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Abstract
Epithelial‑mesenchymal transition (EMT) promotes primary tumor progression toward 
a metastatic state. The role of tumor-associated macrophages (TAMs) in inducing EMT 
in lung squamous cell carcinoma (LUSC) remains unclear. We aimed to clarify the sig-
nificance of TAMs in relation to EMT in LUSC. We collected 221 LUSC specimens 
from patients who had undergone surgery. Immunohistochemistry was performed 
to evaluate M1-like and M2-like TAM distribution and EMT by E-cadherin and vimen-
tin staining. Human LUSC cell lines (H226 and EBC-1) and a human monocyte cell 
line (THP-1) were used for in vitro experiments. M2-like polarization of TAMs and 
EMT marker expression in LUSC cells were evaluated by western blotting. The bio-
logical behavior of LUSC cells was evaluated by migration, invasion, and cell prolif-
eration assays. Immunohistochemical analysis showed that 166 (75.1%) tumors were 
E-cadherin-positive and 44 (19.9%) were vimentin-positive. M2-like TAM density in 
the tumor stroma was significantly associated with vimentin positivity and worse 
overall survival. Western blotting demonstrated higher levels of CD163, CD206, vas-
cular endothelial growth factor, and transforming growth factor beta 1 (TGF-β1) in 
TAMs versus unstimulated macrophages. Furthermore, increased TGF-β1 secretion 
from TAMs was confirmed by ELISA. TAM-co-cultured H226 and EBC-1 cells ex-
hibited EMT (decreased E-cadherin, increased vimentin). Regarding EMT-activating 
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1  |  INTRODUC TION

Lung squamous cell carcinoma (LUSC), an important subtype of non-
small cell lung cancer, accounts for approximately 30% of patients with 
non-small cell lung cancer.1 Despite the development of novel thera-
pies for lung cancer, such as molecular-targeted therapies and immune 
checkpoint inhibitors,2 treating LUSC remains a challenge. Molecular-
targeted therapies, including epidermal growth factor receptor tyro-
sine kinase inhibitors and anaplastic lymphoma kinase inhibitors, are 
not applied for LUSC because most patients with advanced LUSC do 
not carry mutations in driver genes. Furthermore, immune check-
point inhibitors, such as programmed death-ligand 1 inhibitors, exhibit 
less efficacy in patients with programmed death-ligand 1-negative 
tumors.3 Chemotherapy remains the mainstay of treatment for ad-
vanced LUSC patients.4 Therefore, further clarifying the tumor biol-
ogy of LUSC to identify new therapeutic targets is necessary.

Tumor-associated macrophages (TAMs) are key tumor microen-
vironment components that influence tumor progression.5–7 Gener-
ally, macrophages are polarized into separate phenotypes, such as 
the tumor-suppressing M1 and tumor-promoting M2 phenotypes, 
depending on the physiological or pathological condition.8–10 Several 
experimental studies have demonstrated that TAMs can promote epi-
thelial‑mesenchymal transition (EMT),11 by which tumor cells dissem-
inate from the primary lesion toward a metastatic site, leading to a 
poor prognosis.12 During EMT, a decrease in the expression of epithe-
lial markers, such as E-cadherin, and an increase in the expression of 
mesenchymal markers, such as vimentin, occur through the upregula-
tion of EMT-transcription factors, including zinc finger e-box binding 
homeobox (ZEB) 1, ZEB2, Snail, Slug, and twist family basic helix–
loop–helix transcription factor (TWIST).13 Furthermore, epigenetic, 
transcriptional, and microRNA regulators that directly or indirectly 
regulate EMT have been identified.14 EMT in tumor cells can be in-
duced by various cytokines, such as transforming growth factor beta 
(TGF-β) via the TGF-β/Smad pathway and Wnt ligands via the canon-
ical and non-canonical Wnt signaling pathways.15,16 Indeed, Alonso-
Nocelo et al. reported that EMT can be induced by co-culturing A549 
human lung adenocarcinoma cells with THP-1 human monocytes, 
although the underlying mechanism was not investigated.17

In the context of squamous cell carcinoma, the influence of 
TAMs on EMT appears to be more complex. While some experimen-
tal studies have revealed that M2-like TAMs can promote EMT in 

certain types of squamous cell carcinoma, such as laryngeal squa-
mous cell carcinoma, head and neck squamous cell carcinoma, and 
esophageal squamous cell carcinoma,18–21 other studies have sug-
gested that M1-like TAMs can promote EMT in oral squamous cell 
carcinoma via the IL6/Stat3/THBS1 feedback loop.22 Overall, there 
is a lack of consensus regarding the exact impact of TAMs on EMT 
in different types of squamous cell carcinoma. Furthermore, the im-
pact of TAMs on EMT in LUSC remains unclear.

The present clinical and experimental study using an in vitro 
model with THP-1 cells was performed to elucidate the biological 
significance of TAMs in relation to EMT in LUSC in consideration of 
the abovementioned findings.

2  |  MATERIAL S AND METHODS

2.1  |  Patients

A total of 221 LUSC specimens were collected from patients who 
had undergone surgery at the Kyoto University Hospital from June 
2003 to March 2015. The study was approved by the ethics com-
mittee of the hospital (approval no. R1706), and written informed 
consent was provided by each patient. Patients who had received 
neoadjuvant therapy, had undergone noncurative surgery, or had 
multiple cancers were excluded. All specimens were subjected to 
tissue microarray (TMA) analysis, as described below. The tumors 
were staged using the eighth tumor node metastasis classification 
system.23 The histological type and the differentiation grade of the 
tumors were determined according to the classification system de-
veloped by the World Health Organization.24 The patients’ medical 
records and histopathological diagnoses were thoroughly docu-
mented. The patient records contained follow-up data until Novem-
ber 2022. The overall median follow-up interval was 59.6 months.

