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Abstract. EGFR tyrosine kinase inhibitors (TKIs) have been 
successfully used in lung cancer treatment. Nevertheless, 
tumor cells may develop resistant phenotypes in the tumor 
microenvironment after a period of treatment with any 
generation of EGFR TKIs. Macrophages play a pivotal role 
in carcinogenesis and development. At the same time, macro‑
phages renew continuously, and their polarized phenotype 
changes dynamically. Although macrophage polarization is 
generally considered to be involved in secondary resistance, 
it would be time consuming if renewed macrophages would 
only protect tumor cells from drug attacks after polarization. 
It is unclear how dynamic renewal of macrophage contributes 
to acquired resistance. By using two co‑culture approaches, 
the present study modeled two types of renewal of macro‑
phages: Migrated macrophages (Mm) and locally self‑renewal 
resident macrophages (Mr). The EGFR‑mutant lung cancer 
cell line PC‑9 was induced to develop resistance to gefitinib 
in these co‑culture approaches and without macrophages 

co‑culture. PC‑9 cells induced in Mm co‑culture recovered 
fast from gefitinib attack, and formed the gefitinib resistant 
(GR) subline PC‑9/Mm/GR with the strongest resistant 
ability. PC‑9/Mm/GR cells exhibited epithelial characteristics, 
including stable expression of EGFR, phosphorylated EGFR, 
insulin‑like growth factor 1 receptor, TGF‑βII receptor and 
E‑cadherin. PC‑9 cells induced in Mr co‑culture and those 
without co‑culture developed similar weak resistance to gefi‑
tinib. TGF‑β secretion was inhibited when PC‑9 cells were 
in Mr co‑culture, but not in Mm co‑culture. Macrophages 
were not polarized in either co‑culture type. The present 
findings suggested that macrophages may affect resistance 
acquirement by different renewal modes. Mm could promote 
resistance acquirement by stabilizing tumor cell phenotypes, 
which would happen before polarization. It would be helpful 
to monitor the response to EGFR‑TKIs and design novel 
treatment strategies if macrophages from two renewal modes 
were distinguished effectively. 

Introduction

Lung cancer is a malignant tumor with the second highest 
morbidity rate and the leading mortality rate worldwide (1). 
EGFR tyrosine kinase inhibitor (TKI) therapy has made a 
great progress in non‑small cell lung cancer treatment with 
a longer patient survival time and fewer adverse effects. 
However, acquired resistance is inevitable after a period of 
time treatment  (2). The third generation EGFR‑TKIs have 
met the same fate, though they were designed to surmount 
some resistant mutations  (3). Tumor cells are spared from 
drug attack after obtaining resistant phenotype, either by 
on‑target resistance, such as ATP affinity alteration by EGFR 
tyrosine kinase domain mutation (mainly T790M), or by 
off‑target resistance, such as bypassing signaling transduction 
pathway activation (4). Either way, tumor resistance acquire‑
ment is inseparable with tumor microenvironment (TME). 
Macrophages and other cells of the TME may provide various 
growth factors and extracellular signals to orchestrate between 
tumor cells and host body, and thus mold the malignancy of 
tumor cells (5). 

Macrophages coordinate immunity and tumor development 
with their constant migration and renewal. They are associated 
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with carcinogenesis, tumor cell proliferation, metastasis and 
even influence the response to anti‑tumor therapy  (6‑10). 
Though some research has indicated that EGFR‑TKIs treat‑
ment interferes with macrophage immunoreaction, it is still 
unclear how macrophages are involved in acquirement of 
resistance to EGFR‑TKIs (11,12). A number of studies have 
focused on macrophage polarization. It is considered that M2 
macrophages assist in obtaining secondary resistance to gefi‑
tinib, and high recruitment of M1 macrophages is associated 
with good response to gefitinib and longer survival (13‑16). 
However, macrophage phenotypes change with TME changes, 
and the M1 and M2 specific marker may be co‑expressed in 
some macrophages (6,13,17). Moreover, short‑lived macro‑
phages need to constantly renew themselves, and in either 
renewal way, new macrophages can polarize into M1 and 
M2 macrophages (6,18). It would be time consuming if new 
macrophages didn't perform protection until polarization. 

Macrophage renewal ways are mainly determined by their 
origins. Resident macrophages renew by local proliferation, 
which are from embryonic precursors of the yolk sac (6,17). 
Monocyte‑derived macrophages are recruited at the tumor 
site after emigrating through the blood stream, originating 
from hematopoietic stem cells (6,19). Macrophage refreshing 
potentially leads to various temporal and spatial distributions, 
and the distribution environment instead will affect their 
functions (20,21). Resident macrophages are more involved 
in tumor initiation, whereas monocyte‑derived macro‑
phages are more associated with tumor metastasis (6,13,22). 
Although the origin of the macrophage endows some inher‑
ence characters, macrophages with the same origin may 
possess functional heterogeneity (20). The functional status 
of macrophages is closely associated with their different 
renewal processes. Previous studies have demonstrated that 
monocyte‑derived macrophages commonly recruited in intra‑
tumoral area and intratumoral macrophages contribute to the 
epithelial‑mesenchymal transition phenotype of tumor cells, 
which is a mechanism of secondary resistance (7,20,22‑25). 
Notably, macrophage refreshing affects secondary resistance 
to EGFR‑TKIs.

