mM Tris–HCl/pH 7.4, 1% NP‐40,
150mM NaCl, 1 mM EDTA, 1mM PMSF, 1mM Na3VO4, 1mM NaF,
1mM okadaic acid and 1mg/ml aprotinin, leupeptin and pepstatin).
Each sample (25mg protein) was prepared for electrophoresis running
on 10% SDS/PAGE gel and then transferred onto PVDF membranes
(Millipore). After blocking the membranes with 5% fat free milk in
TBST (50mM Tris/pH 7.5, containing 0.15M NaCl and 0.05%
Tween‐20) for 1 h at room temperature, the membranes were probed
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with primary antibodies as follows: NOX4 (ab133303), CD206
(ab64693) and β-Tubulin (ab6046) purchased from Abcam at 4 °C
overnight. All the primary antibodies were diluted with 5% BSA to 1:
1000. After washing, the blots were incubated with the secondary an-
tibody was goat anti-rabbit IgG (#SA00001–2, Proteintech) for 1 h at
room temperature. The secondary antibody was diluted with 5% BSA to
1: 5000. The bands in the membrane were visualized and analyzed by
UVP BioImaging systems.

2.8. Cytokine antibody array

The profiles of cytokines secreted by A549 and Calu-1 cells were
detected with the culture supernatants using a Human cytokine Array
(QAH-CAA-2000-1, RayBiotech, Norcross, GA) according to the manu-
facturer's instructions. The cytokines with significant differences in
expression were screened out.

2.9. ELISA

The supernatants of macrophage or NSCLC cell culture were cen-
trifuged for 15min at 1000×g to remove cell components before ELISA.
Mice macrophage IL-10, IL-12, and IL-23 were measured using com-
mercial ELISA kits (#M1000B, #M1270 and #M2300, respectively)
from R&D Systems according to the manufacturer's instructions. Mice
macrophage HB-EGF was determined by the ELISA kit (#SEB479Mu)
from Cloud-Clone Corp. NSCLC cell CCL7, IL8, CSF-1 and VEGF-C were
measured using commercial ELISA kits (#ELH-MCP3-1, #ELH-IL8-1,
#ELH-MCSF-1 and #ELH-VEGFC-1, respectively) from Raybiotec ac-
cording to the manufacturer's instructions. The levels of phospho-JNK
(T183/Y185) and total JNK were assayed by the ELISA kit (#PEL-JNK-
T183-T-1) from Raybiotec according to the manufacturer's instructions.

2.10. Measurement of H2O2 production

Extracellular steady-state generation of H2O2 was determined by
Amplex Red® hydrogen peroxide assay kit (Invitrogen). After each
treatment, cellular H2O2 production was determined using the substrate
10-acetyl-3,7-dihydroxyphenoxazine for horseradish peroxidase (HRP)
that enables selective detection of H2O2. In the presence of peroxidase,
this reagent reacts with H2O2 to produce resorufin. Resorufin fluores-
cence was assayed in the plate reader with excitation at 530 nm and
emission at 590 nm at 37 °C.

2.11. Cell growth evaluation and clonogenic survival assay

The protocols used for MTT assay (detection of cell proliferation/
viability) and clonogenic survival assay were all according to our pre-
vious study with some minor modifications [5]. Mice macrophages
were incubated with the CM of A549 cells for 72 h. After treatment,
cells were washed three times with RPMI-1640 and cultured in this
medium for 48 h. After 48-h serum starvation, cells were collected and
used as M2-polarized macrophages, and the medium was collected,
added with 10% FBS and prepared as M2 macrophage-conditioned
medium (M2-CM). For evaluation of A549 cell growth, 3×103 cells in
100 μl of M2-CM were seeded in 96-well and incubated for 72 h. Then,
MTT was added to each well (with a final concentration of 0.5mg/ml).
After incubation at 37 °C for 4 h, the plates were centrifuged at 450×g
for 5mins. Untransformed MTT was removed by aspiration, and for-
mazan crystals were dissolved in dimethyl suloxide (150 μl/well)
quantified spectrophotometrically at 563 nm. In addition, A549 cells
were plated in 6-well plates (1×103 cells per well) and cultured for 14
days with or without M2-CM incubation. The colonies were stained
with 1% crystal violet for 20mins after fixation with 10% formaldehyde
for 15mins. M2-CM was replaced every two days.

