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Abstract
M2 macrophages contribute to the progression of oesophageal squamous cell carcinoma (ESCC); however, the roles
of M2 macrophages in early ESCC remain unclear. To clarify the biological mechanisms underlying the interaction
between M2 macrophages and oesophageal epithelial cells in early-stage ESCC, in vitro co-culture assays between
the immortalised oesophageal epithelial cell line Het-1A and cytokine-defined M2 macrophages were established.
Co-culture with M2 macrophages promoted the proliferation and migration of Het-1A cells via the mTOR–p70S6K
signalling pathway activated by YKL-40, also known as chitinase 3-like 1, and osteopontin (OPN) that were
hypersecreted in the co-culture supernatants. YKL-40 and OPN promoted the above phenotypes of Het-1A by
making a complex with integrin β4 (β4). Furthermore, YKL-40 and OPN promoted M2 polarisation, proliferation,
and migration of macrophages. To validate the pathological and clinical significances of in vitro experimental
results, immunohistochemistry of human early ESCC tissues obtained by endoscopic submucosal dissection (ESD)
was performed, confirming the activation of the YKL-40/OPN–β4–p70S6K axis in the tumour area. Moreover, epithelial
expression ofβ4 and the number of epithelial and stromal infiltrating YKL-40- andOPN-positive cells correlatedwith the Lugol-
voiding lesions (LVLs), a well-known predictor of the incidence of metachronous ESCC. Furthermore, the combination of high
expression of β4 and LVLs or high numbers of epithelial and stromal infiltrating YKL-40- and OPN-positive immune cells
could more clearly detect the incidence of metachronous ESCC than each of the parameters alone. Our results
demonstrated that the YKL-40/OPN–β4–p70S6K axis played important roles in early-stage ESCC, and the high
expression levels of β4 and high numbers of infiltrating YKL-40- and OPN-positive immune cells could be useful
predictive parameters for the incidence of metachronous ESCC after ESD.
© 2023 The Authors. The Journal of Pathology published by JohnWiley & Sons Ltd on behalf of The Pathological Society of Great Britain
and Ireland.
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Introduction

Oesophageal cancer is the seventh most commonly
occurring cancer worldwide, with an estimated 604,000
new cases in 2020 [1]. Oesophageal squamous cell carci-
noma (ESCC) is highly prevalent in East Asia, southern
and eastern Africa, and southern Europe [2]. Although
the general outcome remains poor for 5-year survival
rates, ranging from 15% to 25% [3], the 10-year disease-
related survival rate following endoscopic submucosal

dissection (ESD) in early superficial ESCC is more than
90% [4]; thus, the detection and treatment of early ESCC
are extremely important for improving survival.
ESD is a safe and standard treatment for early ESCC

with minimal risk of lymph node metastasis [3]. Despite
favourable long-term outcomes of ESD for early ESCC,
recurrence (i.e. metachronous ESCC) following ESD
could occur in 0.9–9.1% of cases [3]. Lugol-voiding
lesions (LVLs) on Lugol chromoendoscopy are known to
be associated with high-risk metachronous ESCC [4,5];
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however, molecular factors other than LVLs that predict
metachronous ESCC have yet to be identified.
The tumourmicroenvironment consists of cancer cells

and stroma, including innate immune cells, and is
an active promoter of cancer progression. In the early
phase of tumour growth, the interaction between cancer
cells and components of the tumour microenvironment
supports cancer cell survival and local invasion [6].
Macrophages, which are the main component of
immune cells in the tumour microenvironment, have
been proposed to differentiate into tumour-suppressive
(M1) or tumour-supportive (M2) phenotypes. M2 mac-
rophages are generally characterised by high interleu-
kin (IL)-10 and low IL-12 production and demonstrate
high CD163 (a haemoglobin scavenger receptor) and
CD204 (a class A macrophage scavenger receptor)
expression [7,8]. We previously described how cytokines/
chemokines upregulated in the tumour microenviron-
ment, such as C-C motif chemokine ligand 3 and C-X-C
motif chemokine ligand 8, promote ESCC progression,
using a co-culture system between the TE series ESCC
cell lines and peripheral blood monocyte-derived M2
macrophages [9]. Although M2 macrophages could play
critical roles in advanced ESCC progression, no report
exists on the detailed mechanism of M2 macrophages in
early-stage ESCC.
Importantly, previous immunohistochemical reports

demonstrated that M2 macrophages could be associated
with early-stage ESCC; the number of CD163-positive
macrophages in the epithelium increased with high
tumour grade in early ESCC [10]; the intraepithelial
distribution of CD163- or CD204-positive macrophages
in early ESCC was significantly higher than that in the
corresponding normal epithelial cells [11]. However, no
biological study exists on the role of M2macrophages in
early-stage ESCC. Therefore, we aimed to focus on the
interaction between M2 macrophages and oesophageal
epithelial cells.
In this study, we established an in vitro co-culture

system between immortalised oesophageal epithelial
squamous cells, Het-1A cells, and cytokine-defined
M2 macrophages, and identified the key signalling
pathways consisting of cytokines and their receptors
that induced proliferation and migration in the Het-1A
cells. Furthermore, we investigated whether the activa-
tion of these key signalling pathways was involved in
early-stage ESCC and analysed their clinical signifi-
cance by examining their association with
metachronous ESCC. These findings could aid in the
discovery of useful parameters for determining post-
ESD surveillance strategies.

Materials and methods

Ethics approval and patient consent
The Institutional Review Board of Kobe University
(B210103) approved all study protocols, and the study
was conducted in accordance with the guidelines of the

Declaration of Helsinki, 1964. All samples were col-
lected and analysed following prior written informed
consent from each patient.

Macrophage culture
The experiment was performed according to previous
reports [12,13]. In brief, peripheral blood mononuclear
cells (PBMCs) obtained from healthy volunteers were
purified using an autoMACS Pro Separator (Miltenyi
Biotec, Bergisch Gladbach, Germany). PBMCs were
differentiated into macrophages with macrophage
colony-stimulating factor (M-CSF) and granulocyte–
macrophage colony-stimulating factor (GM-CSF).
The macrophages were differentiated using lipopolysac-
charide and recombinant human interferon-γ for M1
macrophages, IL-10 for M2 macrophages, and without
cytokines for M0 macrophages.