The present study induced resistance to gefitinib in PC‑9 
cells with an EGFR deletion mutation by alternative treat‑
ment with gefitinib and recovery in drug‑free medium for ~10 
months in macrophage co‑culture systems. Renewal modes 
were stimulated by controlling macrophage co‑culture ways 
as follows: i) Co‑culture started before PC‑9 cells treatment; 
meaning that co‑culture continued all along from treatment to 
recovery, and was used as self‑renewal resident macrophages 
(Mr); and ii) co‑culture started after PC‑9 cells treatment; 
meaning that co‑culture presented only in recovery, was 
used as migrated macrophages (Mm). The aim of the present 
study was to investigate the dynamic role of macrophages in 
the acquired resistance to gefitinib in PC‑9 cells, which are 
sensitive to gefitinib. To the best of our knowledge, this is the 
first report to build an in vitro model to simulate macrophage 
renewal ways.

Materials and methods

Reagents and cell lines. Gefitinib powder was purchased from 
Selleck Chemicals (cat. no. S1025). The human lung cancer 

cell line PC‑9 (cat. no. 90071810; European Collection of 
Authenticated Cell Cultures; STR analysis was used to confirm 
the cell line STR loci including D5S818, D13S317, D7S820, 
D16SS539, VWA, TH01, AM, TPOX and CSE1PO were all 
matched) with EGFR‑mutation (exon 19 deletion, E746‑A750 
deletion) and the human acute monocyte leukemia cell line 
THP‑1 (TIB‑202™; American Type Culture Collection) were 
used. Both of them were provided by Cobioer Biosciences Co., 
Ltd. PC‑9 cells were cultured in RPMI 1640 medium (Hyclone; 
Cytiva) with 10% fetal calf serum (PAN Biotech UK, Ltd.). 
The THP‑1 cells were cultured in RPMI 1640 medium with 
10% fetal calf serum supplemented with 0.05 mM 2‑mercapto‑
ethanol (Sigma‑Aldrich; Merck KGaA) and differentiated into 
macrophages using 320 nM phorbol‑12‑myristate‑13‑acetate 
(PMA; Abcam) for 48 h at 37˚C. All cells were maintained in 
a 5% CO2 humidified incubator at 37˚C. 

Inducing gefitinib‑resistant sublines of PC‑9 cells with and 
without macrophages co‑culture. PC‑9 cells and macrophages 
differentiated from THP‑1 cells were co‑cultured in Transwell 
system with 3‑µm Biopore™ membrane (MilliporeSigma) 
inserted in six‑well plates. PC‑9 cells were seeded into lower 
chamber (5x105 cells/well) and macrophages in the upper 
chamber (6.25x104 cells/well) in RPMI‑1640 medium supple‑
mented with 10% fetal calf serum, 100 U/ml penicillin and 
100 µg/ml streptomycin. Gefitinib‑resistance was induced 
in PC‑9 cells by alternating gefitinib treatment for 24 h and 
recovery in drug‑free medium at 37˚C. When PC‑9 cells were 
at 50‑70% confluency, they were sub‑cultured 1‑2  times, 
then the processes of treatment and recovery were repeated. 
Gefitinib was added with increasing concentration from 5 to 
35 µM by 5 µM each step. Macrophages were renewed when 
co‑cultured PC‑9 cells were passaged. Local self‑renewal 
macrophages and migrated macrophages were stimulated 
using two co‑culture ways. In one group, co‑culture of 
macrophages and PC‑9 cells began before gefitinib treat‑
ment, therefore, macrophages accompanied by PC‑9 cells 
all along, during both gefitinib treatment or recovery in 
drug‑free medium. Macrophages in this group were called 
resident macrophages (Mr). In the other group, co‑culture 
began after gefitinib treatment during the first recovery in 
drug‑free medium. Macrophages only presented in the drug 
free medium recovery process. Macrophages in this group 
were called migrant macrophages (Mm). As a control group, 
resistant was induced in PC‑9 cells without co‑culture with 
macrophages (Fig S1). After 10 months, PC‑9 cells induced 
in Mr co‑culture, in Mm co‑culture and without co‑culture 
were marked as PC‑9/Mr/GR, PC‑9/Mm/GR and PC‑9/GR, 
respectively.

Cell proliferation curves. The cell viability was measured by 
trypan blue dye (Spectrum Laboratory Products, Inc.) exclu‑
sion method  (26). Cell counting was performed manually 
using a hematocytometer. PC‑9 cell growth co‑cultured with 
macrophage in different ratios were recorded and charted with 
cell proliferation curves. Growth of PC‑9 cells and the three 
gefitinib‑resistance sublines (PC‑9/Mr/GR, PC‑9/Mm/GR 
and PC‑9/GR) under the circumstances of different gefitinib 
concentration were also measured using cell proliferation 
curves. Cells were counted in triplicate.
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MTT assay. The growth inhibition of PC‑9 cells and 
three gefitinib‑resistance sublines (PC‑9/Mr/GR, PC‑9/ 
Mm/GR and PC‑9/GR) to gefitinib was detected using MTT 
(Sigma‑Aldrich; Merck KGaA) assay. After treated with 
gefitinib in two‑time serial dilution (20‑1.25 µM for resistance 
sublines, 0.04‑0.0025 µM for PC‑9 cells) at 37˚C for 48 h, 
growth inhibition was detected using MTT assay, as described 
previously (27). Optical density measurements were repeated 
in triplicate. Growth inhibition ratios of the four types of cells 
at different concentration of gefitinib were charted.