2.12. Xenografted tumor model

The animal experiment was approved by the Animal handling and
procedures were approved by the Guangdong Animal Center (No.
GDPU20170235). A549 cells (approximately 2× 106) with or without
NOX4 overexpression were subcutaneously inoculated into the right
flank of 6-week-old BALB/C nude mice. Treatments were initiated when
tumors reached 80–100mm3 and included: saline, GKT137831 (60mg/
kg per day, by gavage for 10 days), NAC (7mg/ml) given in the
drinking water for the length of the experiment, each group=5. Tumor
sizes were calculated with the formula: (mm3)= (L×W2) ×0.5. The
tumor volume was measured every other day. The student's t-test (two-
tailed) was used to compare statistical significance between two groups
in animal work.

2.13. Flow cytometry analysis of F4/80 and CD206 in xenografted A549
tumors

Animals were lethally anesthetized by intraperitoneal injection of
ketamine/xylazine. Tissues were homogenized and incubated for
45min at 37 °C in an enzymatic cocktail (1 ml per 10mg tissue) con-
taining 488 U/ml collagenase I (Sigma cat # C0130), 230 U/ml col-
lagenase XI (Sigma, #C7657), 125 U/ml hyaluronidase (Sigma,
#H3506) and 60 U/ml DNase I (Sigma, #D4527) in an enzymatic di-
gestion buffer containing PBS and 20mM HEPES. Tissues were then
mashed through a 70-μm cell strainer to create a suspension. Cells were
counted, diluted to 1×106 cells per 100 μl and incubated with anti-
bodies (F4/80 FITC-conjugated antibody from Abcam and CD206 PE-
conjugated Antibody from R&D Systems). The samples were analyzed
with a FACS (Beckman Coulter, CA).

2.14. Statistical analysis

Statistical analysis was evaluated by Student's t-test for simple
comparisons between two groups using GraphPad Prism5. The re-
lationship between NOX4 expression and clinicopathologic character-
istic was analyzed using the chi-square test. Data are expressed as
mean± S.D. P value of< 0.05 was considered statistically significant.

3. Results

3.1. Clinical relevance of high levels of NOX4 with chemotaxis and M2
macrophage markers in NSCLC

To explore the influence of NOX4 on stromal macrophages, we first
performed Gene Set Enrichment Analysis (GSEA) using data from the
TCGA and found that the chemotaxis pathway was identified to be
closely related with NOX4 expression in lung adenocarcinoma (LUAD)
patients and lung squamous carcinoma (LUSC) patients (Fig. 1A). To
further delineate the correlation of NOX4 and stromal macrophages, we
stained 32 NSCLC specimens with antibodies against NOX4, the human
macrophage marker CD68, as well as the M2 macrophage markers
CD206. As shown in Fig. 1B, correlation studies revealed that NOX4
levels were strongly correlated with expression levels of CD68
(p < 0.001) and CD206 (p < 0.05). These results strongly suggest
NOX4 in NSCLC cells plays an important role in macrophage recruit-
ment and M2 polarization.

