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Abstract:
Background/Aims: Assistance with tumor-associated vascularization is needed for the growth 
and invasion of non-small cell lung cancer (NSCLC). Recently, it was shown that placental 
growth factor (PLGF) expressed by NSCLC cells had a critical role in promoting the metastasis 
of NSCLC cells. However, the underlying molecular mechanisms remain elusive. Methods: 
Here, we first established a NSCLC model in mice that allows us not only to isolate tumor cells 
from non-tumor cells in the tumor, but also to trace tumor cells in living animals. Levels of 
PLGF, its unique receptor Flt-1, as well as transforming growth factor β1 (TGFβ1) was examined 
in tumor cells and tumor-associated macrophages (TAM) by RT-qPCR. A transwell well co-
culture system and HUVEC assay were applied to study the crosstalk between NSCLC cells 
and TAM. Results: NSCLC cells produced and secreted PLGF to signal to tumor-associated 
macrophages (TAM) through surface expression of Flt-1 on macrophages. In a transwell co-
culture system, PLGF secreted by NSCLC cells triggered macrophage polarization to a TAM 
subtype that promote growth of NSCLC cells. Moreover, polarized TAM seemed to secrete 
TGFβ1 to enhance the growth of endothelial cells in a HUVEC assay. Conclusion: The cross-
talk between TAM and NSCLC cells via PLGF/Flt-1 and TGFβ receptor signaling may promote 
the growth and vascularization of NSCLC.

Introduction

Non-small cell lung cancer (NSCLC) is a prevalent malignant disease [1, 2]. Effective 
prevention and treatment of NSCLC largely relies on a thorough understanding of the 
molecular mechanisms underlying the growth and invasion of NSCLCs, which requires the 
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participation of cancer-related angiogenesis [3]. During the processes that control tumor-
associated vascularization, cancer cells play an active role, in which they not only secrete 
proteinases to break through extracellular matrix [4], but also secrete angiogenic factors, 
resulting in augmentation of vessel formation inside and near the tumor [5].

Vascular endothelial growth factor (VEGF) family plays a critical role in the vasculogenesis 
and angiogenesis during both embryogenesis and adulthood [6]. So far, six secreted proteins: 
VEGF-a, VEGF-b, VEGF-c, VEGF-d, VEGF-e and placental growth factor (PLGF) have been 
found in the VEGF family [6]. Among these factors, PLGF was relatively newly detected, and 
recent evidence suggests that PLGF may be involved in the vascularization and angiogenesis 
under pathological circumstances [7-16]. VEGF receptor I (VEGFR1 or Flt-1) is the unique 
receptor for PLGF, and is mainly expressed on the surface of endothelial cells and monocyte/
macrophages [6].

Macrophages are traditionally regarded as white blood cells that engulf and digest body 
wastes, dead and dying cells as well as foreign substances [17-20]. However, in recent years, more and more functions of macrophages have been detected, leading to a classification of 
macrophages into 2 subtypes, including a classical phenotype termed “M1” macrophages and 
an alternatively polarized phenotype termed “M2” macrophages. M2 macrophages regulate 
humoral immunity and promote tissue repair [17-20]. Moreover, some macrophages inside 
the tumor are found to have characteristics of M2 but they enhances tumorigenesis, thus 
called tumor-associated macrophages (TAM) [21].

The M1 macrophages express high levels of nitric oxide synthase (iNOS) and reactive 
oxygen species (ROS), while M2 macrophages express CD163, CD206, arginase and CD301 
[17-20]. A recent study showed that M2 macrophages were recruited to the injured pancreas, and produced and secreted high levels of transforming growth factor β1 (TGFβ1) 
[22]. In another report, mesenchymal stem cells were transplanted to cure cardiac muscle 
injury, while the authors found that the MSCs not only recruit macrophages to enhance 
angiogenesis to promote regeneration of cardiac muscle, but also secrete BMP7 to contradict the fibrogenic effect of TGFβ1 by macrophages [23]. Interestingly, another several studies 
have demonstrated a role of PLGF in the crosstalk between tumor cells and macrophages 
[15, 24]. These previous evidence encouraged us to investigate the role of TAM in NSCLC and 
the underlying molecular mechanisms.

In the current study, we investigated the crosstalk between NSCLC cells and TAM through 
PLGF.