Flow cytometry analysis. The cell cycle (G2, S and G0/G1 
phase) distributions were analyzed using flow cytometry. The 
parental PC‑9 cells and three resistant sublines (PC‑9/Mr/GR, 
PC‑9/Mm/GR and PC‑9/GR) were treated with or without 
gefitinib (5 µM) for 24 h at 37˚C, then harvested and fixed in 
70% ethanol at 4˚C overnight. After staining with PI/RNase 
solution (Nanjing KeyGen Biotech Co., Ltd.) for 30 min in a 
37˚C water bath, according to the manufacturer's instructions, 
cell cycle distribution was detected using a FACSCalibur™ 
flow cytometer (BD Biosciences). 

Macrophage phenotypes were identified using fluorescence 
antibodies anti‑human leukocyte antigen (HLA)‑DR‑FITC 
(1:50; cat. no. 130‑095‑295; Miltenyi Biotec GmbH) for M1 
and CD206‑PE for M2 (1:50; cat. no. 130‑095‑220; Miltenyi 
Biotec GmbH). Phenotype alteration of macrophages before 
and after co‑culture with PC‑9 cells as well as after treatment 
with low concentration gefitinib (5 µM) were analyzed using 
a FACSCalibur™ flow cytometer (BD Biosciences). After the 
debris was excluded with forward and side scatter, the data 
were presented using x‑ and y‑axis biexponential display. Cells 
close to the x‑axis were corrected. The cell distribution was 
compensated to provide an even visual. The gate of negative 
and positive of markers was set manually, since the quad‑
rant gate was shifted after compensation. Because the shift 
mainly occurred in x‑axis, the gate was set according to FITC 
channel histogram. The same gate was applied in all groups. 
All analysis was performed using BD FACSDiva software 
(version 8.0; BD Biosciences). All processes were performed 
using the manufacturer's protocol and checked by an expert in 
flow cytometry technology. 

High‑resolution melting analysis and sequencing. Genomic 
DNA of parental PC‑9 cells and all resistant sublines 
(1x106 cells) were extracted using a E.Z.N.A.® tissue DNA kit 
(Omega Bio‑Tek, Inc.) according to manufacturer's protocol 
for cultured cells. PCR was performed in a total volume of 
10 µl reaction mixture with a 15 µl mineral oil overlay in each 
tube on a 72‑well rotor. The reaction mixture contained 1x 
PCR buffer (Takara Bio, Inc.) with MgCl2 (2.0 mM for EGFR 
exon 19 and 20; 2.5 mM for EGFR exon 18 and 21), 200 µM 
dNTPs, 0.25 U Hot Start Ex Taq polymerase (Takara Bio, 
Inc.), 10 ng genomic DNA, 0.5 µM primers and 1x LCGreen 
PLUS® (BioFire Diagnostics). Primer sequences are presented 
in Table SI. PCR was performed on a Rotor‑Gene Q (Qiagen, 
Inc.) instrument with 35 cycles of 98˚C for 20 sec, 58‑67˚C for 
20 sec (58˚C for exon 19; 62˚C for exon 18; 67˚C for exons 20, 
21) and 72˚C for 20 sec. Then high‑resolution melting (HRM) 
was run from 60‑95˚C and other parameters were defaulted. 
Instrumental commercial software (Rotor‑Gene Q Series 

software; version  2.3.4; Qiagen, Inc.) was used for HRM 
analysis (28,29). 

EGFR exon 18‑21 fragments for sequencing were ampli‑
fied on a Mastercycler (Eppendorf) with 35 cycles of 98˚C 
for 30 sec, 61˚C for 30 sec and 72˚C for 30 sec. The reaction 
mixture contained 1x PCR buffer (Takara Bio, Inc.) with 
2.0 mM MgCl2, 200 µM dNTPs, 0.25 U Hot Start Ex Taq 
polymerase (Takara Bio, Inc.), 10  ng genomic DNA and 
0.5 µM primers. Primer sequences are presented in Table SI. 
In order to double check the results from HRM analysis and 
confirm deletion mutation sequence of the 4 fragments, Sanger 
sequencing of PCR products was performed blindly, which 
was performed by General Biol., Inc. (www.generalbiol.com).