2.2  |  Tissue microarray

Tissue microarrays were made by the pathologists in the Depart-
ment of Diagnostic Pathology at Kyoto University Hospital using 
a similar approach to that previously reported by Kononen et al.25 
Tissues were fixed in 10% neutral-buffered formalin for 24 h before 

transcriptional factors, phosphorylated Smad3 and ZEB-family proteins were higher 
in TAM-co-cultured LUSC cells than in parental cells. TAM-co-cultured H226 and 
EBC-1 cells demonstrated enhanced migration and invasion capabilities and improved 
proliferation. Overall, the present study suggests that TAMs can induce EMT with 
increased metastatic potential and tumor cell proliferation in LUSC.

K E Y W O R D S
E-cadherin, epithelial–mesenchymal transition, lung squamous cell carcinoma, tumor-
associated macrophage, vimentin
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being embedded in paraffin. Briefly, after the case selection de-
scribed above, paraffin-embedded tumor blocks with sufficient tis-
sue were selected for TMA. The most representative regions of the 
tumors were selected based on the morphology of the H&E-stained 
slide. Tissue cores measuring 2 mm in diameter were punched out 
from each donor tumor block, using thin-walled stainless steel nee-
dles (Azumaya Medical Instruments), and were arrayed in a recipi-
ent paraffin block. Non-neoplastic lung tissue cores from selected 
patients were arrayed in the same block as negative controls.

2.3  |  Immunohistochemistry

Immunohistochemical studies were performed to examine M1-like 
TAM distribution by inducible nitric oxide synthase (iNOS) staining, 
M2-like TAM distribution by CD163 staining, and EMT by E-cadherin 
and vimentin staining following the recommended protocol, using the 
Ventana BenchMark GX system (Ventana Medical Systems) or manu-
ally. The following antibodies were prepared: rabbit polyclonal anti-
human iNOS (#ab3523; 1:50; Abcam), mouse monoclonal anti-human 
CD163 (#760–4437; prediluted; Ventana Medical Systems), mouse 
monoclonal anti-human E-cadherin (#PA0387; 1:300; Leica Biosys-
tems), mouse monoclonal anti-human vimentin (#NCL-L-VIM-572; 
1:300; Leica Biosystems), rabbit monoclonal anti-human phosphoryl-
ated Smad3 (pSmad3; #9520; 1:100; Cell Signaling Technology), rabbit 
monoclonal anti-human ZEB1 (#ab203829; 1:50; Abcam), and rabbit 
monoclonal anti-human ZEB2 (#ab230561; 1:500; Abcam).

Formalin-fixed paraffin-embedded tissues were cut into 4-μm 
sections and mounted onto poly-L-lysine-coated slides. After de-
paraffinization and rehydration, antigen retrieval was conducted 
with Cell Conditioner 1 (Ventana Medical Systems) for 32 min at 
100°C against iNOS and CD163 and for 60 min at 100°C against 
ZEB1 and ZEB2, or with a microwave for 20 min in 10 μmol/L ci-
trate buffer solution at pH 6.0 against E-cadherin, vimentin, and 
pSmad3. Subsequently, the sections were incubated with specific 
primary antibodies: iNOS (32 min at 37°C), CD163 (16 min at 37°C), 
E-cadherin (overnight at room temperature), vimentin (overnight at 
room temperature), ZEB1 (60 min at 37°C), ZEB2 (60 min at 37°C), 
and pSmad3 (overnight at room temperature). The sections were 
then incubated with OptiView HQ Linker (Ventana Medical Sys-
tems) for 8 min at 37°C and OptiView HRP Multimer (Ventana 
Medical Systems) for 8 min at 37°C against iNOS, CD163, ZEB1, and 
ZEB2, or incubated with biotinylated secondary antibody for 1 h, 
followed by incubation with the avidin–peroxidase complex for 1 h, 
against E-cadherin, vimentin, and pSmad3 and then visualized with 
3,3′-diaminobenzidine tetrahydrochloride (Dojindo Laboratories). 
Lastly, counterstaining was performed with Mayer's hematoxylin.

The TMA slides were scanned to obtain the whole slide images. 
The iNOS-positive and CD163-positive cells were counted using 
QuPath version 0.4.0 (open-source bioimage analysis software), and 
the density of iNOS-positive or CD163-positive macrophages in the 
tumor stroma or islets was respectively determined as the number 
of cells per mm2 (Figure S1). Receiver operating characteristic curve 

analysis was performed, and survival was predicted by comparing the 
area under the curve to determine the optimal cut-off value with max-
imal sensitivity and specificity for respective TAM density. If there was 
no association with survival, the cut-off value was set at the median.