Cell line and cell cultures
The human immortalised oesophageal epithelial cell line
Het-1A was obtained from the American Type Culture
Collection (Manassas, VA, USA).

Immunohistochemistry (IHC)
IHC was performed on 4-μm-thick sections of paraffin-
embedded human and mouse ESCC tissue using the
Leica BOND-MAX automated system and BOND
Polymer Refine Detection Kit (Leica Biosystems,
Bannockburn, IL, USA). The specificity of the integrin
β4 (β4) antibody was confirmed using a β4-blocking
peptide (Cell Signaling Technology, Beverly, MA,
USA) (supplementary material, Figure S1).

Mouse experiments
Mice were maintained at the animal facility of Osaka
University Graduate School of Dentistry. All experiments
were approved by the Institutional Animal Care and Use
Committee (Protocol # 30-007-0 and # 30-007-1) of
Osaka University. Six-week-old female C57BL/6 mice
treated with 4-nitroquinoline-1-oxide (4NQO) were used
for oesophageal carcinogenesis [14].

Additional details and descriptions of Transwell
proliferation and migration assays, RT-qPCR, western
blotting, phosphokinase array, cytokine array and enzyme-
linked immunosorbent assay (ELISA), knockdown of
ITGB4 by siRNA, immunofluorescence, immunoprecip-
itation (IP), animals and carcinogen treatment, and sta-
tistical analysis are provided in Supplementary materials
and methods.

Results

The number of infiltrating M2 macrophages in the
tumour areas increased in early ESCC
To investigate the potential role of M2 macrophages
in early ESCC, we first conducted haematoxylin and
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eosin staining and IHC of human early and advanced
ESCC tissues (Figure 1A). As previous studies have
demonstrated, the number of infiltrating macrophages
was high in the invasive areas [9]. Interestingly, the
numbers of epithelial and stromal infiltrating immune
cells positive for CD68, CD163, and CD204 in the
carcinoma in situ (CIS) areas were significantly
higher than those in the non-tumour areas (p < 0.01,
Figure 1B). Furthermore, the epithelial infiltrating
M2 macrophage ratio, CD163- and CD204-positive
cells/CD68-positive cells ratio, increased from 3.3%
to 23.5% and from 7.8% to 21.5%, respectively, in
the CIS areas compared with the non-tumour
areas. Considering these data, we hypothesised that
tumour-infiltrating immune cells, including M2 mac-
rophages, could contribute to the progression of
early ESCC.

Co-culture of immortalised oesophageal epithelial
cells with macrophages promoted proliferation and
migration via the mTOR–p70S6K signalling pathway
To investigate the role of macrophages in early-stage
ESCC, we established an in vitro co-culture system
between various polarised macrophages and the
immortalised oesophageal epithelial cell line Het-1A.
PBMCs were differentiated into macrophages with var-
ious polarisations by cytokines (Figure 2A). Consistent
with previous reports [7–9,12,13], M2 macrophages
showed higher expression of CD163, CD204, and
IL-10 and lower expression of IL-12 than did M0 mac-
rophages, while M1 macrophages showed the opposite
(supplementary material, Figure S2A,B). In addition,
image analysis of immunofluorescence demonstrated
that the percentage of CD68-positive cells in the total

Figure 1. The number of infiltrating M2 macrophages in the tumour areas began to increase from the early stage of oesophageal squamous
cell carcinoma (ESCC). (A) Haematoxylin and eosin (H.E) and immunohistochemical staining of epithelial and stromal infiltrating immune
cells positive for CD68, CD163, and CD204 in non-tumour and carcinoma in situ (CIS) areas and invasive ESCC. Representative images are
shown. Scale bar: 100 μm (upper and middle) and 200 μm (lower). (B) Box plots of the epithelial and stromal infiltrating CD68-, CD163-, and
CD204-positive immune cell counts in the non-tumour and CIS. To count the numbers of epithelial and stromal infiltrating immune cells,
three images were taken in the non-tumour and CIS areas at a magnification of 200�, such that the epithelium and stroma areas were equal
in the field of view. The number of infiltrating cells in the box plots is the average of three images in the same patient. Box plots show
the medians, first and third quartiles, and maxima and minima of the number of infiltrating cells in 83 early ESCC tissues. The Wilcoxon
signed-rank test was performed to compute significance. **p < 0.01.
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number of DAPI-positive cells was nearly 100% in
M0, M1, and M2 macrophages (supplementary mate-
rial, Figure S2C), suggesting that almost all of the
PBMCs were differentiated into macrophages [15].
Thereafter, we co-cultured theHet-1A cells with polarised

macrophages and observed that co-culture of Het-1A
cells with M2 macrophages significantly promoted pro-
liferation and migration compared with monocultured
Het-1A cells and co-culture of Het-1A cells with M0
and M1 macrophages (Figure 2B–D). A phosphokinase