Western blot analysis. PC‑9 cells, PC‑9/Mr/GR, PC‑9/Mm/GR 
and PC‑9/GR were collected, and treated with cell lysis buffer 
(Beyotime Institute of Biotechnology). Whole proteins were 
quantified using a Bicinchoninic Acid Protein Assay kit 
(Beyotime Institute of Biotechnology). Aliquots of cell lysate 
containing 60 µg protein were separated by 10% SDS‑PAGE 
(Beyotime Institute of Biotechnology) and transferred to 
polyvinylidene difluoride membranes (MilliporeSigma). 
After blocking with 5% skim milk for 2 h at room tempera‑
ture, the membranes were incubated with anti‑EGFR (rabbit 
monoclonal antibody; 1:1,000; cat. no. #4267; Cell Signaling 
Technology, Inc.), anti‑phosphorylated (p)‑EGFR (rabbit 
monoclonal antibody, Try1068; 1:1,000; cat. no. #3777; Cell 
Signaling Technology, Inc.), anti‑HER2 (rabbit polyclonal anti‑
body; 1:2,000; cat. no. 18299‑1‑AP; ProteinTech Group, Inc.), 
anti‑insulin‑like growth factor 1 receptor (IGF‑1R; mouse 
monoclonal antibody; 1:2,000; cat. no. 66283‑1‑Ig; ProteinTech 
Group, Inc.), anti‑TGF‑βII receptor (TGF‑βIIR; rabbit mono‑
clonal antibody; 1:1,000; cat. no. ab184948; Abcam) and anti‑β 
actin (mouse monoclonal antibody; 1:500; cat. no. TA328071; 
OriGene Technologies, Inc.) at 4˚C overnight. Afterwards, 
they were treated with IRDye 800CW goat anti‑rabbit 
(cat. no. #926‑32211) and anti‑mouse (cat. no. #926‑32210) 
secondary IgG antibodies (1:5,000; LI‑COR Biosciences) for 
1 h at room temperature, and the blots were visualized using 
an Odyssey CLX (LI‑COR Biosciences). The gray‑level of 
bands were analyzed using Image Studio (version 4.0; LI‑COR 
Biosciences).

Immunofluorescence staining. PC‑9 cells, PC‑9/Mr/GR, 
PC‑9/Mm/GR and PC‑9/GR were cultured on coverslips. 
After fixing with 4% formaldehyde in PBS for 15 min and 
blocking with 50  µl goat serum (OriGene Technologies, 
Inc.) for 30 min at room temperature, cells were incubated 
with anti‑E‑cadherin (mouse monoclonal antibody; 1:50; 
60335‑1‑lg; ProteinTech Group, Inc.) and anti‑Vimentin 
(rabbit polyclonal antibody; 1:50; 10366‑1‑AP; ProteinTech 
Group, Inc.) at 4˚C overnight, respectively. Then they were 
incubated with Rhodamine (TRITC)‑conjugated goat 
anti‑rabbit IgG (1:50; cat. no. SA00007‑2; ProteinTech Group, 
Inc.) and fluorescein (FITC)‑conjugated goat anti‑mouse 
IgG (1:100; cat. no. SA00013‑1; ProteinTech Group, Inc.) 
for 1 h at room temperature, and DAPI staining solution 
5 min at room temperature. Samples were imaged using an 
immunofluorescence microscope (Leica DMI 3000B; Leica 
Microsystems, Inc.).
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Enzyme‑linked immunosorbent assay (ELISA). TGF‑β1 
levels in cell culture supernatants of transient treatment 
and long term induction were detected. TGF‑β1 levels were 
measured two consecutive days after discarding gefitinib 
using a Human TGFβ1 ELISA kit (cat.  no.  ab100647; 
Abcam) according to the manufacture instruction. In the 
transient treatment group, PC‑9 cells in Mr co‑culture 
(PC‑9/Mr), in Mm co‑culture (PC‑9/Mm) as well as 
without co‑culture (PC‑9) were treated with 5 µM gefitinib 
at 37˚C for 24 h. In the long term induction group, three 
gefitinib‑resistant sublines were treated with 35 µM gefi‑
tinib at 37˚C for 24 h. 

Statistical analysis. All data are presented as mean ± standard 
deviation (SD). One way analysis of variance (ANOVA) and 
Tukey's HSD test were used to compare the difference of cell 
numbers in various environments and cell cycle distribution 
among four cell types. All calculations were performed using 
Excel (Microsoft Office 2013; Microsoft Corporation) or R 
software version 3.5.2 (30). P<0.05 was considered to indicate 
a statistically significant difference. All of the assays were 
repeated at least two times.

Results

Macrophages affect acquirement of PC‑9 cell gefitinib‑
resistance. Macrophages and PC‑9 cells were co‑cultured in 
a Transwell system using two approaches: Co‑culture starting 
before (Mr) or after gefitinib treatment (Mm) to induce PC‑9 
cell resistance to gefitinib. The macrophages differentiated 
from THP1 cells and were not polarized specifically. PC‑9 cells 
proliferation was inhibited in the co‑culture system, compared 
with those without co‑culture. The inhibition was stronger 
with increasing macrophage percentage (Fig. 1 and Table SII). 

When the ratio of macrophages to PC‑9 cells was 1:8, PC‑9 
cell proliferation in the co‑culture system was not markedly 
different compared with the control PC‑9 cells. Therefore, the 
co‑culture system was built at a ratio of 1:8 (M:PC‑9).

Figure 1. Proliferation curves of PC‑9 cells when co‑cultured with macro‑
phages at various ratios. PC‑9 cells began to proliferate rapidly on Day 2 
after seeding, and reached to peak on Day 5. When co‑cultured with macro‑
phages differentiated from THP1 cells at varied ratios, PC‑9 cell number 
was markedly decreased with the increasing macrophage percentage. High 
percentage of macrophages inhibited PC‑9 cells proliferation. The inhibition 
was weakened with the decreasing percentage of macrophages. When the 
ratio of macrophages to PC‑9 cells were 1:8, PC‑9 cells growth curves were 
similar compared with those without macrophages co‑culture.