Materials and Methods

Protocol approval

All the experimental methods in the current study have been approved by the research committee 

at Harbin Medical University. All the experiments have been carried out in accordance with the guidelines 

from the research committee at Harbin Medical University. All animal experiments were approved by the 

Institutional Animal Care and Use Committee at Harbin Medical University. Surgeries were performed in accordance with the Principles of Laboratory Care, supervised by a qualified veterinarian.
NSCLC cell line and transduction

A549 is a human NSCLC line that was purchased from American Type Culture Collection (ATCC, Rockville, MD, USA), and were cultured in Dulbecco’s modified Eagle’s media (DMEM, Invitrogen, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (FBS, Invitrogen). A549 was first developed in 1972 
by Dr. Giard through the removal and culturing of cancerous lung tissue in the explanted tumor a of 58-year-

old caucasian male [25]. Inhibitor SB431542 (used at a dose of 10 µmol/l) was purchased from Abcam 

(Cambridge, MA, USA), and used according to the introduction from the manufacturer. Recombinant PLGF 

was purchased from Sigma-Aldrich (St. Louis, MO, USA). Soluble Flt-1 (sFlt-1) was purchased from R&D 

Biosystem (Los Angeles, CA, USA). A pAAV-CMV-LUC-2A-RFP vector (Clontech, Mountain View, CA, USA) 

was used to generate AAV, with a packaging plasmid carrying the serotype 6 rep and cap genes and a 
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helper plasmid carrying the adenovirus helper functions (Applied Viromics, LLC. Fremont, CA, USA). The AAVs were purified using CsCl density centrifugation and then titration was determined by a quantitative 
densitometric dot-blot assay. For cell transduction in vitro, the cells were incubated with AAV at a MOI of 100 for 12 hours. Stable transduced cells were selected by flow cytometry based on red fluorescent protein 
(RFP). Transduced cells were monitored in vivo by their expression of luciferase.

NSCLC model in mice and tumor monitoring by bioluminescence

Ten week-old male NOD/SCID mice (SLAC Laboratory Animal Co. Ltd, Shanghai, China) were used 

for transplantation of 107 AAV-transduced/labeled A549 cells by tail vein injection. Bioluminescence was 

monitored 8 weeks after transplantation, using IVIS imaging system (Xenogen Corp., Alameda, CA, USA). 

Images were taken 10 minutes after intraperitoneal injection of 150 mg/kg luciferin (Sigma-Aldrich) and image analysis and bioluminescent quantification was performed using living image software (Xenogen 
Corp.).

Tumor digestion and cell sorting by flow cytometry
Implanted NSCLC in mice was resected, minced into small pieces, and then digested in the digestion 

media containing 40mg/dl collagenase (Sigma-aldrich) and 0.05% trypsin (Sigma-Aldrich) at 37°C for 30 min. After the digestion, the cells were passed a 40µm filter for flow cytometric analysis, after incubation 
with conjugated CD31, F4/80 and CD163 antibodies (Becton-Dickinson Biosciences, San Jose, CA, USA). RFP was detected by direct fluorescence. Data were analyzed using FlowJo software (Flowjo LLC, Ashland, OR, 
USA).

Isolation of bone marrow-derived macrophagesBones from 12-week-old male C57BL/6 mice were flushed with macrophage culture media (high-glucose 
DMEM supplemented with 10% fetal bovine serum, 10 % L929 conditioned media, 2% MEM nonessential 

amino acids, 1% l-glutamine, 1% HEPES, 1% penicillin-streptomycin and 0.1% 2-mercaptoethanol, using a 

26-gauge needle into a 50ml conical tube. The collected bone marrow was centrifuged at 1200 RPM for 5 

minutes at 4°C. The pellets were re-suspended and seeded at 106 per well in 24-well plates and cultured in a 

37 °C humid incubator. The cells were fed with fresh media every other day for 7 days, after which the cells 

were replenished with L929-free media for co-culture study.

Transwell co-culture system
Isolated bone-marrow-derived macrophages (105) were co-cultured either with equal number of A549 

cells (105) with/without of 10µmol/l SB431542, or with/without recombinant PLGF (100ng), or with/

without of 10 µg/l sFlt-1 in a transwell co-culture system with 0.4µm pore size of the transwell membrane. 