Immunohistochemical expression of E-cadherin, vimentin, 
pSmad3, ZEB1, and ZEB2 was evaluated in four distinct fields with 
a minimum of 500 cells by two investigators (RS and TM) without 
knowledge of the patients’ clinical information. Discordant cases were 
jointly reviewed until a consensus was reached. The proportion of 
positive cells was measured and classified as 0 (no staining), +1 (weak), 
+2 (moderate), and + 3 (strong), and each specimen was categorized as 
negative (0, +1) or positive (+2, +3), as previously reported.26

2.4  |  Cell culture and reagents

Cell lines of human LUSC, H226 (ATCC) and EBC-1 (Riken BioRe-
source Center), and human monocyte, THP-1 (Japanese Collection 
of Research Bioresources Cell Bank), were obtained and cultured 
in RPMI 1640 medium (Sigma-Aldrich) supplemented with 10% 
heat-inactivated FBS (HyClone, Thermo Fisher Scientific K.K.) and 
penicillin/streptomycin in a humidified atmosphere with 5% CO2 at 
a constant temperature of 37°C. All cell lines were tested for myco-
plasma with the MycoAlert Mycoplasma Detection Kit (Lonza), and 
mycoplasma negativity was confirmed before use.

2.5  |  Macrophage generation and differentiation

THP-1 cells were first treated with 100 ng/mL phorbol 12-myristate 
13-acetate (Abcam) for 24 h to generate unstimulated macrophages, 
followed by incubation with IL-4 (50 ng/mL, PeproTech) and IL-
13 (20 ng/mL, PeproTech) for 48 h for differentiation into M2-like 
macrophages.

2.6  |  Generation of tumor-associated macrophages

Co-culture was performed in a six-well Transwell system (0.4 μm pore 
size, Corning). Briefly, 2.0 × 106 unstimulated macrophages were 
suspended in 2.5 mL and seeded into the lower well, while 1.5 × 105 
LUSC cells (H226 or EBC-1) were suspended in 1.5 mL and plated in 
the upper chamber. After 48 h of co-culture, the macrophages in the 
lower well were harvested as TAMs.

2.7  |  Generation of lung squamous cell carcinoma 
cells co-cultured with tumor-associated macrophages

Co-culture was performed in a six-well Transwell system (0.4 μm 
pore size, Corning). Briefly, 2.5 × 105 LUSC cells (H226 or EBC-1) 
were suspended in 2.5 mL and seeded into the lower well, while 
1.2 × 106 cells of respective TAMs were suspended in 1.5 mL and 
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plated in the upper chamber. After 48 h of co-culture, the LUSC cells 
in the lower well were harvested.

2.8  |  Tumor-associated macrophage-conditioned  
medium

In brief, 8.0 × 105 TAMs per 1 mL were cultured in RPMI 1640 con-
taining 10% FBS for 48 h to obtain the conditioned medium, which 
was centrifuged at 2000 g for 10 min to remove suspended cells. The 
supernatant was collected, and the same volume of RPMI 1640 con-
taining 10% FBS was added to reconstitute the TAM-conditioned 
medium.

2.9  |  Cell proliferation assay

The experiments were performed using a 24-well Transwell sys-
tem (0.4 μm pore size, Corning). Briefly, 3.5 × 104 LUSC cells (H226 
or EBC-1) were suspended in 700 μL and plated in the lower well, 
while 8.0 × 104 TAMs were suspended in 100 μL and seeded into the 
upper chamber. As a control, 3.5 × 104 LUSC cells were suspended 
in 700 μL and plated in wells without the upper chamber. After 24, 
48, 72, or 96 h of co-culture, the upper chamber was removed, and 
70 μL Cell Counting Kit-8 reagent (Dojindo Laboratories) was added 
into the well. After 1 h at 37°C, the absorbance at a wavelength of 
450 nm was measured using Microplate Manager 6 (Bio-Rad Labora-
tories). All experiments were performed in triplicate.

2.10  |  Migration and invasion assay

The migration and invasion assay was performed using a 24-well 
Transwell system (8.0 μm pore size, Corning). For the migration assay, 
2.5 × 104 LUSC cells (H226 or EBC-1) co-cultured with TAMs were 
suspended in 500 μL RPMI 1640 containing 1% FBS and seeded 
into the upper chamber, with the lower well filled with 750 μL of the 
abovementioned TAM-conditioned medium. As a control, 2.5 × 104 
parental LUSC cells were suspended in 500 μL RPMI 1640 contain-
ing 1% FBS and seeded into the upper chamber, with the lower well 
filled with 750 μL RPMI 1640 containing 10% FBS. After incubation 
for 20 h, cells were fixed in methanol, and the number of cells that 
transmigrated through the chamber filter to the lower surface of the 
filters was counted manually by staining with Diff-Quick (Sysmex). 
For the invasion assay, the upper chamber was coated with Matrigel 
(Biocoat, Corning). The remaining steps were conducted as described 
for the migration assay. Each experiment was performed in triplicate.

2.11  |  Western blotting

Protein was lysed in radioimmunoprecipitation buffer containing 
protease inhibitors at 4°C for 30 min to obtain whole cell lysates. 