3.2. NOX4 promotes migration and M2 polarization of macrophages

Fig. 2A showed that after transfection with NOX4 plasmid, NSCLC
cell lines (A549 and Calu-1) exhibited much stronger NOX4 expression
than vector control cells. Then, NOX4-overexpressing A549 and Calu-1
cells (A549-NOX4 and Calu-1-NOX4) and vector control cells (5× 104/
well) were seeded in a 12-well plate and cultured in medium containing
1% FBS for 24 h for harvest of the supernatants as the CM of cancer
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cells.
To determine the effect of NOX4 on macrophage migration, murine

peritoneal macrophages were seeded into the upper of the transwell
chambers and treated by CM of cancer cells for 10 h. The results showed
that the migration of macrophages treated by A549-vector-CM and
Calu-1-vector-CM was increased compared with the control group.
Furthermore, A549-NOX4-CM and Calu-1-NOX4-CM strikingly in-
creased macrophage migration compared with CM of A549-vector and
Calu-1-vector cells (Fig. 2B).

We next determined whether there is a relationship between NOX4
and macrophage polarization. The detection methods of M2 polariza-
tion of macrophages were according to a previous report [15], as
CD206 (an M2 macrophage marker) was detected by western blotting
and levels of M1 cytokines (IL12 and IL23), and the M2 cytokine (IL10)
were determined by ELISA. The results indicated that after 3-day

treatment of macrophages, A549-vector-CM and Calu-1-vector-CM in-
creased CD206 expression, and A549-NOX4-CM and Calu-1-NOX4-CM
could further enhance CD206 expression in macrophages compared
with vector-CM of A549 and Calu-1 cells (Fig. 2C). Additionally, we
found that the levels of IL12 and IL23 were not changed among dif-
ferent groups, however, the CM of NOX4-overexpressing A549 and
Calu-1 cells could significantly promote IL10 production in macro-
phages compared with that of vector control cells (Fig. 2D).

To further confirm that NOX4 regulates macrophage migration and
M2 polarization, we silenced NOX4 expression in A549 and Calu-1 cells
using two individual shRNAs against NOX4 and the silencing efficiency
was determined by western blotting (Fig. 3A). The CM of shRNA control
A549 and Calu-1 cells increased macrophage migration (Fig. 3B),
CD206 expression (Fig. 3C) and IL10 production in macrophages
(Fig. 3D). The CM of NOX4-depleted A549 and Calu-1 cells could

Fig. 1. Clinical relevance of high levels of NOX4 with chemotaxis and M2 macrophage markers in NSCLC. (A) A gene set enrichment analysis (GSEA) was
performed with the permutation number of 1000 per run with the TCGA LUAD or LUSC data set using Broad Institute GSEA software. Displayed are the enrichment
results of NOX4 with macrophage chemotaxis signature genes. (B) Immunohistochemical analysis of 32 human NSCLC stained with NOX4, CD68 and CD206
antibodies. Representative photographs of cancers based on the expression level of NOX4 in two groups are shown (low; n= 15, high; n= 17).
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Fig. 2. NOX4 promotes migration and M2 polarization of macrophages. (A) Western blotting analyses of NOX4 expression in transfected NSCLC cell lines. The
data represent three independent experiments. *Compared with control, p < 0.05. (B) The CM of tumor cells and the CM of NOX4-overexpressing NSCLC cells
promoted the macrophage migration. The data represent three independent experiments. *Compared with control, p < 0.05. #Compared with CM, p < 0.05. (C)
Western blotting analyses of CD206 expression in macrophages cultured alone, macrophages cultured with CM of empty vector NSCLC cells and macrophages
cultured with CM of NOX4-overexpression NSCLC cells. The data represent three independent experiments. *Compared with control, p < 0.05. #Compared with
CM, p < 0.05. (D) The protein secretions of mIL-12, mIL-23 and mIL-10 of macrophage cells cultured with CM of NSCLC cells or CM of NOX4-overexpression NSCLC
cells, assayed by ELISA. The data represent three independent experiments. *Compared with control, p < 0.05. #Compared with CM, p < 0.05.
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Fig. 3. NOX4 promotes migration and M2 polarization of macrophages. (A) Western blotting analyses of NOX4 expression in wild type, scramble control and
shRNA transfected NSCLC cell lines. The data represent three independent experiments. *Compared with control, p < 0.05. #Compared with CM, p < 0.05. (B)
Migration of macrophages cultured with the CM of NOX4-silencing NSCLC cells. The data represent three independent experiments. *Compared with control,
p < 0.05. #Compared with scramble control CM, p < 0.05. (C) Western blotting analyses of CD206 expression in macrophages cultured alone, macrophages
cultured with CM of scramble control NSCLC cells and macrophages cultured with CM of shRNA transfected NSCLC cells. The data represent three independent
experiments. *Compared with control, p < 0.05. #Compared with CM, p < 0.05. (D) The protein secretions of mIL-12, mIL-23 and mIL-10 of macrophage cells
cultured with CM of NOX4-silence NSCLC cells, assayed by ELISA. The data represent three independent experiments. *Compared with control, p < 0.05.
#Compared with scramble control CM, p < 0.05.
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efficiently reverse the effects of CM of their parental control cells
(Figs. 3B-3D). The levels of IL12 and IL23 in macrophages were not
statistically different among these groups.