Two days after co-culture, the changes in A549 cell number were determined with an MTT assay, and the macrophage subtypes were determined by flow cytometry. The conditioned media of macrophages were 
used for HUVEC assay.

MTT assay

Cell growth was evaluated with a Cell Viability Kit (MTT, Roche, Indianapolis, IN, USA), according to the 

instruction of the manufacturer.

RT-qPCRRT-qPCR was performed routinely. All primers (β-actin, iNOS, PLGF and TGFβ1) were purchased from Qiagen (Hilden, Germany). Values of genes were normalized against β-actin and then compared with control.
Collagen gel assay and quantification of vessel formation
HUVECs were obtained from American Type Culture Collection (ATCC, Rockville, MD, USA), and cultured in Dulbecco’s Modified Eagle Medium/F12 (DMEM/F12; Invitrogen) supplemented with 10mmol/l 

L-glutamine, 100U/ml penicillin, 100µg/ml streptomycin, 10% FBS and endothelial cell growth supplement 

(ECGS, Becton-Dickinson Biosciences) at 37°C and 5% CO
2
. For collagen gel assay, the six-well tissue culture plate was coated with 1.5mg/ml of rat tail collagen type 1 and 3µg/ml of fibronectin (Becton-Dickinson 

Biosciences), after which 105 HUVECs were seeded in each collagen-coated well and allowed to attach for 
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1 h. A second collagen layer was added to a well and allowed to polymerize. HUVECs were then fed with 

conditioned media. Five days later, the images were taken and analyzed using NIH ImageJ software. Number of sprouts per bead was determined as quantification of vessel formation.
Statistics

GraphPad Prism software (GraphPad Software, Inc. La Jolla, CA, USA) was used for statistical analyses. 

Unpaired two-tailed Student t test was applied for comparison between two groups, and one-way ANOVA 

with the Tukey posttest was applied for comparison between three or more groups. Data were represented as mean ± SD and were considered significant if p<0.05.
Results

Establishment of NSCLC model in mice
Recent evidence encouraged us to investigate the role of TAM in NSCLC and the underlying molecular mechanisms. Thus, we first established a NSCLC model in mice that allows us to 

isolate and purify tumor cells from non-tumor cells in the tumor mass. We prepared an AAV 
carrying both luciferase and RFP reporter under a CMV promoter (Fig. 1A). This AAV was used to transduce an NSCLC cell line, A549. The transduced cells (transduction efficiency of 63.7±5.3%) were purified by flow 
cytometry based on RFP expression (Fig. 1B). The purified transduced cells appeared to be red fluorescent 
in culture (Fig. 1C).  The transduced/
labeled cells were i.v. injected to immune-deficient NOD/SCID mice to 
generate lung tumors. The successful model was confirmed by examination 
of presence of luciferase at lung area 
(Fig. 1D).

NSCLC expresses high PLGF while 
TAM expresses high Flt-1
VEGFR1/Flt-1 is the unique re-

ceptor for PLGF [6]. Moreover, previ-
ous studies have shown that Flt-1 is 
expressed on endothelial cells and 
macrophages, we thus examined the 
expression pattern of PLGF and Flt-
1 on NSCLC cells and NSCLC-associ-
ated macrophages. We dissected the 
formed tumor in mice and dissoci-
ated it into single cell preparation for analysis by flow cytometry. We found 
that 65.5±6.3% of the cells in the tu-mor mass were red fluorescent (Fig. 
2A), suggesting that these red cells 
were implanted A549 cells, while the 
non-red cells were non-tumor cells 
inside the tumor mass, e.g. endocrine cells, inflammatory cells and neurons. 
Next, we examined the PLGF levels in 
red vs non-red cells by RT-qPCR. Our 
data suggest that PLGF was predomi-