Lysates were resolved by 10–15% SDS-PAGE and transferred onto 
Immobilon-P PVDF membranes (Millipore). Blots were incubated 
overnight at 4°C with primary antibodies: anti-CD163 (#ab19518; 
Abcam), anti-CD206 (#91992; Cell Signaling Technology), anti-E-
cadherin (#3195; Cell Signaling Technology), anti-vimentin (#5741; 
Cell Signaling Technology), anti-pSmad3 (#9520; Cell Signaling Tech-
nology), anti-TGF-β1 (#ab92486; Abcam), anti-vascular endothelial 
growth factor (VEGF)-A (#sc-152; Santa Cruz Biotechnology), anti-
Wnt1 (#sc-5630; Santa Cruz Biotechnology), anti-Wnt2b (#sc-7382; 
Santa Cruz Biotechnology), anti-Wnt3 (#sc-74,537; Santa Cruz Bio-
technology), anti-Wnt5a (#sc-23,698; Santa Cruz Biotechnology), 
anti-CaMKII (#4436; Cell Signaling Technology), anti-phospho-
CaMKII (#12716; Cell Signaling Technology), anti-Snail (#3879; Cell 
Signaling Technology), anti-Slug (#9585; Cell Signaling Technol-
ogy), anti-TWIST (#46702; Cell Signaling Technology), anti-ZEB1 
(#ab203829; Abcam), anti-ZEB2 (#97885; Cell Signaling Technol-
ogy), and anti-β-actin (#A5441; Sigma-Aldrich). Membranes were 
incubated with horseradish peroxidase-conjugated secondary anti-
bodies (Jackson ImmunoResearch) and visualized using an EzWest-
Lumi Plus detection kit (Atto), with detection of luminescence using 
the LuminoGraph II imaging system (Atto).

2.12  |  ELISA

The concentration of TGF-β1 in various culture mediums was quan-
tified using an ELISA kit (#DB100C; R&D Systems) according to the 
manufacturer's instructions. Each experiment was performed in 
triplicate.

2.13  |  Reanalysis of single-cell RNA 
sequencing data

Single-cell RNA sequencing (scRNA-seq) data used in this study 
were obtained from a publicly available dataset, originally pub-
lished by Karolina Hanna Prazanowska and Su Bin Lim.27 The 
Seurat object of the final processed scRNA-seq dataset, including 
uniform manifold approximation and projection (UMAP) embed-
dings and precomputed cell cluster assignments, was accessed 
and downloaded from Figshare (https://doi.org/10.6084/m9.figsh​
are.c.62222​21.v3) on 1 July 2023. The Seurat object was loaded 
into R software (version 4.3.1, R Foundation for Statistical Comput-
ing, Vienna, Austria) using the Seurat package (version 4.3.0.1). The 
data was reanalyzed using the UMAP embeddings and cell identi-
ties included in the object. The codes used for the reanalyzes are 
available as the Data S1.

2.14  |  Statistical analysis

Continuous variables were compared using the Student t-test, 
one- or two-way ANOVA with post-hoc Dunnett test, or Pearson's 
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correlation coefficient. Categorical variables were compared using 
a χ2-test. Overall survival (OS) was defined as the time from the 
treatment initiation to the date of death from any cause. The 
Kaplan–Meier method was used to evaluate the probability of OS 
as a function of time, and differences in time-to-event curves were 
estimated by log-rank test. The univariable analysis using the Cox 
regression model was performed to evaluate the effect on survival. 
Statistical analyses were conducted with SPSS 23.0 for Windows 
(IBM). All p-values were based on two-tailed statistical analysis, and 
p < 0.05 was considered statistically significant.

3  |  RESULTS

3.1  |  Distribution and clinical significance of 
M1-like and M2-like tumor-associated macrophages 
in lung squamous cell carcinoma

Stromal M1-like TAM density widely ranged among the 221 
LUSC TMA specimens (mean ± SD, 432.5 ± 637.3), while islet M1-
like TAM density also varied greatly (mean ± SD, 81.0 ± 207.1; 
Figure  1A,B; Table  1). Stromal M1-like TAM density was sig-
nificantly correlated with islet M1-like TAM density (r = 0.309, 
p < 0.0001). Stromal or islet M1-like TAM density was not as-
sociated with clinicopathological factors, including age, gender, 
Brinkman index, tumor differentiation, tumor size, tumor status, 
lymph node metastasis, and pathological stage. Cut-off values for 
stromal M1-like TAM and islet M1-like TAM density were set at 
the median of 148.0 and 20.0, respectively, due to the lack of as-
sociation with survival.

Stromal M2-like TAM density showed a high degree of variation 
among the 221 LUSC TMA specimens (mean ± SD, 572.9 ± 537.4), 
while islet M2-like TAM density was also highly variable (mean ± SD, 
158.7 ± 242.9; Figure  1C,E; Table 1). Stromal M2-like TAM density 
was moderately correlated with islet M2-like TAM density (r = 0.408, 
p < 0.0001). Stromal M2-like TAM density was significantly asso-
ciated with tumor size (p = 0.0420), tumor status (p = 0.0300), and 
pathological stage (p = 0.0143); stromal M2-like TAM density was 
significantly higher in T3 and T4 tumors than in T1 tumors and in 
T2 tumors (p = 0.0352 and p = 0.0388, respectively; Figure 1J); stro-
mal M2-like TAM density was significantly higher in stage III tumors 
than in stage I tumors (p = 0.0169). Islet M2-like TAM density was 
significantly associated with tumor status (p = 0.0200); islet M2-like 
TAM density was significantly higher in T3 and T4 tumors than in T1 
tumors and in T2 tumors (p = 0.0497 and p = 0.0156, respectively). 
The optimal cut-off value for stromal M2-like TAM density was 
474.4 (area under the curve = 0.582) according to the receiver oper-
ating characteristic curve analysis. Consequently, the samples were 
classified as stromal M2-like TAM-high when stromal M2-like TAM 
density was >474.4. The cut-off value for islet M2-like TAM density 
was set at the median of 85.0 because there was no association with 
survival.