Figure 2. Co-culture with M2 macrophages promoted proliferation and migration via the mTOR–p70S6K signalling pathway in oesophageal
epithelial cells. (A) Experimental diagram of the polarisation of peripheral blood monocyte-derived macrophages. Peripheral blood
mononuclear cells (PBMCs) were obtained from healthy volunteers. CD14+ PBMCs were purified using an autoMACS Pro Separator and
incubated with macrophage colony-stimulating factor (M-CSF) and granulocyte–macrophage colony-stimulating factor (GM-CSF) for 6 days
to induce macrophage differentiation. The macrophages were subsequently cultured for 24 h using lipopolysaccharide (LPS) and recombinant
human interferon-γ (IFN-γ) for M1 macrophages (M1), IL-10 for M2 macrophages (M2), and without cytokines for M0 macrophages (M0).
(B) A schema of the co-culture assay. For the Transwell proliferation assay (left), CD14+ PBMCs (3.0 � 104 cells per well) were differentiated
into macrophages with various polarisations in 0.4-μm pore chambers in 24-well plates and co-cultured with Het-1A cells (8.0 � 104 cells
per well) in the lower chambers in serum-free medium for 24 h. CellTiter 96 Aqueous One Solution Reagent (Promega, Madison, WI, USA) was
added, and absorbance was measured at 492 nm using a microplate reader. For the Transwell migration assay (right), CD14+ PBMCs
(8.0 � 104 cells per well) were differentiated into macrophages with various polarisations in the lower chambers of 24-well plates and
co-cultured with Het-1A cells (1.5 � 105 cells per well) seeded in 8-μm pore-inserted chambers in serum-free medium. After 48 h, Het-1A
cells on the lower surface of the membrane were stained using a Diff-Quik Kit. Five images at 200� magnification were obtained for each
membrane using a charge-coupled device camera, and the cells were counted. (C) Transwell proliferation assay to measure the cell
proliferation of monocultured Het-1A cells and Het-1A cells co-cultured with M0, M1, and M2. (D) Transwell migration assay of
monocultured Het-1A cells and Het-1A cells co-cultured with M0, M1, and M2. (E) Comparison of the levels of various phosphorylated
proteins between monocultured Het-1A cells and Het-1A cells co-cultured with M0, M1, and M2 was performed using a phosphokinase
array. The red box shows p70S6K spots. (F) Levels of total and phosphorylated mTOR–p70S6K signalling pathway molecules in monocultured
Het-1A cells and Het-1A cells co-cultured with M0, M1, andM2were confirmed by western blotting. β-Actin was used as the loading control.
(G–I) Effects of the p70S6K inhibitor (PF4708671, PF) on the mTOR–p70S6K signalling pathway, proliferation, and migration of Het-1A cells
were confirmed using (G) western blotting, (H) Transwell proliferation assays, and (I) Transwell migration assays, respectively. Dimethyl
sulfoxide (DMSO) was used as a negative control. D and I: representative images are shown. Scale bar: 50 μm. C, D, H, and I: mean ± SD for
three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001; two-sided t-test.
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array revealed the highest increase in phosphorylated
p70S6K (p-p70S6K) in Het-1A cells co-cultured with
M2 macrophages compared with that in monocultured
Het-1A cells and Het-1A cells co-cultured with M0 and
M1 macrophages (Figure 2E and supplementary mate-
rial, Figure S3A,B). Therefore, we focused on the
p70S6K pathway [16,17] and found that in addition to
p70S6K, the upstream molecule mTOR and the down-
stream molecules S6 and eukaryotic elongation factor-2
kinase (eEF2K) were phosphorylated, and the down-
stream molecule c-Myc was upregulated in Het-1A cells
co-cultured with M2 macrophages compared with Het-
1A cells monocultured or co-cultured with M0 or M1
macrophages (Figure 2F and supplementary material,
Figure S11A). To validate the role of p70S6K in M2
macrophage-induced Het-1A activation, we used a
p70S6K inhibitor (PF4708671) and found that the suppres-
sion of p70S6K activity inhibited the downstream signal-
ling of p70S6K, proliferation, and migration of Het-1A
cells co-cultured with M2 macrophages (Figure 2G–I and
supplementary material, Figure S11B). These results
suggested that the interaction between oesophageal
epithelial cells and M2 macrophages could contribute
to early-stage ESCC by activating the mTOR–p70S6K
signalling pathway.

YKL-40 and osteopontin (OPN) promoted the
proliferation and migration of Het-1A cells via
the mTOR–p70S6K signalling pathway
To identify humoral mediators related to the prolifera-
tion and migration of Het-1A cells within an indirect co-
culture system, we applied the supernatants of Het-1A
cell monoculture, M2 macrophage monoculture, and
Het-1A/M2 macrophage co-culture to a cytokine array
analysis. YKL-40, OPN, and matrix metalloproteinase-9
(MMP-9) spots were significantly increased in the super-
natants of Het-1A/M2 macrophage co-culture compared
with those of Het-1A monoculture and were abundant
in the supernatants of M2 macrophage monoculture
(Figure 3A and supplementary material, Figure S4A,B).
Many studies have previously reported that MMP-9 plays
important roles in the carcinogenesis of ovarian
cancer [18], breast cancer [19], and ESCC [20]; therefore,
we focused on YKL-40 and OPN. Enzyme-linked immu-
nosorbent assay (ELISA) showed that the co-culture sys-
tem increased the secretion of YKL-40 and OPN
(Figure 3B). Importantly, the secretions of YKL-40 and
OPN were not so high in the Het-1A monoculture,
whereas YKL-40 and OPN were highly secreted in the
M2 macrophage monoculture and even more in the
Het-1A/M2 macrophage co-culture. Furthermore, M0
macrophages also secreted YKL-40 and OPN, although
the amounts of secretion and the effects of co-culture with
the M0 macrophages were smaller than those in the case
of M2 macrophages (Figure 3C). To examine whether
YKL-40 and OPN contributed to ESCC progression via
the mTOR–p70S6K signalling pathway, we treated
Het-1A cells with recombinant human YKL-40 (rhYKL-40)
and rhOPN and found that YKL-40 and OPN significantly

induced mTOR–p70S6K signal activity, proliferation,
and migration of Het-1A cells (Figure 3D–F and supple-
mentary material, Figure S11C). In addition, we
suppressed RPS6KB1 mRNA in the Het-1A cells by
RNA interference and confirmed the silencing of
RPS6KB1 (supplementary material, Figure S5A,B). The
knockdown of RPS6KB1 in the Het-1A cells cancelled
the mTOR–p70S6K signal activation, proliferation, and
migration induced by rhYKL-40 and rhOPN (supplemen-
tary material, Figures S5C–E and S11D). Furthermore, to
compare the effects of YKL-40 and OPN on the Het-1A
cells with ESCC cell lines, the poorly or moderately
differentiated ESCC cell lines TE-9 or TE-11 were used
as a non-tumourigenic or a tumourigenic ESCC because
they were not transplantable or were transplantable
cancer cells in nude mice, respectively. YKL-40 and
OPN promoted proliferation and migration via the
mTOR–p70S6K signalling pathway in both of the
ESCC cell lines compared to the Het-1A cells;
the enhanced effects of proliferation and migration
were higher in the tumourigenic TE-11 cells than in
the non-tumourigenic TE-9 cells (supplementary
material, Figures S6A–C and S11E).