Fig. 1. Establishment of NSCLC in mice. (A) Schematic 

of an AAV vector, which carries both luciferase and RFP 

reporter under a CMV promoter. (B). The AAV-pCMV-LUC-

RFP was used to transduce an NSCLC cell line, A549. The transduced cells were purified by flow cytometry based on RFP expression. (C) The purified transduced cells ap-peared to be red fluorescent in culture. (D)  The trans-

duced/labeled AAV-pCMV-LUC-RFP-A549 cells were i.v. injected to immune-deficient NOD/SCID mice to generate 
lung cancer. The transplanted tumor cells were detected 

by bioluminescence. Scale bar is 10µm.
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nantly expressed by tumor 
cells but not non-tumor 
cells (Fig. 2B). We then ex-
amined the Flt-1 and red fluorescence in all the cells 
from the tumor mass. We 
found that seldom red cells 
expressed Flt-1, or the ma-
jority of the Flt-1+ cells were not red fluorescent 
(Fig. 2C). When we further 
examined these Flt-1 cells 
with CD31 (an endothelial 
cell marker) and F4/80 (a 
macrophage marker), we 
found that most of the Flt-
1+ cells were either CD31+ 
or F4/80+ and F4/80+ cells 
represented 72.4±5.6% 
of all Flt-1+ cells, while 
CD31+ cells represented 
21.8±3.4% of all Flt-1+ cells 
(Fig. 2C-D). Furthermore, 
among all F4/80+ mac-
rophages, 75.2±6.8% are 
CD163+, which represented 
a M2 or TAM phenotype 
(Fig. 2C, E).

NSCLC cells regulate 
macrophage polariza-
tion, which controls 
NSCLC cell growth
In order to understand 

the crosstalk between 
NSCLC cells and macro-
phages, we used a transwell 
co-culture system for A549 
cells and bone-marrow-de-
rived macrophages. To identify the role of PLGF in the setting, we used a condition in which 
PLGF was added to macrophages without presence of A549 cells. For these conditions, sFlt-1 
was added as a loss-of-function control. Macrophages only, or A549 cells only condition was 
also applied as additional controls (Fig. 3A).  Two days after culture, the growth of A549 cells by an MTT assay showed that macrophages significantly increased the A549 cell growth, in a PLGF/Flt-1 signaling-dependent manner, since sFlt-1 significantly reduced the effects 
of macrophages on the augmentation of A549 cell growth (Fig. 3B). Similar results were 
obtained from manual counting of the culture cells (data not shown). Moreover, when we analyzed the subtype of macrophages by flow cytometry, we found that A549 cells signifi-cantly increased the M2/TAM macrophages, which was also significantly reduced by sFlt-1 
(Fig. 3C-D). Furthermore, recombinant PLGF alone mimicked the effects of A549 cells on 
macrophage polarization (Fig. 3C-D). These data suggest that PLGF expression by A549 cells 
induces macrophage polarization, which is required for A549 cell growth. Hence, polarized 
macrophages may signal back to A549 cells to augment their growth.

Fig. 2. NSCLC expresses high PLGF while TAM expresses high Flt-1. We 

dissected the formed tumor in mice and dissociated it into single cell preparation for analysis by flow cytometry. (A) Implanted tumor cells were detected by red fluorescence. (B) RT-qPCR for PLGF on red cells vs non-red cells.  (C) Analyses of Flt-1 and red fluorescence on all the 
cells from the tumor mass. The Flt-1+ cells were analyzed for CD31 and 

F4/80 expression. The F4/80+ cells were analyzed for CD163 expres-sion. All these flow cytometry analyses were shown by representative flow charts. (D) % of F4/80+, CD31+, and other cells in all Flt-1+ cells, quantified by flow cytometry. (E) % of CD163+, CD163- cells in all F4/80+ cells, quantified by flow cytometry. *: p<0.05. N=5.
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Polarized TAM promotes growth of NSCLC cells by TGFβ1
Next, we addressed the question on the signals of polarized TAM sent back to NSCLC cells. Since recent studies demonstrated a high level of TGFβ1 produced by M2/TAM cells, and TGFβ1 was a robust growth factor, we thus focused on TGFβ1. First, we confirmed that TGFβ1 was mainly produced by CD163+ M2/TAM, rather than by CD163- M1 macrophages (Fig. 4A). SB431542 (SB) is a specific inhibitor for TGFβ receptor I [26, 27], and was used 