Figure 2. Gefitinib‑resistant sublines and parental PC‑9 cells inhibited by 
gefitinib. (A) Inhibition curves of PC‑9/Mr/GR, PC‑9/Mm/GR, PC‑9/GR 
and PC‑9 at different concentrations of gefitinib. (B‑D) Growth curves when 
treated with gefitinib at (B) 5, (C) 10 and (D) 20 µM. Mr, resident macro‑
phage; Mm, migrated macrophage; PC‑9/Mr/GR, gefitinib‑resistant sublines 
induced with PC‑9 cells in Mr co‑culture; PC‑9/Mm/GR, gefitinib‑resistant 
sublines induced with PC‑9 cells in Mm co‑culture; PC‑9/GR, gefitinib‑
resistant sublines induced with PC‑9 cells without macrophage co‑culture.
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Following gefitinib treatment in each step, PC‑9 cells in 
Mr and Mm co‑culture as well as without co‑culture recov‑
ered at different speeds. It took about 9‑13 days for PC‑9 cells 
to recover and reach confluency in Mm co‑culture, about 
13‑17 days in Mr co‑culture, and about 10‑14 days without 
co‑culture after each step treatment from 5 to 30 µM gefitinib 
(data not shown). When treated with 35  µM gefitinib for 
24 h, PC‑9/Mm/GR cells took 8.9±2.0 days to reach conflu‑
ency again in drug‑free medium, which was significantly 
shorter compared with the time needed by PC‑9/Mr/GR cells 
(14.7±2.7 days) and PC‑9/GR cells (11.0±1.7 days). By contrast, 
parental PC‑9 cells could not recover even after 60  days 
(Data was not shown).  After 10 months, the PC‑9/Mr/GR, 
PC‑9/Mm/GR and PC‑9/GR sublines all acquired resistance 

to gefitinib as shown in Fig. 2A and Table SIII. Half maximal 
inhibition concentration (IC50) of PC‑9 was ~0.02  µM. 
PC‑9/Mm/GR had the largest IC50 at ~20 µM. IC50 of PC‑9/GR 
was slightly deceased compared with that of PC‑9/Mr/GR, and 
both of them located between 5 and 10 µM. At low concentra‑
tion of gefitinib (<10 µM), PC‑9/Mr/GR had a higher viability 
compared with PC‑9/GR (Fig. 2A).  

PC‑9/Mm/GR had the strongest resistance ability. 
PC‑9/Mr/GR displayed stronger resistant ability compared 
with PC‑9/GR at low concentration of gefitinib (<10 µM). 
The proliferation curves of the three resistant sublines and 
the parental PC‑9 cells in the presence of 5, 10 and 20 µM 
gefitinib are presented in Fig. 2B‑D and Table SIV. PC‑9 
cells had proliferative ability only on day 1 in three gefitinib 

Figure 3. Cell cycle distribution before and after gefitinib treatment in PC‑9 and three resistant sublines. PC‑9/Mr/GR and PC‑9/GR had significantly higher 
percentage of S phase compared with PC‑9 cells before gefitinib treatment (P=0.024 and P=0.002, respectively), but cell cycle distribution was similar between 
PC‑9/Mm/GR and PC‑9 cells. After gefitinib treatment, PC‑9/Mm/GR remained a higher percentage of S and G2 phase than others. Mr, resident macrophage; 
Mm, migrated macrophage; PC‑9/Mr/GR, gefitinib‑resistant sublines induced with PC‑9 cells in Mr co‑culture; PC‑9/Mm/GR, gefitinib‑resistant sublines 
induced with PC‑9 cells in Mm co‑culture; PC‑9/GR, gefitinib‑resistant sublines induced with PC‑9 cells without macrophage co‑culture.
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concentration environments, which then began to be inhibited. 
By contrast, the three resistant sublines could keep proliferating 
on Day 2 in 5 µM gefitinib environment, while PC‑9/Mm/GR 
proliferated on Day 2 even in 10 µM gefitinib environment. 
PC‑9/Mm/GR maintained the largest cell numbers from Day 1 
in three gefitinib environments. The three gefitinib‑resistant 
sublines had a similar proliferation trend to that of parental 
PC‑9 cells in a gefitinib environment. PC‑9/Mm/GR showed 
the strongest proliferation ability from the beginning, and 
PC‑9/GR demonstrated increased proliferation compared with 
PC‑9/Mr/GR. 

Features of gefitinib‑resistant sublines are induced in three 
ways. Gefitinib‑resistant sublines induced in three ways 
displayed different features. PC‑9/Mm/GR had similar 
a cell cycle distribution to that of parental PC‑9 cells 
(the G2, S and G0/G1 phase percentage was 10.7±1.5% vs. 
7.3±0.6%, P=0.075; 36.3±3.6% vs. 45.3±5.0%, P=0.112 
and 52.9±4.7% vs. 47.5±4.4%, P=0.433, respectively in 
PC‑9 vs. PC‑9/Mm/GR cells), while PC‑9/Mr/GR and 
PC‑9/GR showed a significantly higher percentage of S 

phase and lower percentage of G2 phase (specifically, the 
G2, S and G0/G1 phase percentage was 3.2±1.1%, P=0.001; 
47.9±2.5%, P=0.024 and 48.9±2.8%, P=0.577, respectively, 
in PC‑9/Mr/GR cells, and 3.8±1.4%, P=0.001; 55.1±3.8%, 
P=0.002 and 41.1±3.0%, P=0.024, respectively, in PC‑9/GR 
cells) compared with those of parental PC‑9 cells (Fig. 3 
and Tables SV). After treatment with 5 µM gefitinib for 
24 h, the majority of cells, PC‑9 cells and three resistant 
sublines, tended to stay in G0/G1 phase and decreased mark‑
edly in S phase. The cell cycle distribution was comparable 
among parental PC‑9 cells and the three resistant sublines. 
PC‑9/Mm/GR displayed the strongest proliferation activity 
with the largest S and G2 phase percentages (19.9±0.6% 
in PC‑9/Mm/GR vs. 16.0±0.6% in PC‑9, P=0.003 and 
14.9±0.8% in PC‑9/GR vs. PC‑9, P=0.487 and 15.1±1.3% in 
PC‑9/Mr/GR vs. PC‑9, P=0.610; Tables SⅥ).