The YKL-40/OPN–β4–p70S6K axis promoted
proliferation and migration of Het-1A cells
We further investigated the receptors of YKL-40 and
OPN in the Het-1A cells. Well-known receptors of
YKL-40 are IL-13Rα2 and the coordination of
syndecan-1 and integrin αvβ3 through binding heparin
sulphate chains of syndecan-1 on the cell surface
[21,22]. OPN acted on various receptors, such as
CD44 or integrins including α4β1, α5β1, αvβ1, αvβ3,
αvβ5, and α9β1 [23,24]. The commonly involved
receptors of both YKL-40 and OPN were integrin fam-
ilies; therefore, we focused on integrins and performed
a comprehensive analysis of integrins in the Het-1A
cells co-cultured with various polarised macrophages
to determine the integrins involved in the progression
of early ESCC with YKL-40 and OPN. Alterations in
the expression level of β4 integrin protein were similar
to the patterns of activated mTOR–p70S6K signalling
pathway molecules (Figure 4A), suggesting that β4
integrin could be an important receptor for interaction
with the macrophages in the Het-1A cells. Furthermore,
a previous study demonstrated that the expression
levels of α6β4 were upregulated in ESCC [25], which
supported our results; however, no report has demon-
strated the interaction between β4 and YKL-40 or OPN.
Interestingly, co-culture with M2 macrophages enhanced
the co-localisation between YKL-40 or OPN and β4
compared with monoculture in Het-1A cells (supplemen-
tary material, Figure S7A–D). Furthermore, a binding
assay using immunoprecipitation and immunofluores-
cence demonstrated the molecular interaction of β4 and
YKL-40 or OPN in the Het-1A cells (Figure 4B,C).
Considered together, YKL-40 and OPN could form a
complex with β4. Moreover, the expression of β4 in
Het-1A cells was increased by YKL-40 and OPN

Role of macrophages in early oesophageal squamous cell carcinoma 59
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(Figure 4D). To clarify whether YKL-40 and OPN
affect the proliferation and migration of Het-1A cells
via β4, we suppressed ITGB4 mRNA in the Het-1A
cells by RNA interference and confirmed the silenc-
ing of ITGB4 (Figure 4E,F and supplementary mate-
rial, Figure S8A,B). The knockdown of ITGB4 in
Het-1A cells cancelled the mTOR–p70S6K signal
activation, proliferation, and migration induced by
rhYKL-40 and rhOPN (Figure 4G–J and supplementary
material, Figures S8C–E and S11F,G). Collectively, these
results suggested that YKL-40 and OPN making a

complex with β4 could activate the mTOR–p70S6K
signal pathway in early ESCC.

YKL-40 and OPN promoted M2 polarisation,
proliferation, and migration of macrophages
To explore the effects of YKL-40 and OPN on macro-
phages, PBMC-derived macrophages were treated with
rhYKL-40, rhOPN, and IL-10, as shown in Figure 5A.
We confirmed that the YKL-40- and OPN-treated mac-
rophages acquired M2 properties, CD163 high, CD204

Figure 3. YKL-40 and osteopontin (OPN) promoted the proliferation and migration of oesophageal epithelial cells via the mTOR–p70S6K
signalling pathway. (A) Cytokine array of supernatants of Het-1A cell monoculture, M2 macrophage (M2) monoculture, and Het-1A/M2
co-culture. Het-1A cells (3.0 � 105 cells per well) and M2 (1.5 � 105 cells per well) were monocultured for 24 h in serum-free medium, and
the supernatants were used for the cytokine array. Het-1A cells (3.0 � 105 cells per well) were co-cultured with M2 (1.5 � 105 cells per well)
indirectly for 24 h in serum-free medium, and the supernatant of the upper and lower chambers was used for the cytokine array. The green,
red, and blue boxes represent OPN, YKL-40, and MMP-9, respectively. (B) Supernatants of Het-1A cell monoculture, M2 monoculture, and
Het-1A/M2 co-culture were analysed using enzyme-linked immunosorbent assay (ELISA) for the secretion levels of YKL-40 and OPN.
(C) Supernatants of Het-1A cell monoculture, M0 monoculture, and Het-1A/M0 co-culture were analysed using ELISA for the secretion levels
of YKL-40 and OPN. (D) Representative western blots of the components in the mTOR–p70S6K signalling pathway. Het-1A cells were cultured
in serum-free medium with or without recombinant human YKL-40 (rhYKL-40) or rhOPN for 24 h. β-Actin was used as the loading control.
(E) Proliferation assays of the effects of rhYKL-40 and rhOPN. Het-1A cells were cultured in serum-free medium with or without rhYKL-40 or
rhOPN for 24 h, and then the absorbance was measured at 492 nm using a microplate reader. (F) Transwell assay of the effects of rhYKL-40
and rhOPN on the migration of Het-1A cells. Het-1A cells were cultured in the upper chamber in serum-free medium with or without
rhYKL-40 or rhOPN for 48 h, and the migrating cells were counted in five randomly chosen fields. Representative images are shown. Scale bar:
50 μm. B, C, E, and F: mean ± SD for three independent experiments. **p < 0.01, ***p < 0.001. N.D., not detected.
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Figure 4 Legend on next page.
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high, IL-10 high, and IL-12 low, compared with non-
treated macrophages; however, macrophages treated
with IL-10, a well-known M2 polarisation factor,
acquired the highest M2 property based on quantita-
tive real-time PCR (Figure 5B) and western blotting
(Figure 5C). Furthermore, YKL-40 and OPN pro-
moted the proliferation and migration of macrophages
(Figure 5D,E). These results indicated that YKL-40
andOPN couldmediate the crosstalk between oesophageal
epithelial cells and macrophages.
Based on these in vitro experiments, we proposed the

model shown in Figure 5F. YKL-40 and OPN secreted
by M2 macrophages and Het-1A cells activated the
mTOR–p70S6K signalling pathway by producing a
complex with β4 and subsequently promoted the prolif-
eration andmigration of Het-1A cells. YKL-40 and OPN
promote M2 polarisation, proliferation, and migration of
macrophages. Hence, interactions between oesophageal
epithelial cells and macrophages might play important
roles in early ESCC.