as a loss-of-function control to be added into the co-culture of macrophages and A549 
cells. Macrophages-only condition and macrophages with presence of SB were applied as 
additional controls (Fig. 4B).  We found that when SB was added to macrophages without 
A549 cells, they had no effects on either macrophage polarization (Fig. 4C-D), M1 marker 
iNOS expression (Fig. 4E), or A549 cell growth in an MTT assay (Fig. 4F). Presence of SB in 
the interaction between macrophages and A549 cells did not alter macrophage polarization (Fig. 4C-D) or iNOS expression (Fig. 4E), suggesting that TGFβ receptor signaling did not 
play a role in the PLGF-induced macrophage polarization. However, the presence of SB significantly reduced the effects of macrophage polarization on A549 cell growth (Fig. 4F), 
suggesting that the polarized TAM may indeed promote growth of NSCLC cells by secretion of TGFβ1. In another word, polarized TAM may indeed promote growth of NSCLC cells in a TGFβ receptor signaling-dependent manner.

PLGF-polarized TAM promotes neovascularization in vitro
Finally, we examined if polarized macrophages may affect cancer-associated 

angiogenesis. Thus, we used a HUVEC collagen gel assay, in which HUVEC cells were cultured 
with the conditioned media (CM) from macrophages co-cultured with A549 cells with/without presence of SB. Control media, recombinant TGFβ1 with/without SB were also 
included as conditions to compared (Fig. 5A). We found that the CM from macrophages co-cultured with A549 cells significantly increased

Formation of tubular structures, which were completely blocked by presence of SB (Fig. 5B-C). On the other hand, recombinant TGFβ1 in the culture media mimicked the effects of 
CM from macrophages co-cultured with A549 cells, which was similarly reduced by presence 
of SB (Fig. 5B-C). Together, these data suggest that PLGF-polarized TAM may promote neovascularization in a TGFβ receptor signaling-dependent manner.

Fig. 3. NSCLC cells regulate macro-

phage polarization, which controls 

NSCLC cell growth. (A) Schematic 

of a transwell co-culture system for 

A549 cells and bone-marrow-de-rived macrophages (MΦ). Group 1: MΦ only. Group 2: A549 cells only. Group 3: MΦ and A549 cells. Group 4: MΦ and A549 cells at presence of sFlt-1. Group 5: MΦ only at pres-ence of PLGF. Group 6: MΦ only at 
presence of PLGF and sFlt-1. The 

incubation time was 2 days. A549 

cells were then subjected to an MTT assay and MΦ were analyzed for CD163 by flow cytometry. (B) 
An MTT assay for growth of A549 

cells during 2 days’ culture. (C-D) Flow cytometry for CD163 on MΦ, shown by quantification (C), and by representative flow charts (D). *: p<0.05. N=5.
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Fig. 5. PLGF-polarized TAM pro-

motes neovascularization in vitro. 

(A) Schematic of the experiment. 

Group 1: control media (CTL). 

Group 2: conditioned media (CM) 

from a transwell co-culture sys-

tem for A549 cells and bone-mar-row-derived macrophages (MΦ). 
Group 3: CM from a transwell co-

culture system for A549 cells and MΦ at presence of SB. Group 4: control media plus TGFβ1. Group 5: control media plus TGFβ1 and 
SB431542 (SB). The incubation 

time for co-culture system was 2 

days. The media were applied to 

culture HUVEC in a collagen gel 

assay. (B-C). HUVEC tubular struc-

ture formation by M2-polarized 

macrophages was evaluated and 

shown by representative images (B), and by quantification (C). *: p<0.05. N=5.

Fig. 4. Polarized TAM promotes growth of NSCLC cells by TGFβ1. (A) RT-qPCR for TGFβ1 on CD163+ 
vs CD163- macrophages. (B) Sche-

matic of a transwell co-culture 

system for A549 cells and bone-

marrow-derived macrophages (MΦ). Group 1: MΦ only. Group 2: MΦ treated with SB. No A549 cells. Group 3: MΦ and A549 cells. Group 4: MΦ and A549 cells at presence 
of SB431542 (SB). The incubation 

time was 2 days. A549 cells were 

then subjected to an MTT assay and MΦ were analyzed for CD163 by flow cytometry. (C-D) Flow cy-tometry for CD163 on MΦ, shown by representative flow charts (C), and by quantification (D). (E) RT-qPCR for iNOS in MΦ. (F) An MTT 
assay for growth of A549 cells dur-ing 2 days’ culture.*: p<0.05. NS: non-significant. N=5.
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Discussion