After 10 months of induction, no new mutation on the 
EGFR exon 18‑21 was revealed in any of the three resistant 
sublines, except for harboring a deletion mutation on exon 
19 from parental PC‑9 cells (Figs.  S2  and  S3). However, 
resistant sublines exhibited varied phenotypes. Compared 
with the findings in parental PC‑9 cells, PC‑9/GR and 
PC‑9/Mr/GR lost expression of certain membrane receptors, 
including EGFR, p‑EGFR, IFG‑1R and TGF‑βIIR (Fig. 4). 
E‑cadherin expression was also decreased, while vimentin 
expression did not markedly change (Figs. 5A‑D, G, H and 
S4A‑D, G and H). PC‑9/Mm/GR maintained EGFR, p‑EGFR, 
IFG‑1R and TGF‑βIIR expression similarly to parental PC‑9 
cells (Fig.  4). In addition, PC‑9/Mm/GR sustained both 
E‑cadherin and vimentin expression (Figs.  5E  and  F and 
S4E and F).

The TGF‑β content in the supernatant of PC‑9 cells in Mr 
and Mm transient co‑culture as well as without co‑culture 
was measured for 2 days continuously after treatment with 
gefitinib (5 µM) for 24 h. In the supernatant of PC‑9 cells in 
Mr co‑culture (PC‑9/Mr), the TGF‑β content remained close 
to the basic level (1,114.9 pg/ml). However, in the supernatant 
of PC‑9 cells without co‑culture (PC‑9) and in Mm co‑culture 
(PC‑9/Mm), the TGF‑β content increased and was higher 
compared with that of PC‑9/Mr in days 1 (P=0.0131) and 2 
(P=0.007) after discarding the drugs (Fig. 6A and Table SⅦ). 
The TGF‑β level in the supernatant of the gefitinib‑resistant 
sublines PC‑9/Mr/GR, PC‑9/Mm/GR and PC‑9/GR was also 
detected. After treatment with gefitinib (35 µM) for 24 h, 
the TGF‑β level in the supernatant was similar among the 
three sublines at day 1 after discarding the drugs (P=0.381). 
However, on day 2, the TGF‑β level decreased significantly in 
PC‑9/Mr/GR compared with the other two sublines (P=0.027; 
Fig. 6B and Table SVIII).

Macrophage polarization in co‑culture systems. Following 
differentiation from THP‑1 with PMA, ~25% of macrophages 
expressed HLA‑DR while nearly none expressed CD206. As 
shown in Fig. 7, the percentage of macrophages with HLA‑DR 
expression increased slightly when treated with gefitinib for 
24 h. When co‑cultured with PC‑9 cells, the percentage of 
macrophages with HLA‑DR expression decreased to 4.9 and 
1.6% at a ratio of macrophages to PC‑9 cells of 1:8 and 1:1, 
respectively, whereas no CD206‑expressing macrophages 
appeared. In either co‑culture way and in either co‑culture cell 

Figure 4. Growth receptor expression levels in PC‑9 and three resistant 
sublines with western blotting. Blots in each black square were exposed at 
the same time with β‑actin as a reference. Bands in each lane of each black 
panel were from the same loading sample. Mr, resident macrophage; Mm, 
migrated macrophage; PC‑9/Mr/GR, gefitinib‑resistant sublines induced 
with PC‑9 cells in Mr co‑culture; PC‑9/Mm/GR, gefitinib‑resistant sublines 
induced with PC‑9 cells in Mm co‑culture; PC‑9/GR, gefitinib‑resistant 
sublines induced with PC‑9 cells without macrophage co‑culture; p‑EGFR, 
phosphorylated‑EGFR; TGF‑βIIR, TGF‑βII receptor; IGF‑1R, insulin‑like 
growth factor 1 receptor.
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ratio, there were not macrophages polarized to M1 (HLA‑DR 
positive) or M2 (CD206‑positive).