High expression levels of β4 and p-p70S6K
correlated with the high numbers of infiltrating
immune cells positive for CD204, YKL-40, and OPN in
early ESCC tissues
To validate the results of the in vitro experiments, we
performed immunohistochemical analysis of YKL-40,
OPN, β4, and p-p70S6K in early ESCC human tissues.
The numbers of epithelial and stromal infiltrating
immune cells positive for YKL-40 and OPN in the
tumour areas were significantly higher than those in the
non-tumour areas (p < 0.01; Figure 6A).Moreover, using
double immunofluorescence, we confirmed that the infil-
trating immune cells positive for YKL-40 and OPN
included CD204-positive macrophages (Figure 6B).
Furthermore, we divided the epithelial and stromal infil-
trating immune cells positive for CD68, CD163, CD204,

YKL-40, and OPN in the tumour areas into high and low
groups based on the median number of infiltrating cells
(Figure 6C, left). The tumour cells were divided into high-
and low-intensity groups based on the intensities of
p-p70S6K and β4 (Figure 6C, right). The expression
levels of β4 and p-p70S6K significantly correlated
with the high numbers of infiltrating epithelial and
stromal cells positive for CD204, YKL-40, and OPN
(supplementary material, Table S1). Furthermore, in the
mouse oesophageal carcinogenesis model using 4NQO,
the numbers of infiltrating CD204-, YKL-40-, and OPN-
positive cells and the expression levels of β4 were
increased as ESCC progressed (supplementary material,
Figure S9A–C).

The expression levels of p-p70S6K and β4 and the
numbers of infiltrating immune cells positive for
CD204, YKL-40, and OPN in early ESCC correlated
with the clinicopathological factors
We investigated whether the number of infiltrating
immune cells was significantly associated with the clini-
copathological factors in patients with early ESCC and
found that a high number of epithelial and stromal infil-
trating immune cells positive for CD204 significantly
correlated with metachronous ESCC (p = 0.033; Table 1).
Interestingly, high expression levels of β4 also significantly
correlated withmetachronous ESCC and LVLs (p = 0.007
and 0.042, respectively; Table 2). Metachronous ESCC is a
clinically important factor since the follow-up period fol-
lowing ESD could be determined; thus, we focused on
metachronous ESCC. A high number of epithelial and
stromal infiltrating immune cells positive for YKL-40 and
OPN significantly correlated with metachronous ESCC
(supplementary material, Table S2). Kaplan–Meier analy-
sis revealed that patients with a high number of epithelial
and stromal infiltrating immune cells positive for CD204,
YKL-40, andOPN had a significantly higher probability of

Figure 4. The YKL-40/osteopontin (OPN)–integrin β4 (β4)–p70S6K axis promoted proliferation and migration of oesophageal epithelial cells.
(A) For a comprehensive comparison of the pattern of expression levels of integrins in the Het-1A cells monoculture and Het-1A cells
co-cultured with M0 macrophages (M0), M1 macrophages (M1), and M2 macrophages (M2), western blot analysis was performed.
Representative western blots of α4, α5, αv, β1, β3, and β4 in the Het-1A cells monoculture and Het-1A cells co-cultured with M0, M1,
andM2 indirectly in serum-free conditions for 24 h are shown. (B) Binding assay using immunoprecipitation (IP) demonstrated the molecular
interaction of β4 and YKL-40 or OPN in Het-1A cells. Lysates from Het-1A cells were incubated separately with antibodies against β4 and
control IgG. Components of the immunoprecipitate were treated using recombinant human YKL-40 (rhYKL-40) or rhOPN and subsequently
analysed by western blotting for β4, YKL-40, and OPN. The rightmost lane is rhYKL-40 or rhOPN applied as a control for western blotting.
(C) Immunofluorescence of YKL-40 or OPN (green) and β4 (red) in Het-1A cells treated with rhYKL-40 or rhOPN for 24 h. The nuclei were
stained with DAPI (blue). The yellow signal in the merged images indicates co-localisation between YKL-40 or OPN and β4. Scale bar: 20 μm.
(D) Western blotting for β4 in Het-1A cells treated with or without rhYKL-40 or rhOPN. (E, F) Het-1A cells were transfected with 20 nM siRNA
targeting ITGB4 (siITGB4-1). The efficiency of ITGB4 knockdown in Het-1A cells was evaluated using (E) RT-qPCR and (F) western blotting.
Negative control siRNA (siNC) was used as a negative control. (G) A schema of the silencing assay using siRNA targeting ITGB4. For the
proliferation assay (left), Het-1A cells (1.0 � 104 cells per well) transfected with siITGB4-1/2 or siNC were seeded in bronchial epithelial cell
basal medium (BEBM) with or without rhYKL-40 or rhOPN in 96-well plates. CellTiter 96 Aqueous One Solution Reagent (Promega) was
added, and after 24 h, absorbance was measured at 492 nm using a microplate reader. For the migration assay (right), Het-1A cells
(1.5 � 105 cells per well) transfected with siITGB4-1/2 or siNC were seeded in 8-μm pore-inserted chambers of 24-well plates with or
without rhYKL-40 or rhOPN in BEBM. After 48 h, Het-1A cells on the lower surface of the membrane were stained using a Diff-Quik Kit. Five
images at 200� magnification were obtained for each membrane using a charge-coupled device camera, and the cells were counted. (H–J)
The effects of rhYKL-40 and rhOPN in the mTOR–p70S6K signalling pathway (H), proliferation assay (I), and Transwell migration assay (J).
Representative images are shown. Scale bar: 50 μm (J). In A, D, F, and H, β-actin was used as the loading control. E, I, and J: mean ± SD for
three independent experiments. **p < 0.01, ***p < 0.001. N.S., not significant.
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metachronous ESCC (Figure 6D and supplementary
material, Figure S10). In addition, the incidence of
metachronous ESCC was significantly associated with
the expression level of β4 in tumour cells and LVLs
ESCC (L-ESCC) (Figure 6E). Importantly, the combi-
nation of high expression levels of β4 and L-ESCC or
high numbers of epithelial and stromal infiltrating
YKL-40- and OPN-positive immune cells could more

clearly predict a high probability of metachronous
ESCC (Figure 6F).