3.2  |  M1-like and M2-like tissue microarray status 
in relation to E-cadherin and vimentin positivity in 
lung squamous cell carcinoma

The immunohistochemical analysis of TMA specimens for EMT 
markers showed that 166 (75.1%) tumors were positive for E-
cadherin, and 44 (19.9%) were positive for vimentin (Figure  1D,F; 
Table 2). Stromal or islet M1-like TAM and M2-like TAM status were 
not associated with positivity for E-cadherin. Stromal or islet M1-like 
TAM status was not associated with positivity for vimentin. How-
ever, stromal M2-like TAM status was significantly associated with 
positivity for vimentin (p < 0.0001), while islet M2-like TAM status 
was not associated with positivity for vimentin.

3.3  |  Prognosis of patients with resected 
lung squamous cell carcinoma in relation to 
tumor-associated macrophage status or positivity for 
E-cadherin and vimentin

There was no significant difference in the OS rate in relation to 
stromal or islet M1-like TAM status (Figure 2A,B). In contrast, the 
OS rate was significantly lower in the stromal M2-like TAM-high 
group than in the stromal M2-like TAM-low group (56.2% vs. 68.5% 
in 5-year OS; p = 0.0174; Figure 2C), although no significant differ-
ence was found in the OS rate in relation to islet M2-like TAM status 
(Figure 2D). There was no significant difference in the OS rate in 
relation to the positivity for E-cadherin or vimentin (Figure 2E,F).

The univariable analysis with the Cox regression model showed 
that stromal M2-like TAM status (hazard ratio = 1.666 [95% confi-
dence interval: 1.089–2.549]; p = 0.0186) was a significant predictor 
for the OS of patients with resected LUSC.

3.4  |  Transforming growth factor-β1 expression 
in the lung cancer microenvironment revealed by 
reanalysis of scRNA-seq

The reanalysis of the scRNA-seq data demonstrated that TGF-β1 
was expressed in a variety of cells in the microenvironment of lung 
adenocarcinoma (Figure 3A–C). In contrast, within the LUSC micro-
environment, TGF-β1 expression was primarily localized to mac-
rophages. These results led us to hypothesize that TGF-β1 derived 
from TAMs may be promoting EMT in LUSC.

3.5  |  H226 and EBC-1 can polarize unstimulated 
macrophages into tumor-associated macrophages 
with an M2 phenotype

We applied an in vitro model using human THP-1 monocytes 
to validate the above clinical results. As shown in the flowchart 
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F I G U R E  1  Immunostaining of lung 
squamous cell carcinoma. A squamous 
cell carcinoma with high density of M1-
like TAMs in the tumor stroma and low 
density of iNOS positive (M1-like) TAMs 
in the tumor islets (A). A carcinoma with 
low density of iNOS positive (M1-like) 
TAMs in the tumor stroma and islets (B). 
A carcinoma with high density of CD163 
positive (M2-like) TAMs in the tumor 
stroma and low density of CD163 positive 
(M2-like) TAMs in the tumor islets (C) 
and with positive vimentin expression 
in tumor cells (D). A carcinoma with low 
density of CD163 positive (M2-like) TAMs 
in the tumor stroma and islets (E) and 
with positive E-cadherin expression in 
tumor cells (F). A carcinoma with positive 
pSmad3 expression in tumor cells (G). A 
carcinoma with positive ZEB1 expression 
in tumor cells (H). A carcinoma with 
positive ZEB2 expression in tumor cells 
(I). M1-like and M2-like TAM density in 
the tumor islets and stroma in relation to 
tumor size, tumor status, nodal status, 
and pathological status (J). *p < 0.05. 
Bar, 100 μm. iNOS, inducible nitric 
oxide synthase; TAM, tumor-associated 
macrophage.
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(Figure  4A), THP-1 cells were treated with phorbol 12-myristate 
13-acetate for 24 h for differentiation into unstimulated mac-
rophages. Then, unstimulated macrophages were co-cultured 
with H226 and EBC-1 for 48 h to generate TAMs. Furthermore, 
unstimulated macrophages were incubated with IL-4 and IL-13 for 
48 h to generate M2-like macrophages. Consequently, TAMs and 
M2-like macrophages exhibited higher levels of CD163, CD206, 
VEGF, and TGF-β1 than unstimulated macrophages by western 
blotting (Figure 4B). This result demonstrates that TAMs produced 
by co-culturing THP-1 cells with H226 and EBC-1 cells are M2-
phenotype TAMs.

3.6  |  Upregulated transforming growth factor-β1 
secretion in tumor-associated macrophages 
co-cultured with H226 and EBC-1 cells

We performed ELISA to measure the TGF-β1 concentration in the 
culture medium of unstimulated and M2-like macrophages and 
TAMs co-cultured with H226 or EBC-1 cells. The culture medium 
was collected after each type of cell had been incubated for 48 h. 
The ELISA results demonstrated a significantly higher TGF-β1 
concentration in the culture medium of TAMs co-cultured with 
H226 (mean ± SD, 1.762 ± 0.012 ng/mL, p < 0.0001) and EBC-1 
(mean ± SD, 1.887 ± 0.066 ng/mL, p < 0.0001) and M2-like mac-
rophages (mean ± SD, 1.907 ± 0.107 ng/mL, p < 0.0001) compared 

to that of unstimulated macrophages (mean ± SD, 0.719 ± 0.002 ng/
mL; Figure 4C).