Taken together, the above results clearly support the critical role of
NOX4 in NSCLC cells in inducing macrophage migration and M2 po-
larization.

3.3. NOX4 promotes macrophage migration and M2 polarization via
induction of various cytokine production in NSCLC cells through ROS/PI3K
signaling

To explore the mechanism for NOX4-mediated macrophage attrac-
tion and M2 polarization, we sought to determine the effect of NOX4 on
cytokine expression in NSCLC cells through cytokine screening using
Raybio Human Cytokine antibody array. As shown in Fig. 4A, several
upregulated cytokines or chemokines in NOX4-overexpressed A549 and
Calu-1 cells were identified, and among these factors, CCL7, IL8 and
CSF-1 were identically most upregulated in A549 and Calu-1 cells.

The cytokines CCL7, IL8 and CSF-1 have been confirmed to have
macrophage chemotactic function and CSF-1 is a classical inducer of
M2 polarization of macrophages [16,17]. As shown in Fig. 4B, addition
of anti-CCL7 (20 μg/ml), anti-IL8 (20 μg/ml) or anti-CSF-1 (20 μg/ml)
to the CM of A549-NOX4 and Calu-1-NOX4 cells could partly abrogate
the enhancement effect of NOX4 on macrophage migration. Then, we
explored the possible involvement of CSF-1 in NOX4-mediated macro-
phage M2 polarization. The results shown in Fig. 5A and Fig. 5B

revealed that after 3-day treatment with A549-vector-CM or Calu-1-
vector-CM, macrophages exhibited increased IL10 production and
CD206 expression. Furthermore, the CM of NOX4-overexpressing A549
and Calu-1 cells could significantly promote IL10 production and
CD206 expression in macrophages compared with that of vector control
cells. Addition of anti-CSF-1 (20 μg/ml) to the CM of A549-NOX4 and
Calu-1-NOX4 cells partly blocked the enhancement effect of NOX4 on
IL10 production and CD206 expression in macrophages.

Our recent study revealed that paracrine VEGF-C signaling from
NSCLC cells promotes macrophage recruitment [18], therefore, we next
sought to determine whether paracrine VEGF-C is also involved in
NOX4-mediated macrophage attraction. Fig. 5C indicated that NOX4
overexpression obviously increased VEGF-C production in A549 and
Calu-1 cells. Recombinant Flt-4/Fc specifically neutralizes the secreted
form of VEGF-C [19], and is therefore utilized to interrupt VEGF-C
signaling. Additional treatment of Flt-4/Fc (100 ng/ml) could also
partially reverse the enhancement effect of NOX4 on macrophage mi-
gration (Fig. 5D).