Discussion

Consistent with our IHC results, previous immunohisto-
chemical reports have demonstrated thatM2macrophages

Figure 5. YKL-40 and osteopontin (OPN) promoted M2 polarisation, proliferation, and migration of macrophages. (A) Experimental diagram
of YKL-40 and OPN treatment in peripheral blood monocyte-derived macrophages. Peripheral blood mononuclear cells (PBMCs) were
obtained from healthy volunteers. CD14+ PBMCs were purified using an autoMACS Pro Separator and incubated with macrophage colony-
stimulating factor (M-CSF) and granulocyte–macrophage colony-stimulating factor (GM-CSF) for 6 days to induce macrophage differen-
tiation. The macrophages were subsequently cultured for 24 h with recombinant human YKL-40 (rhYKL-40), rhOPN, and interleukin-10
(IL-10), and without recombinant protein for untreated control. (B and C) Polarisation of macrophages treated with or without rhYKL-40,
rhOPN, or IL-10 was confirmed using (B) RT-qPCR and (C) western blotting. GAPDH and β-actin were used as the loading control for RT-PCR
and western blotting, respectively. (D) Proliferation assay of the effects of rhYKL-40 and rhOPN. Macrophages (8.0 � 104 cells per well) were
cultured in serum-free medium with or without rhYKL-40 or rhOPN for 24 h in 24-well plates, and thereafter the absorbance was measured
at 492 nm using a microplate reader. (E) Transwell assay of the effects of rhYKL-40 and rhOPN on the migration of macrophages.
Macrophages (4.0 � 104 cells per well) were cultured in the upper chamber in serum-free medium with or without rhYKL-40 or rhOPN
for 48 h in 24-well plates. Migrating cells were counted in five randomly chosen fields. Representative images are shown. Scale bar: 50 μm.
(F) Summary schema of in vitro experiments showing that YKL-40 and OPN secreted by M2 macrophages (M2) and Het-1A cells activate the
mTOR–p70S6K signalling pathway via integrin β4 (β4), subsequently promoting proliferation and migration in Het-1A cells. YKL-40 and OPN
promote M2 polarisation, proliferation, and migration of macrophages. The black dashed arrows indicate the potential mechanism. Red
dashed and yellow arrows indicate functional and secreted mechanisms, respectively. B, D, and E: mean ± SD for three independent
experiments. *p < 0.05, **p < 0.01, ***p < 0.001.
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could be correlated with early-stage ESCC progression
[10,11,26]. Interestingly, one biological study reported that
a co-culture of immortalised non-tumourigenic human
prostatic epithelial cell lines with the human monocytic
leukaemia cell line induced prostate tumourigenesis via

androgen receptor-mediated CCL4–STAT3 activation [27].
This study demonstrated that a co-culture system
using immortalised epithelial cells could be useful
for analysing the mechanism of early-stage cancer.
Therefore, we established an in vitro co-culture

Figure 6 Legend on next page.
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system between the immortalised non-tumourigenic
oesophageal squamous epithelial cell line Het-1A and
cytokine-defined M2 macrophages and identified that
activation of the YKL-40/OPN–β4–p70S6K axis
revealed by the co-culture analysis was observed
in actual early ESCC tissues. This result indicated
that our co-culture system was a useful model
for analysing the microenvironment of early-stage
ESCC.

YKL-40, a secreted glycoprotein belonging to glyco-
side hydrolase family 18, is synthesised and secreted by
various cells, including macrophages, neutrophils, and
tumour cells [21,22]. Previous reports have demon-
strated that the YKL-40 concentration in the serum of
patients with ESCC was significantly associated with
shorter overall survival [28]; that higher expression of
YKL-40 was associated with the mTOR–p70S6K path-
way in glioblastoma [29]; that YKL-40 secreted by
M2 macrophages promoted gastric and breast cancer
metastasis [30]; and that high expression of YKL-40
was associated with high tumour grade in early-stage
epithelial ovarian cancer [31]. OPN is a bone sialoprotein
involved in osteoclast attachment to the mineralised
bone matrix and plays an important role in cancer
progression [23,24]. OPN was critical for hyperactive
mTOR-induced tumourigenesis in advanced oral
squamous cell carcinoma [32] and regulated the
mTOR–p70S6K pathway in breast cancer [24], and the
co-existence of OPN and M2 macrophages promoted
tumourigenesis in gastric cancer [33]. In premalignant
lesions, OPN promoted preneoplastic keratinocyte prolif-
eration and survival via the mitogen-activated protein
kinase (MAPK) pathway [34]. Although YKL-40 and
OPN promoted tumourigenesis in various cancers,
including premalignant lesions, via the mTOR–p70S6K

or MAPK pathway, no biological report on early-stage
ESCC exists demonstrating that YKL-40 and OPN pro-
duced by M2 macrophages could act on ESCC progres-
sion through activation of the mTOR–p70S6K pathway.
β4 is a laminin-5 receptor that pairs only with the α6