These results indicate that TGF-β1 secretion is upregulated in 
TAMs co-cultured with H226 and EBC-1.

3.7  |  Tumor-associated macrophages promote 
epithelial‑mesenchymal transition via the 
transforming growth factor β/Smad/ZEB pathway in 
lung squamous cell carcinoma cells

To evaluate the role of TAMs in relation to LUSC cells, H226 and 
EBC-1 cells were co-cultured with respective TAMs (Figure 5A). 
Western blotting demonstrated that H226 and EBC-1 cells co-
cultured with TAMs exhibited EMT; that is, a decrease in E-
cadherin expression and an increase in vimentin expression 
(Figure  5B). Additionally, levels of pSmad3 were upregulated in 
H226 and EBC-1 cells co-cultured with TAMs. Regarding EMT-
transcription factors, levels of ZEB1 and ZEB2 were increased in 
H226 cells co-cultured with TAMs, while only ZEB2 was upreg-
ulated in EBC-1 cells co-cultured with TAMs. TWIST, Snail, and 
Slug levels were not increased in H226 or EBC-1 cells co-cultured 
with TAMs.

Next, we investigated the role of the TGF-β/Smad/ZEB pathway 
in H226 and EBC-1 cells upon stimulation with TGF-β1 (#781802; 
BioLegend) at a concentration of 2.5 ng/mL for 48 h. Furthermore, 

TA B L E  2  Immunohistochemical evaluation for E-cadherin, vimentin, pSMAD3, ZEB1, and ZEB2 in relation to TAM status in lung 
squamous cell carcinoma.

n

Stromal M1-like TAM 
status Islet M1-like TAM status Stromal M2-like TAM status Islet M2-like TAM status

Low High p Low High p Low High p Low High p

E-cadherin

Positive 166 81 85 0.5590a 86 80 0.5081a 87 79 0.5559a 80 86 0.3705a

Negative 55 30 25 25 30 32 23 31 24

Vimentin

Positive 44 23 21 0.8921a 21 23 0.8393a 10 34 <0.0001a,b 16 28 0.0591a

Negative 177 88 89 90 87 109 68 95 82

pSmad3

Positive 41 16 25 0.1566a 18 23 0.4689a 19 22 0.3710a 20 21 0.9744a

Negative 180 95 85 93 87 100 80 91 89

ZEB1

Positive 74 37 37 1.0000a 35 39 0.6345a 34 40 0.1264a 41 33 0.3421a

Negative 147 74 73 76 71 85 62 70 77

ZEB2

Positive 69 37 32 0.5924a 35 34 1.0000a 26 43 0.0019a,b 30 39 0.2276a

Negative 152 74 78 76 76 93 59 81 71

Total number 221 111 110 111 110 119 102 111 110

Abbreviation: TAM, tumor-associated macrophage.
ap-value determined using χ2 test.
bp < 0.05.
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    |  4529SUMITOMO et al.

we evaluated the effect of RepSox (#S7223; Selleck Chemicals), a 
TGF-β receptor inhibitor, concurrently applied at 10 μM with TGF-β1 
and incubated in the same condition, on this process.

Consequently, TGF-β1 stimulation led to an upregulation of 
the Smad/ZEB pathway in parental H226 and EBC-1 cells by west-
ern blotting (Figure  5C). This activation was accompanied by a 

F I G U R E  2  Overall survival among patients with resected lung squamous cell carcinoma in relation to (A) stromal M1-like TAM status, (B) 
islet M1-like TAM status, (C) stromal M2-like TAM status, (D) islet M2-like TAM status, (E) E-cadherin positivity, and (F) vimentin positivity. 
TAM, tumor-associated macrophage.
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4530  |    SUMITOMO et al.

decrease in E-cadherin expression and an increase in vimentin ex-
pression. Furthermore, co-administration of TGF-β1 and RepSox 
for 48 h not only inhibited the activation of the Smad/ZEB path-
way observed in TGF-β1-stimulated H226 and EBC-1 cells but also 
resulted in an increase in E-cadherin expression and a decrease in 
vimentin expression. Similarly, co-culturing H226 and EBC-1 cells 

with respective TAMs in the presence of 10 μM RepSox for 48 h 
also led to inhibition of Smad/ZEB pathway activation, accompa-
nied by increased E-cadherin expression and decreased vimentin 
expression.

These results indicate that TAMs can induce EMT through the 
TGF-β/Smad/ZEB pathway in LUSC cells.

F I G U R E  3  TGF-β1 expression in the lung cancer microenvironment revealed by reanalysis of single-cell RNA sequencing data. (A) UMAP 
showing the distribution of cells in LUAD and LUSC samples. (B) UMAP representation showing the intensity of TGF-β1 expression within 
all the cell clusters in LUAD and LUSC samples. (C) Dot plots illustrating TGF-β1 expression within immune cell clusters in LUAD and LUSC 
samples. LUAD, lung adenocarcinoma; LUSC, lung squamous cell carcinoma; Mφ, macrophage; TGF-β1, transforming growth factor β1; 
UMAP, uniform manifold approximation and projection.