Our previous studies indicate that NOX4 can stimulate ROS/PI3K
signaling in NSCLC cells [4], therefore, we speculated whether NOX4
induces the expression of CCL7, IL8, CSF-1 and VEGF-C dependent on
ROS/PI3K signaling. Fig. 6A showed that NOX4 overexpression in-
creased H2O2 production approximately 2.5 fold than vector control,
and this effect was blocked by either NOX4 inhibitor GKT137831
(20 μM) or ROS scavenger NAC (2.5 mM) treatment for 24 h with con-
tinuing administration throughout the experiment. Fig. 6B showed that

Fig. 4. NOX4 promotes macrophage migration and M2 polarization. (A) Cytokine array of the CM of the NSCLC cells and NOX4-overexpressed NSCLC cells. (B)
The CM of NOX4-overexpression NSCLC cell were treated with anti-CCL7 (20 μg/ml), anti-IL8 (20 μg/ml) or anti-CSF-1 (20 μg/ml). Macrophage migration was
detected by migration assay. The data represent three independent experiments. *Compared with control, p < 0.05. #Compared with NOX4-overexpression CM,
p < 0.05.
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either administration of NOX4 inhibitor GKT137831 (20 μM) or treat-
ment of cells with ROS scavenger NAC (2.5 mM) could efficiently block
the effect of NOX4 overexpression on the production of CCL7, IL8, CSF-
1 and VEGF-C. Besides, pretreatment with PI3K specific inhibitor
LY294002 (20 μM) or Akt inhibitor MK2206 (10 μM) for 1 h could also
compromise the effect of NOX4 on these cytokine production (Fig. 6C).

These data together strongly suggest that NOX4 in NSCLC cells
mediates macrophage chemotaxis and M2 polarization through

stimulating expression of various cytokines, including CCL7, IL8, CSF-1
and VEGF-C, via ROS/PI3K signaling.

3.4. NOX4-induced HB-EGF secretion from NSCLC cells-educated
macrophages mediates NSCLC cell growth in vitro

In order to define whether tumoral NOX4-induced M2 polarization
of macrophages promotes NSCLC cell growth in vitro, we first treated