Discussion

Tumor cell activities change the microenvironment, and the 
tumor microenvironment also shapes tumor cell characteristics. 
The present study treated PC‑9 cells with gefitinib in three 
different microenvironments. It was revealed that PC‑9 cells 
always acquired resistance to gefitinib, either without macro‑
phages co‑culture or with macrophages co‑culture in two ways. 
Similar to patients with lung cancer in gefitinib treatment who 
present individual differences, in the present study, PC‑9 cells 
indicated different features after being exposed to gefitinib for 
a period of time with the same dose and frequency in different 
environments. PC‑9/GR and PC‑9/Mr/GR were similar. Both 
decreased EGFR activation, which is the binding target of 
gefitinib, and lost the expression of other proliferated‑related 
membrane receptors, such as IGF‑1R and TGF‑βIIR. It was not 
strange that PC‑9/GR and PC‑9/Mr/GR cells were not sensitive 
to gefitinib when the binding target was missing. EGFR, IGF‑1R 
and TGF‑βIIR triggered by corresponding ligands will activate 
downstream signaling pathways, including the Ras‑MAPK and 
PI3K signaling pathways, which in turn promotes cell prolif‑
eration and cell survival (31,32). Due to reduced stimulation of 
proliferation signaling, the aforementioned two sublines mostly 
accumulated in phases prior to G2 in the cell cycle. This ‘low 
proliferation status’ was the result of receptors closing, which 
could help the cells to avoid from further gefitinib treatment.

Notably, all the three resistant sublines showed different 
resistance ability, but none of them showed the most common 
EGFR exon 20 mutation (T790M). In our previous study, 
PC‑9 cells were induced to exhibit resistance to gefitinib with 
another administration regimen, the alteration of high‑dose 
stimulation and low‑dose maintenance, which led to the 
appearance of the T790M mutation in the resistant subline 

Figure 5. E‑cadherin and vimentin expression with immunofluorescence shown in gray scale. E‑cadherin and vimentin expression in (A and B) PC‑9, 
(C and D) PC‑9/GR, (E and F) PC‑9/Mm/GR and (G and H) PC‑9/Mr/GR (scale bar, 100 µm). PC‑9/GR, gefitinib‑resistant sublines induced with PC‑9 cells 
without macrophage co‑culture; PC‑9/Mr/GR, gefitinib‑resistant sublines induced with PC‑9 cells in Mr co‑culture; PC‑9/Mm/GR, gefitinib‑resistant sublines 
induced with PC‑9 cells in Mm co‑culture. 

Figure 6. TGF‑β levels in the supernatant of PC‑9 and three resistant sublines. 
(A) After PC‑9 cells alone and transient co‑culture in Mr way (PC‑9/Mr) or 
Mm way (PC‑9/Mm) were treated with gefitinib (5 µM) for 24 h, TGF‑β 
levels in the supernatant of PC‑9/Mr were significantly lower compared that 
in others at the first and second day after discarding drugs (P=0.0131 and 
P=0.007, respectively). (B) After resistant sublines of PC‑9/GR, PC‑9/Mr/GR 
and PC‑9/Mm/GR were treated with gefitinib (35 µM), TGF‑β level was not 
significantly different among three groups (P=0.381) at the first day, while it 
was significantly lower in PC‑9/Mr/GR compared with that of others at the 
second day (P=0.027). Mr, resident macrophage; Mm, migrated macrophage; 
PC‑9/Mr, PC‑9 cells co‑cultured with Mr; PC‑9/Mm, PC‑9 cells co‑cultured 
with Mm; PC‑9/Mr/GR, gefitinib‑resistant sublines induced with PC‑9 cells 
in Mr co‑culture; PC‑9/Mm/GR, gefitinib‑resistant sublines induced with 
PC‑9 cells in Mm co‑culture.
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(Zhao  et  al, unpublished data). While the mechanism is 
unclear, changes in the environment modulate tumor cells to 
develop secondary resistance, which has been shown in the 
clinic where the resistance mechanism is individually charac‑
terized, even among patients with lung cancer who harbored 

the same sensitive mutation with the same administration 
regimen (2,4,33).

Macrophages renewing locally and migrating from 
the blood vessels change the microenvironment continu‑
ously  (6). The present study explored how macrophage 

Figure 7. Macrophage polarization after gefitinib treatment and co‑culture with PC‑9 cells. HLA‑DR (M1‑like macrophage marker) and CD206 (M2‑like 
macrophage marker) positive macrophages were detected with flow cytometry. (A) After THP‑1 was differentiated with PMA (320 nM) for 48 h, there 
were ~1/4 HLA‑DR‑positive macrophages, while very few CD206 positive cells. (B) Macrophages differentiated from THP‑1 were treated with gefitinib for 
24 h, the percentage of HLA‑DR positive macrophages increased slightly. (C1 and C2) When co‑cultured with PC‑9 cells in different ratio, the percentage 
decreased. (D1 and D2) After macrophages co‑cultured with PC‑9 for 24 h, then macrophages and PC‑9 were treated with gefitinib together (Mr co‑culture 
way), HLA‑DR‑positive percentage remained low at either co‑culture ratio. (E1 and E2) If PC‑9 cells were treated with gefitinib first, then co‑cultured with 
macrophages (Mm co‑culture way), HLA‑DR‑positive macrophages remained low. There were few CD206‑positive macrophages during the whole process. 
HLA, human leukocyte antigen; PMA, phorbol‑12‑myristate‑13‑acetate; Mr, resident macrophage; Mm, migrated macrophage.
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renewal affected PC‑9 cells to develop secondary resis‑
tance to gefitinib. Macrophages that renew locally always 
share the same environment with tumor cells (6,19); thus, 
co‑culture was performed, which started before PC‑9 
treatment with gefitinib (Mr) to let macrophages always 
accompany PC‑9 cells. Cell damage is the common signal 
to attract macrophages, either monocyte‑derived or resident 
macrophages, to carry out clearance activity and reparative 
response  (6,17,20,21). Thus, the co‑culture starting after 
PC‑9 cell treatment (Mm) simulated this renewal mode. 
Notably, in Mm co‑culture, macrophages markedly assisted 
PC‑9 cell recovery from gefitinib treatment and developed 
resistance rapidly. 