subunit and results in tumour progression through phos-
phorylation of the cytoplasmic tail of β4 [35]. Previous
reports showed that the heterodimer α6β4 could promote
proliferation and invasion of ESCC [25]; β4 expression
was enhanced with increasing grade of cervical
intraepithelial neoplasia [36]. Regarding the signalling
pathway, α6β4 activated PI3K–p70S6K inmelanoma [37],
and β4 promoted progression via PI3K–mTOR in
osteosarcoma [38]. These reports supported our
results that the β4–p70S6K axis promoted early-stage
ESCC progression. Furthermore, a binding assay
using immunoprecipitation of β4 and immunofluores-
cence demonstrated that YKL-40 and OPN could pro-
duce a complex with β4 in Het-1A cells. These findings
suggested YKL-40 and OPN as new ligands for the
β4-containing complex. Interestingly, the expression
level of β4 in the Het-1A cells was upregulated by co-
culture with M2 macrophages or by treatment with OPN
and YKL-40. β4 could be upregulated by positive feed-
back from YKL-40 and OPN in the tumour microenvi-
ronment. However, the detailed mechanisms remain
uncertain, and further studies are warranted.
Although several studies have reported that M2 mac-

rophages expressed YKL-40 and OPN in various
cancers [30,33,39], the effects of YKL-40 and OPN on
macrophages in early ESCC remain unclear. Our results
indicated that YKL-40 and OPN, whose secretion was
enhanced by the interaction between M2 macrophages
and Het-1A cells, induced the proliferation and migra-
tion of Het-1A cells and promoted the proliferation,

Figure 6. Immunohistochemical analysis of infiltrating immune cells and tumour cells in early oesophageal squamous cell carcinoma (ESCC)
tissues. (A) Representative images of immunohistochemistry of infiltrating immune cells positive for YKL-40 and osteopontin (OPN) in non-
tumour and carcinoma in situ (CIS) areas. Box plots of the epithelial and stromal infiltrating YKL-40- and OPN-positive immune cell counts in
the non-tumour and CIS areas. To count the numbers of epithelial and stromal infiltrating immune cells, three images were taken in the non-
tumour and CIS areas at a magnification of 200�, such that the areas of the epithelium and stroma were equal in the field of view. The
numbers of infiltrating cells in the box plots are the average of three images in the same patient. The box plots show medians, first and third
quartiles, and maxima and minima of the numbers of infiltrating cells in 83 early ESCC tissues. The Wilcoxon signed-rank test was performed
to compute significance. (B) Immunofluorescence of YKL-40 or OPN (green) and CD204 (red) in early ESCC tissues. The nuclei were stained
with DAPI (blue). Arrowheads in the merged images indicate cells co-expressing YKL-40 or OPN and CD204. (C) Representative immuno-
histochemical staining of infiltrating immune cells positive for CD68, CD163, CD204, YKL-40, and OPN, and tumour cells expressing integrin
β4 (β4) and phosphorylated p70S6K (p-p70S6K). In the early ESCC tissues, the number of infiltrating immune cells in the epithelium and
stroma was divided into low and high groups. The expression levels of β4 and p-p70S6K were stratified into low and high groups based on
their immunoreactivity. (D) Correlation of the number of infiltrating immune cells positive for CD204, YKL-40, and OPN in early ESCC tissues
with metachronous ESCC-free survival. Kaplan–Meier analysis of metachronous ESCC-free survival in patients with early ESCC, divided into
three groups, epithelium (EP) low–stroma (ST) low, EP high–ST high, and others (EP low–ST high and EP high–ST low), using a log-rank test.
(E) Correlation of p-p70S6K and β4 expression levels and Lugol-voiding lesions (LVLs) in early ESCC tissues with metachronous ESCC-free
survival. Kaplan–Meier analysis of metachronous ESCC-free survival in patients with early ESCC divided into low and high groups according
to p-p70S6K and β4 expression, and with no LVLs ESCC (nL-ESCC) or L-ESCC using a log-rank test. (F) Correlation of LVLs and β4 expression in
early ESCC tissues with metachronous ESCC-free survival. Kaplan–Meier analysis of metachronous ESCC-free survival in patients with early
ESCC divided into three groups, nL-ESCC–β4 low, L-ESCC–β4 high, and others (nL-ESCC–β4 high and L-ESCC–β4 low), using a log-rank test
(left). Correlation of the number of infiltrating YKL-40- or OPN-positive immune cells and β4 expression in early ESCC tissues with
metachronous ESCC-free survival. Kaplan–Meier analysis of metachronous ESCC-free survival in patients in early ESCC divided into three
groups, EP low/ST low–β4 low, EP high/ST high–β4 high, and others (EP low/ST high–β4 low and high, EP high/ST low–β4 high and low, EP
low/ST low–β4 high, and EP high/ST high–β4 low), using a log-rank test for YKL-40 (middle) and OPN (right), respectively. A–C: representative
images are shown. Scale bar: 100 μm (A, C); 20 μm (B). *p < 0.05, **p < 0.01, ***p < 0.001.
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migration, andM2polarisation ofmacrophages. Interestingly,
co-culture with M0 macrophages could promote pro-
liferation and migration and upregulate the molecules
in the mTOR–p70S6K signalling pathway in the
Het-1A cells; however, the amounts of secretion and
the effects of co-culture of YKL-40 and OPN in the
M0 macrophages were smaller than those in the M2
macrophages, and the effects of proliferation and migra-
tion in the M0 macrophages were lower than those in the
M2 macrophages. This suggested that M2 macrophages
played more important roles in early ESCC progression
than did M0 macrophages, and that YKL-40 and OPN
played important roles in the crosstalk between M2 mac-
rophages and oesophageal epithelial cells in the tumour
microenvironment. Furthermore, ELISA revealed that
Het-1A cells do not produce OPN at all; therefore,
the recruitment and M2 polarisation of macrophages
in early ESCC could be implicated in exogenous OPN
secreted by other stromal cells, such as cancer-associated
fibroblasts [40], or other humoral factors. Moreover, the
ability of YKL-40 and OPN to induce M2 polarisation
was lower than that of IL-10, a known M2-inducible
factor, suggesting that other factors could induce the
recruitment and M2 polarisation of macrophages in the
first step of ESCC carcinogenesis; however, our study
was unable to elucidate this mechanism.