F I G U R E  4  TAMs, produced by co-culturing unstimulated macrophages with LUSC cells, are M2-phenotype TAMs that exhibit increased 
TGF-β1 secretion. (A) Flow chart of the generation of unstimulated and M2-like macrophages and TAMs from THP-1 cells. (B) Western blot 
analysis of CD163, CD206, VEGF, and TGF-β1 expression in unstimulated and M2-like macrophages and TAMs co-cultured with H226 or 
EBC-1 cells. (C) TGF-β1 concentration in the culture medium of unstimulated and M2-like macrophages and TAMs co-cultured with H226 or 
EBC-1 cells, as measured by ELISA. ***p < 0.001. ELISA, enzyme-linked immunosorbent assay; LUSC, lung squamous cell carcinoma; TAM, 
tumor-associated macrophage; TGF-β1, transforming growth factor β1; VEGF, vascular endothelial growth factor.
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    |  4531SUMITOMO et al.

3.8  |  The WNT signaling pathway is not 
involved in epithelial‑mesenchymal transition of 
tumor-associated macrophage-co-cultured H226 or 
EBC-1 cells

Tumor-associated macrophages and M2-like macrophages ex-
hibited higher levels of Wnt5a, a non-canonical Wnt ligand, than 

unstimulated macrophages by western blotting, while Wnt1, Wnt2b, 
and Wnt3 were not upregulated (Figure  5D). However, increased 
levels of phosphorylated CaMKII, a downstream effector of the 
non-canonical Wnt/Ca2+ pathway, were not identified in H226 or 
EBC-1 cells co-cultured with TAMs (Figure 5E). These results indi-
cate that the WNT signaling pathway is not involved in EMT of TAM-
co-cultured H226 or EBC-1 cells.

F I G U R E  4  (Legend on next page)
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4532  |    SUMITOMO et al.

3.9  |  Tumor-associated macrophages improve 
migration and invasion capabilities and promote 
tumor cell proliferation in lung squamous cell 
carcinoma cells

The migration and invasion assay revealed enhanced migration 
and invasion capabilities in H226 and EBC-1 cells co-cultured with 
TAMs compared to parental cells (Figure 5F). The cell proliferation 
assay analysis showed an improvement in tumor cell proliferation 
in H226 and EBC-1 cells co-cultured with TAMs compared to pa-
rental cells (Figure 5G). Furthermore, H226 and EBC-1 cells, when 
co-cultured with TAMs in the medium containing 10 μM RepSox 
for 48 h, displayed reduced migration and invasion capabilities 
(Figure 5F). H226 and EBC-1 cells co-cultured with TAMs under the 
same RepSox condition exhibited cell proliferation capacities that 
fell approximately between those of TAM-co-cultured and parental 
cells (Figure 5G).

These results indicate that TAMs can improve migration and 
invasion capabilities and promote tumor cell proliferation in LUSC 
cells.

3.10  |  Immunohistochemical evaluation for 
pSmad3, ZEB1, and ZEB2 expression in lung 
squamous cell carcinoma

To validate the in vitro findings, we performed immunohistochemical 
evaluation for pSmad3, ZEB1, and ZEB2 expression in LUSC. The im-
munohistochemical analysis of TMA specimens for pSmad3, ZEB1, 
and ZEB2 showed that 41 (18.6%) tumors were positive for pSmad3, 
74 (33.5%) were positive for ZEB1, and 69 (31.2%) were positive for 
ZEB2 (Figure  2G–I; Table  2). Stromal M2-like TAM status was sig-
nificantly associated with positivity for ZEB2 (p = 0.0019). Moreo-
ver, we evaluated the relationships among positivity for E-cadherin, 
vimentin, pSmad3, ZEB1, and ZEB2 using a χ2-test (Table S1). Sig-
nificant associations were observed between vimentin and pSmad3 
(p = 0.0207), vimentin and ZEB1 (p < 0.0001), vimentin and ZEB2 
(p < 0.0001), pSmad3 and ZEB2 (p = 0.0124), and ZEB1 and ZEB2 
(p = 0.0229). These results provide further evidence for the role of 
pSmad3, ZEB1, and ZEB2 in the EMT process in LUSC.

4  |  DISCUSSION

The present study was performed to elucidate the biological signifi-
cance of TAMs in relation to EMT in LUSC. Immunohistochemical 
analyses revealed that M2-like TAM density in the tumor stroma 
was associated with vimentin expression in LUSC. However, no as-
sociation was observed between stromal M2-like TAM density and 
E-cadherin expression. A previous study reported that membranous 
E-cadherin expression is frequently observed in the tumor center 
but lost in the invasive front of oral squamous cell carcinomas.28 
Therefore, the lack of association between stromal M2-like TAM 
density and E-cadherin expression in the present study may be at-
tributed to the fact that TMA cores mainly comprise tissue from the 
tumor center and contain less or no tissue from the invasive front.