Fig. 5. NOX4 promotes macrophage migration and M2 polarization. (A) The protein secretions of mIL-10 of macrophage cells cultured alone, macrophage cells
cultured with CM of empty vector NSCLC cells, assayed by ELISA. The data represent three independent experiments. *Compared with control, p < 0.05.
#Compared with NOX4-CM, p < 0.05. (B) Western blotting analyses of CD206 expression in macrophages cultured alone, macrophages cultured with CM of empty
vector NSCLC cells, macrophages cultured with CM of NOX4-overexpression NSCLC cells and macrophages cultured with NOX4-CM+Anti-CSF or NOX4-CM+IgG.
The data represent three independent experiments. *Compared with control, p < 0.05. #Compared with NOX4-CM, p < 0.05. (C) The protein secretions of VEGF-C
of empty vector NSCLC cells and NOX4-overexpression NSCLC cells, assayed by ELISA. The data represent three independent experiments. *Compared with empty
vector, p < 0.05. (D) Migration of macrophage cells cultured with NOX4-CM (pretreated with Flt-4/Fc (100 ng/ml)). The data represent three independent ex-
periments. *Compared with control, p < 0.05. #Compared with CM, p < 0.05.
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Fig. 6. NOX4 promotes macrophage migration and M2 polarization. (A) Production of H2O2 of empty vector NSCLC cells, NOX4-overexpression NSCLC cells and
NOX4-overexpression NSCLC cells treated with GKT137831 (20 μM) or NAC (2.5mM). (B) The protein secretions of hCCL7, hIL-8, hCSF-1 and VEGFC of empty vector
NSCLC cells, NOX4-overexpression NSCLC cells and NOX4-overexpression NSCLC cells treated with GKT137831 (20 μM) or NAC (2.5 mM), assayed by ELISA.
*Compared with empty vector, p < 0.05. #Compared with NOX4-overexpression, p < 0.05. (C) The protein secretions of hCCL7, hIL-8, hCSF-1 and VEGFC of
empty vector NSCLC cells, NOX4-overexpression NSCLC cells and NOX4-overexpression NSCLC cells treated with LY294002 (20 μM) or MK2206 (10 μM), assayed by
ELISA. The data represent three independent experiments. *Compared with empty vector, p < 0.05. #Compared with NOX4-overexpression, p < 0.05.
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Fig. 7. NOX4-induced HB-EGF secretion from NSCLC cells-educated macrophages mediates NSCLC cell growth in vitro. (A) The schematic diagram of the MTT
assay and colony formation assay procedure. NSCLC cells were cultured with CM of M2 type macrophages. Cell viability (B) and Colony formation ability (C) was
measured. The data represent three independent experiments. *Compared with empty vector, p < 0.05. #Compared with Vector-M2, p < 0.05. (D) HB-EGF
production in culture medium of macrophages, Vector-M2 CM and NOX4-M2 CM. The data represent three independent experiments. *Compared with macrophage
alone, p < 0.05. #Compared with Vector-M2 CM, p < 0.05. NSCLC cells were cultured with Vector-M2 CM or NOX4-M2 CM. Cell viability (E) and Colony
formation ability (F) was measured. The data represent three independent experiments. *Compared with empty vector, p < 0.05. #Compared with Vector M2,
p < 0.05. (G) The level of phosphorylated JNK of macrophages alone and macrophages cultured with CM of empty vector NSCLC cells or CM of NOX4-over-
expression NSCLC cells, assayed by ELISA. The data represent three independent experiments. *Compared with control, p < 0.05. #Compared with CM, p < 0.05.
(H) HB-EGF production in culture medium of macrophages, Vector-M2 CM, NOX4-M2 CM and NOX4-M2 CM +SP600125. The data represent three independent
experiments. *Compared with control, p < 0.05. #Compared with NOX4-M2 CM, p < 0.05.
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macrophages with the CM of A549-vector cells or the CM of A549-
NOX4 cells for 3 days to obtain M2 macrophages (vector-M2 macro-
phages and NOX4-M2 macrophages, respectively). Then, the M2-CM
was added to A549 cells for 3 days or 14 days to detect the short-term
or long-term growth of A549 cells determined by MTT or colony for-
mation assay, respectively. M2-CM was replaced every two days. The
schematic diagram of the experimental procedure was displayed in
Fig. 7A.

Fig. 7B showed that treatment with the CM of vector-M2 macro-
phages increased A549 cell growth approximately by 2 folds de-
termined by MTT assay after 3 days, and the CM of NOX4-M2 macro-
phages could further promote A549 cell proliferation by nearly 2.8
folds compared with control. The similar trends were also shown by the
data obtained from the colony formation assay after 14-day treatment
(Fig. 7C).

M2 macrophages confer cancer cell growth advantage via release of
growth factors in vitro [20], and release of HB-EGF has been confirmed
to be critically involved in such effect [21,22]. Therefore, we first as-
sayed HB-EGF production in culture medium of macrophages and M2-
CM. The results revealed that M0 macrophages released HB-EGF rarely,
however, the level of HB-EGF in the CM of vector-M2 macrophages was
strikingly increased and was further enhanced in the CM of NOX4-M2
macrophages (Fig. 7D). Next, we sought to determine the role of HB-
EGF in M2 macrophage-mediated A549 cell growth. Fig. 7E showed
that when added into the CM of vector-M2 macrophages and NOX4-M2
macrophages, the HB-EGF neutralizing antibody (20 μg/ml) could ob-
viously reverse the promoting effect of M2-CM on A549 cell prolifera-
tion determined by MTT assay. The similar trends were also shown by
the data obtained from the colony formation assay after 14-day treat-
ment (Fig. 7F).