Elucidation of the molecular mechanisms underlying the growth and invasion of NSCLC 
may essentially improve its prognosis and generate novel therapies. Previous studies have 
highlighted the importance of cancer-associated angiogenesis to the growth and metastasis 
of the primary tumor, in which tumor cells may produce and secrete angiogenetic molecules 
like VEGF and PLGF to increase tumor capillary permeability and promote endothelial cell 
proliferation and survival inside the tumor mass [28]. However, the regulation of angiogenesis involves a complex network comprised of tumor cells, inflammatory cells, mesenchymal cells, 
endothelial cells and other cell types. The detailed molecular signaling remains unclear [29, 
30]. However, TAM has been recently recognized as a key player in the signaling transduction 
that regulates tumor angiogenesis [17-20, 29-31], although the molecular activation of TAM 
in NSCLC remains elusive.

Here, we addressed the paracrine manner of the PLGF from NSCLC cells. Our data showed 
that the major sources for the unique PLGF receptor –Flt-1- were endothelial cells and 
macrophages inside the NSCLC tumor mass. While PLGF/Flt-1 signaling has a demonstrate 
role in the augmentation of tumor vessel growth, we hypothesized that this signaling may 
also affect tumor-associated angiogenesis via macrophages, since macrophages have a 
higher number than endothelial cells inside the tumor mass  [7-10] and TAM are known to 
be promoting vascularization [17-20, 29-31].In order to confirm that NSCLC cells trigger macrophage polarization via PLGF itself, we 
used PLGF alone as a gain-of-function control. Moreover, we added sFlt-1 into the co-culture 
system as a loss-of-function control. Our data on growth of NSCLC cells and macrophage 
polarization suggest that PLGF/Flt-1 signaling regulates macrophage polarization, which 
subsequently controls the growth of NSCLC cells. In the next co-culture system, we added SB into the co-culture system to inhibit TGFβ receptor signaling as a loss-of-function control. 
Since the macrophage polarization was unaltered, but the growth of NSCLC cells were inhibited, these data suggest that TGFβ receptor signaling mediated the effects of polarized 
macrophages on NSCLC cells, rather than the control of macrophage polarization by NSCLC cells. Finally, application of SB significantly reduced the effects of macrophages or TGFβ1 on vessel sprouting in the collagen gel assay, suggesting that TGFβ receptor signaling not 
only mediates the effects of TAM on NSCLC cell growth, but also the effects of TAM on the 
angiogenesis. Since the amino acids of Flt-1 are very conserved in mouse and human [32],  
the slightly diverge amino acid sequence appeared to have minimal effects on the interaction 
between mouse bone marrow-derived macrophages and human lung cancer cells through 
PLGF/Flt-1 regulatory axis.

A recent study showed that M2 macrophages were recruited to the injured pancreas, and produced and secreted high levels of TGFβ1 to promote beta cell proliferation [22]. 
In another report, mesenchymal stem cells transplanted to injured heart not only recruit 
macrophages to enhance angiogenesis to promote regeneration of cardiac muscle, but also secrete BMP7 to contradict the fibrogenic effect of TGFβ1 by macrophages [23]. Both studies highlighted that M2 macrophages secreted high TGFβ1, which was confirmed in the 
current study. Hence, the M2 macrophages have a trophic effect on cell growth, which may be beneficial or detrimental for tissue regeneration during injury, but appears to be detrimental 
in tumor.

Zhou et al. recently showed that larynx carcinoma regulates TAM through PLGF 
signaling [24], in which the authors found that PLGF secreted by larynx carcinoma cells 
triggered macrophage polarization to TAM to produce MMP9. However, a subsequent effect 
of macrophage polarization on the growth of cancer cells and angiogenesis was not examined 
in this study [24]. Here, we addressed these questions and presented a model to explain 
the crosstalk among NSCLC cells, endothelial cells and TAM that regulates tumorigenesis of 
NSCLC.To the best of our knowledge, it is so far the first study to show PLGF/Flt-1 signaling and TGFβ receptor signaling mediate the two phases of the regulation processes respectively. 
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Further delineation of the detailed molecular mechanisms that control these processes may 
substantially improves our understanding of the carcinogenesis of NSCLC.
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