However, if macrophages appeared before gefitinib treat‑
ment, they hardly protected PC‑9 cells from gefitinib treatment. 
It seemed that resident (Mr) macrophages could not recognize 
PC‑9 cells exposure to gefitinib as an abnormal event as Mm 
macrophages did. Unlike cytotoxic killing agents, gefitinib 
inhibits PC‑9 cells proliferation, while not killing directly (34). 
Both PC‑9 cells and gefitinib‑resistant sublines mainly showed 
elongation of G0/G1 phase after gefitinib treatment in the first 
24 h. The gradual proliferation inhibition resembled slow physi‑
ological proliferation, and could mislead macrophages (Mr) in 
the same microenvironment with PC‑9 cells from turning on 
protection. By contrast, if macrophages (Mm) could recognize 
it as a damage signal they may help PC‑9 cells to survive. It is 
not clear how Mm macrophages protected PC‑9 cells from gefi‑
tinib. TGF‑β secretion was increased in the Mm group, while it 
was inhibited in the Mr group. At the same time, PC‑9/Mm/GR 
maintained TGF‑βIIR expression, while PC‑9/Mr/GR did not. 
This indicated that TGF‑β/TGFR signal transduction could 
be activated in PC‑9/Mm/GR. Normally, TGF‑β contributes 
to tumor initiation, progression, metastasis and chemotherapy 
resistance by regulating inflammatory factors, fibrotic process 
and epithelial mesenchymal transition, besides promoting 
proliferation (35‑37). The present study revealed a relatively 
strong vimentin expression in PC‑9/Mm/GR cells compared 
with that in other sublines, which suggested that the cells 
exhibited certain mesenchymal character. 

In the future, it would be helpful to detect inflamma‑
tory factors and fibrosis in vivo or co‑culture fibroblasts and 
lymphocytes in vitro. In the present study, Mm macrophages 
not only assisted PC‑9 cells to keep a stable phenotype 
compared with that of their parental cells, but they displayed 
a relative strong vimentin expression, which could be regu‑
lated by TGF‑β signaling and may be the potential reason 
for the PC‑9/Mm/GR acquisition of the fastest and strongest 
resistance ability observed. Decreasing TGF‑β expression or 
inhibiting its binding with receptor to inhibit TGF‑β signal 
transduction are needed to confirm the function of TGF‑β in 
the process, which is a limitation of the current study. Renewal 
modes of macrophages may lead to different distribution in 
time and space. Migrated macrophages, while not resident 
ones, may play a protective function, which could affect the 
development of resistance. If macrophage infiltration prior to 
gefitinib treatment and migrated macrophages to the TME 
were monitored, development of secondary resistance could 
be predicted accurately. 

Previous clinical studies aimed to investigate the 
association between the efficacy of EGFR‑TKIs treatment 

and the density of macrophages, but the results are contro‑
versial  (13,14,22,23,38). The discrepancy in results is not 
unexpected, since the majority of samples are obtained by 
surgical excision, while operations are usually performed prior 
to EGFR‑TKIs treatment. The macrophages in the above tissues 
are likely to be associated with tumorigenesis and malignant 
potential, rather than treatment response (24,25). High levels 
of certain inflammatory cytokines and chemokines are found 
to be associated with EGFR‑TKIs resistance, but the clinical 
data on concentration changes before and after treatment are 
not enough yet (39,40). In numerous studies, macrophages are 
categorized into M1 or M2 polarization (13‑17). The present 
study did not induce macrophage polarization. Upon treatment 
of PC‑9 cells with gefitinib in Mr or Mm co‑culture, macro‑
phages did not polarize. This suggested that macrophages 
may be activated to protect tumor cells prior to polarization. 
Considering that migrated and resident macrophages play their 
own roles in individual inflammatory status and are associated 
with smoking, infection, carcinogenesis and toxic reaction 
after treatment (6,18,21,22,25,41), the present study attempted 
to exclude other interference. However, the role of the renewal 
type in vivo was not evaluated, which is a limitation of the 
present study.

From traditional chemotherapy to target therapy, cancer 
treatment strategies always aim to fight tumor cells directly. 
Although the latter causes less injury to the host body, resis‑
tance always develops after the interaction of tumor cells and 
the TME (2‑4,42). Immunotherapy has been largely developed, 
but the tactic remains to avoid or limit harmful effects in the 
host body. Macrophages may be a prospective target to be 
‘trained tumor killing cells’ by host immunoreaction (43,44). 
Despite several cases showing good responses, it is not clear if 
novel resistance‑like process will develop or whether adverse 
events will occur (45,46). Since cell killing is followed by 
resistance and host injury, it should be considered changing 
the treatment strategy to quarantine tumor cells to mold them 
to be regulated by the host body or limit their harmful activity. 
Macrophages could be a prospective target to be ‘trained’ to 
regulate the TME.

In summary, macrophage renewal modes could interfere 
with the development of secondary resistance by altering their 
distribution in time and space. The present study may provide 
a different perspective to identify novel approaches to monitor 
EGFR‑TKIs response and design new treatment strategies 
against lung cancer. 
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