As the JNK signaling has been confirmed to play a critical role in M2
polarization of macrophages [23], we next determined whether tu-
moral NOX4-induced HB-EGF production in macrophages via the JNK
signaling. Fig. 7H showed that after treatment of macrophages with the
CM of A549-vector cells for 12 h, the level of phosphorylated JNK (p-
JNK) in macrophages was markedly increased, while the total level of
JNK was not affected assayed by ELISA. The CM of A549-NOX4 cells
could even stimulating JNK activity compared with the CM of A549-
vector cells. As shown in Fig. 7H, the enhancement effect of tumoral
NOX4 on HB-EGF production in macrophages was obviously blocked by
pretreatment of macrophages with the JNK inhibitor SP600125 (20 μM)
for 2 h.

3.5. NOX4 enhances M2-polarized macrophage infiltration and induces
NSCLC cell growth in vivo

To extend our in vitro observations, we investigated whether tu-
moral NOX4 could regulate induce infiltration and M2 polarization of
macrophages, and thus facilitating NSCLC cell growth in vivo. Fig. 8A
showed that compared with the vector control group, NOX4 over-
expression could significantly promote A549 tumor growth, accom-
panied by the increased percentage of total (F4/80+) and M2
(CD206+) macrophages determined by flow cytometry assay (Fig. 8B).
Besides, inhibition of NOX4 or scavenging of ROS by GKT137831 or
NAC administration could suppressed A549 tumor growth, and reduced
the percentage of total (F4/80+) and M2 (CD206+) macrophages in
the tumor tissues.

Taken together, these results intensely suggest that tumoral NOX4-
mediated ROS promote macrophage recruitment and M2 polarization,
and resultantly leads to tumor growth in vivo.

4. Discussion

Overproduction of ROS by NOXs results in oxidant stress and tumor
progression [24]. Tumoral NOXs display many functions in cancer in-
cluding promoting proliferation, apoptosis resistance, angiogenesis,

glycolysis, EMT and metastasis [25–28]. NOXs may be closely involved
in inflammatory cancer microenvironment wherein oxidant species act
as positive signaling intermediates for tumor growth [29], however, the
interaction between tumoral microenvironment and NOXs remains still
largely undentified. The present study found that tumoral NOX4 pro-
motes macrophage recruitment, as well as induces M2 polarization of
macrophages, thus enhancing NSCLC cell proliferation both in vitro and
in vivo. Therefore, our study uncovers a novel function of NOX4 that
affects cancer progression via action on microenvironmental TAM.
However, diverse cancer tissues exhibit different expression phenotype
of NOX isoforms, whether other NOXs in specific circumstance also
have similar function in remodeling of macrophage microenvironment
needs further exploration.

This study clearly revealed that tumoral NOX4-mediated ROS pro-
duction induced macrophage migration and M2 polarization.
Immunohistochemical analysis of clinical specimens confirmed the
positive correlation of NOX4 and CD68 or CD206. What are the med-
iators for macrophage chemotaxis and M2 polarization induced by
NOX4 in cancer cells? Cancer cells kidnap macrophages commonly
through release of various cytokines and chemokines [16]. For many
types of cancer cells, NOX4-induced ROS stimulates various in-
flammatory cytokine expression [30–32]. Therefore, we speculated
whether tumoral NOX4 regulated microenvironmental macrophages
via cytokine production and paracrine manner. Via the cytokine anti-
body array assay, we found that NOX4 overexpression mostly stimu-
lated the production and release of CCL7, IL8 and CSF-1, which are
classical regulators of macrophage chemotaxis and M2 polarization.
Blockade of the function of these cytokines could efficiently counteract
NOX4 effect on macrophages. Specifically, we occasionally found that
NOX4 upregulated VEGF-C production in NSCLC cells, which was
confirmed to possess macrophage chemotaxis function in our previous
study [18], and showed that VEGF-C was also involved in NOX4-in-
duced macrophage migration.