To validate the in vitro experiments, we performed
IHC on human and mouse ESCC tissues. In human early
ESCC, the high number of infiltrating cells positive for
CD204, YKL-40, and OPN in the epithelium and stroma
closely correlated with the high expression of p-p70S6K
and β4 in the oesophageal epithelial cells. Furthermore,
in CIS areas of the mouse model, the numbers of infil-
trating CD204-, YKL-40-, and OPN-positive cells and
the expression of β4 were higher than in non-tumour
areas. These results supported the notion that the inter-
action between M2 macrophages and oesophageal
epithelial cells could induce the YKL-40/OPN–β4–
p70S6K axis.
Metachronous ESCC is important for selecting patients

who require careful monitoring after ESD. Katada et al
reported that metachronous ESCC was detected in 24.7%
of patients with LVLs within 2 years of the first detection
of early ESCC [5]. Although metachronous ESCC was
associated with LVLs, molecular factors other than LVLs
remain unclear. Our study suggested that epithelial expres-
sion of β4 in early ESCCwas correlatedwith LVLs, and the
combination of high expression of β4 and LVLs or
high numbers of epithelial and stromal infiltrating
cells positive for YKL-40 and OPN could more clearly
detect the incidence of metachronous ESCC than any
of these parameters alone. Therefore, these parameters

Table 2. Correlation between the expression levels of integrin β4 (β4) and phosphorylated p70S6K (p-p70S6K) and clinicopathological
parameters in oesophageal squamous cell carcinoma (ESCC) tissues.
Characteristics No. of patients Expression of β4* Expression of p-p70S6K†

Low (n = 50) High (n = 33) P value Low (n = 34) High (n = 49) P value

Age, years
<65 29 15 14 0.35 12 17 1.00
≥65 54 35 19 22 32

Sex
Male 75 43 32 0.14 28 47 0.059
Female 8 7 1 6 2

Location‡

(Ut/Mt/Lt) 3/66/14 1/41/8 2/25/6 0.59 1/26/7 2/40/7 0.81
Classification‡

(EP/LPM) 34/49 26/24 8/25 0.014* 17/17 17/32 0.18
Alcohol intake

Yes 50 29 21 0.65 17 33 0.17
No 33 21 12 17 16

Smoking status
Yes 51 24 27 0.003** 15 36 0.011*
No 32 26 6 19 13

Horizontal location
≦ 1/2 64 40 24 0.59 26 38 1.00
> 1/2 19 10 9 8 11

LVLs§

L-ESCC 22 9 13 0.042* 8 14 0.80
nL-ESCC 61 41 20 26 35

Metachronous ESCCk

Yes 15 4 11 0.007** 3 12 0.086
No 68 46 22 31 37

*The early ESCC samples were divided into low (scores 1 and 2) and high (score 3) groups based on the immunoreactivity of β4 in tumour areas.
†The early ESCC samples were divided into low and high groups based on the expression levels of p-p70S6K in the tumour areas.
‡According to the Japanese Classification of Oesophageal Cancer (10th edn) [46]: Ut/Mt/Lt, upper thoracic oesophagus/middle thoracic oesophagus/lower thoracic
oesophagus; EP, epithelium; LPM, lamina propria mucosa.
§More than ten Lugol-voiding lesions (LVLs) per endoscopic view on Lugol chromoendoscopy were defined as LVLs ESCC (L-ESCC) [47]. nL-ESCC, no L-ESCC.
kMetachronous ESCC was defined as ESCC other than local recurrence detected in surveillance oesophagogastroduodenoscopy.
Data were analysed using χ2 tests; *p < 0.05, **p < 0.01.
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could be useful for predicting the incidence of
metachronous ESCC.
Considering oncological therapy, a clinical trial of the

p70S6K inhibitor in advanced cancers has already been
performed [41]. Furthermore, a YKL-40 neutralising
antibody and humanised anti-OPN antibody blocked
tumour progression in mouse models [42,43]. These
studies suggested that inhibitors or antibodies of
p70S6K, YKL-40, and OPN could be used as therapeu-
tic agents for preventing the incidence of early-stage
ESCC. Therefore, in vivo experiments are warranted to
confirm whether these inhibitors could prevent early
ESCC carcinogenesis in mice treated with 4NQO.
This study has several limitations. First, we used

Het-1A cells as a premalignant model. The rationale
for using Het-1A cells was as follows: Het-1A cells are
not completely normal oesophageal epithelial cells since
they are immortalised by the SV40 T antigen [44], and
p53 is inactivated in Het-1A cells [45]. In addition,
Stoner et al demonstrated that Het-1A cells could not
form tumours during a period of 1 year after incubation
in nude mice [44]. Furthermore, comparison of the effect
of rhYKL-40 and rhOPN on Het-1A cells with non-
tumourigenic and tumourigenic ESCC cell lines showed
that Het-1A cells had properties more similar to non-
tumourigenic ESCC than to tumourigenic ESCC.
Collectively, we considered it acceptable to use Het-1A
cells for the analysis of early-stage ESCC. Second, IHC
in the mouse model using 4NQO to induce oesophageal
tumourigenesis was performed; however, further studies
using inhibitors and genetically engineered mice against
this axis are warranted to completely demonstrate the
interaction between M2 macrophages and epithelial
cells in the progression of early-stage ESCC via the
YKL-40/OPN–β4–p70S6K axis. Third, not all infiltrat-
ing immune cells positive for YKL-40 and OPN in IHC
were macrophages, and distinguishing macrophages
from other inflammatory cells was challenging.
In conclusion, we established an in vitro co-culture

system between cytokine-defined macrophages at various
differentiation stages and immortalised oesophageal epi-
thelial cells and revealed that activation of the YKL-40/
OPN–β4–p70S6K axis was observed in early-stage
ESCC. In addition, the high expression levels of β4 and
high numbers of infiltrating YKL-40- and OPN-positive
immune cells could be useful predictive parameters to
evaluate the incidence of metachronous ESCC after ESD.
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Figure S5. YKL-40/osteopontin (OPN) promoted the proliferation and migration of oesophageal epithelial cells via the mTOR–p70S6K signalling
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Figure S9. Immunohistochemical analysis of infiltrating immune cells and tumour cells in oesophagus tissues of the mouse oesophageal carcinogens
model
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