The in vitro experiments in the present study demonstrated 
that LUSC cells could differentiate unstimulated macrophages into 
TAMs with an M2 phenotype. These TAMs exhibited higher levels 
of CD163, CD206, VEGF, TGF-β1, and Wnt5a in western blotting. 
Additionally, TAMs demonstrated higher TGF-β1 secretion as con-
firmed by ELISA. CD163, CD206, TGF-β1, and VEGF are well-known 
markers for M2-like TAMs.11,29 While unstimulated macrophages 
can be differentiated into TAMs with an M2 phenotype by internal-
izing lung tumor cell-derived exosomes,30 experimental studies have 
demonstrated that the Wnt signaling pathway could be important 
for the M2-like polarization of TAMs.31–33 Wnt5a secreted from 
TAMs stimulates macrophages to secrete IL-10, which acts in a para-
crine and autocrine manner to accelerate M2-like polarization.33 Our 
previous clinical study showed that Wnt5a expression in the tumor 
cells and stromal cells was associated with M2-like TAM density in 
the tumor stroma in non-small cell lung cancer.34

Furthermore, the present study clearly demonstrated that TAMs 
could induce EMT via the TGF-β/Smad/ZEB pathway in LUSC cells. 
Upon binding of TGF-β with the TGF-β receptor, Smad2 and Smad3 
are phosphorylated, forming a complex with Smad4 that translocates 
into the nucleus to initiate transcription of EMT-transcription factors 
genes.35 In the present study, the expression levels of ZEB family 
proteins were upregulated in LUSC cells co-cultured with TAMs. 
Meanwhile, we observed upregulation of Wnt5a expression in TAMs. 
Although the Wnt signaling pathway plays a role in the communica-
tion between tumor and stroma in the tumor microenvironment,36 

F I G U R E  5  TAMs can induce EMT through the TGF-β/Smad/ZEB family pathway with enhanced migration and invasion capabilities and 
improved tumor cell proliferation in LUSC cells. (A) Flow chart of co-culturing LUSC cells with TAMs. (B) Western blot analysis of E-cadherin, 
vimentin, pSmad3, ZEB1, ZEB2, TWIST, Snail, and Slug expression in co-cultured H226 or EBC-1 cells compared to respective parental cells. 
(C) Western blot analysis of E-cadherin, vimentin, pSmad3, ZEB1, and ZEB2 expression under five experimental conditions: (1) parental H226 
and EBC-1 cells (control), (2) parental H226 and EBC-1 cells stimulated with TGF-β1 (2.5 ng/mL), (3) parental H226 and EBC-1 cells stimulated 
with TGF-β1 (2.5 ng/mL) and concurrently treated with RepSox (10 μM), (4) H226 and EBC-1 cells co-cultured with TAMs, and (5) H226 
and EBC-1 cells co-cultured with TAMs in the presence of RepSox (10 μM). (D) Western blot analysis of Wnt1, Wnt2b, Wnt3, and Wnt5a 
expression in unstimulated and M2-like macrophages and TAMs co-cultured with H226 or EBC-1 cells. (E) Western blot analysis of CaMKII 
and phospho-CaMKII expression in co-cultured H226 or EBC-1 cells compared to respective parental cells. (F) Migration and invasion 
assay analysis comparing parental H226 and EBC-1 cells, those co-cultured with TAMs, and those co-cultured with TAMs in the presence 
of RepSox (10 μM), using one-way ANOVA with post hoc Dunnett test. Bar, 100 μm. (G) Cell proliferation assay analysis comparing parental 
H226 and EBC-1 cells, those co-cultured with TAMs, and those co-cultured with TAMs in the presence of RepSox (10 μM), using two-way 
ANOVA. *p < 0.05. **p < 0.01. ***p < 0.001. TAM, tumor-associated macrophage. EMT, epithelial–mesenchymal transition.
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we could not detect activation of the non-canonical Wnt signaling 
pathway, which is known to induce EMT, in LUSC cells co-cultured 
with TAMs in the present study. This finding was confirmed by the 
absence of CaMKII phosphorylation, a downstream effector of the 
non-canonical Wnt pathway, in co-cultured LUSC cells. To the best 
of our knowledge, this study is the first to demonstrate the signif-
icance of the TGF-β/Smad/ZEB pathway with respect to EMT in-
duced by TAMs in LUSC cells. Moreover, the migration and invasion 
assay verified the enhanced capabilities of migration and invasion in 
LUSC cells co-cultured with TAMs.

In addition, LUSC cells co-cultured with TAMs exhibited im-
proved tumor cell proliferation. This effect is likely due to various 
growth factors, including VEGF, secreted by TAMs.11 In contrast, 
recent studies have suggested an association between EMT and 
chemoresistance,37–39 although the mechanism of chemoresistance 
can differ depending on the type of chemotherapeutic agent used. 
These findings may partly explain why the OS rate in patients with 
resected LUSC was lower in the stromal M2-like TAM-high group 
than in the stromal M2-like TAM-low group in the present study.

This study has some limitations. First, the immunohistochemi-
cal evaluation was based on TMA, which may not capture the full 
heterogeneity of the original tissue sample. Second, this study em-
ployed a non-contact two-dimensional co-culture system, which 
may not accurately reflect the complex interactions between tumor 
cells and their microenvironment in vivo. Third, although THP-1 cells 
can differentiate into macrophage-like cells, they do not necessarily 
replicate the behavior exhibited by primary human macrophages.

In conclusion, the present study demonstrated that TAMs could 
induce EMT with increased metastatic potential and tumor cell prolif-
eration in LUSC, leading to a poor prognosis. Therefore, TAMs are con-
sidered a promising therapeutic target for LUSC. M2-like TAM-targeted 
therapy might be more effective against LUSC than lung adenocarci-
noma because M2-like TAM density in LUSC is higher than that in lung 
adenocarcinoma.5 Further investigations are necessary to develop 
promising treatment strategies against LUSC, such as reprogramming 
TAMs into an anti-tumor phenotype40,41 and inhibiting EMT.42–44
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