The PI3K/Akt pathway acts as a pivotal determinant of cell biology
and disease progression including cancer and aging, which is the vital
downstream of NOX-induced ROS [33]. Besides, PI3K/Akt signaling
controls autocrine and paracrine cytokine production and proliferative
loops in cancer [34]. This study revealed that inhibition of PI3K/Akt
activity blocked the effect of NOX4 on CCL7, IL8, CSF-1 and VEGF-C
production in NSCLC cells. Therefore, our work also strongly suggests
that PI3K/Akt activation in NSCLC cells indirectly influences micro-
environmental macrophages, and provides new information in PI3K/
Akt signaling-mediated cancer progression.

Our previous study has confirmed the positive regulation of NOX-
induced ROS in PI3K/Akt activity in NSCLC cells [4]. Many transcrip-
tional factors, including NF-κB and AP-1, are the downstream effectors
that mediate cancer progression [35]. It is of great significance to reveal
that which transcriptional factors are responsible for ROS/PI3K/Akt
signaling-mediated NOX4-stimulated production of CCL7, IL8, CSF-1
and VEGF-C in NSCLC cells, as the findings will identify the novel roles
of the potential transcriptional factors. However, much work needs to
be done in the future study.

Our in vitro results showed that tumoral NOX4-educated M2 mac-
rophages expressed and released HB-EGF, which was critically involved
in TAM-mediated cancer cell growth [22]. Further study found that
blockade of HB-EGF function reversed the enhancement effect of M2
macrophage on NSCLC growth. JNK pathway activation has been found
to mediate IL4-induced M2 polarization of macrophages [23] and sti-
mulate autocrine production of HB-EGF [36] in cancer cells. In the
present study, we found that tumoral NOX4-educated macrophages
exhibited elevated activity of JNK, and inhibition of JNK in M2 mac-
rophages suppressed HB-EGF production. Therefore, our data support
that M2 macrophages educated by tumoral NOX4 promotes NSCLC cell
growth via JNK/HB-EGF axis.

We further assessed the effect of NOX4 on NSCLC cell proliferation
and in tumor microenvironment in vivo experiment. NOX4 in cancer
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Fig. 8. NOX4 enhances M2-polarized macrophage infiltration and induces NSCLC cell growth in vivo. (A) Nude mice (5 per group) were injected with vector or
NOX4-overexpressed A549 cells. Once tumor size reached 80–100mm3, nude mice were treated with saline, NAC (7mg/ml) or GKT137831 (60mg/kg) through
drinking water for the length of the experiment. Tumors’ weight and volume were measured every other day for indicated 28-day period. (B) The percentage of total
(F4/80+) and M2 (CD206+) macrophages in the tumor tissues were assayed by flow cytometry. *Compared with vector, p < 0.05. #Compared with NOX4,
p < 0.05.
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cells significantly enhanced the xenograft tumor growth as well as the
recruitment of macrophages and M2 polarization. Elimination of ROS
by NAC or inhibition of NOX4 activity by GKT137831 suppressed tumor
growth accompanied by reduction in the percentage of total (F4/80+)
and M2 (CD206+) macrophages in the tumor tissues. It was noted that
GKT137831 has great effectiveness on the treatment of liver fibrosis
and diabetic nephropathy with moderate toxicity by inhibiting NOX4
activity [37,38]. Therefore, the present study also suggests that
GKT137831 has potential clinical implications as a management for
NSCLC for indirect interference of microenvironmental macrophages.

In summary, here we demonstrated that tumoral NOX4 recruits
macrophages and induced M2 polarization via ROS/PI3K/Akt sig-
naling-dependent various cytokine production, thus promoting NSCLC
cell growth through JNK activation in macrophages and resultant HB-
EGF release. Therefore, tumoral NOX4 may be of great value for the
microenvironmental intervention treatment of NSCLC.
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