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Tumor-associated macrophages (TAMs) promote tumor progression. The number of infiltrating TAMs is
associated with poor prognosis in esophageal squamous cell carcinoma (ESCC) patients; however, the
mechanism underlying this phenomenon is unclear. cDNA microarray analysis indicates that the
expression of chemokine (C-C motif) ligand 1 (CCL1) is up-regulated in peripheral blood monocytee
derived macrophages stimulated using conditioned media from ESCC cells (TAM-like macrophages).
Here, we evaluated the role of CCL1 in ESCC progression. CCL1 was overexpressed in TAM-like macro-
phages, and CCR8, a CCL1 receptor, was expressed on ESCC cell surface. TAM-like macrophages signif-
icantly enhanced the motility of ESCC cells, and neutralizing antibodies against CCL1 or CCR8 suppressed
this increased motility. Recombinant human CCL1 promoted ESCC cell motility via the Akt/proline-rich
Akt substrate of 40 kDa/mammalian target of rapamycin pathway. Phosphatidylinositol 3-kinase or Akt
inhibitors, CCR8 silencing, and neutralizing antibody against CCR8 could significantly suppress these
effects. The overexpression of CCL1 in stromal cells or CCR8 in ESCC cells was significantly associated
with poor overall survival (P Z 0.002 or P Z 0.009, respectively) and disease-free survival (P Z 0.009
or P Z 0.047, respectively) in patients with ESCC. These results indicate that the interaction between
stromal CCL1 and CCR8 on cancer cells promotes ESCC progression via the Akt/proline-rich Akt substrate
of 40 kDa/mammalian target of rapamycin pathway, thereby providing novel therapeutic targets.
(Am J Pathol 2021, 191: 686e703; https://doi.org/10.1016/j.ajpath.2021.01.004)
Supported by Japan Society for the Promotion of Science grants-in-aid
for scientific research 17K08693 (H.Y.), 18K07015 (Y.-i.K.), and
20K07373 (H.Y.).
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Esophageal cancer is the seventh most common cancer and
the sixth leading cause of cancer-related deaths, accounting
for an estimated 572,000 new cases worldwide and
approximately 509,000 deaths in 2018.1 Esophageal squa-
mous cell carcinoma (ESCC) is the most common histologic
subtype of esophageal cancer in Eastern Asia and Southern
and Eastern Africa.1,2 Alcoholic beverages, smoking, and
hot foods are the risk factors for ESCC.3,4 ESCC is recog-
nized as a highly refractory cancer. It may be caused by
anatomic and histologic characteristics of the esophagus.5,6

The esophagus runs along the dorsal neck and
stigative Pathology. Published by Elsevier Inc

Y-NC-ND license (http://creativecommons.org
mediastinum without a serosal barrier. In the mediastinum,
the esophagus is adjacent to important organs, including the
trachea, aortic arch, right pulmonary artery, pericardium, left
atrium, vertebral column, and pleura. In addition, many
venous and lymphatic vessels transverse the esophageal
submucosa.6 Therefore, ESCC is associated with high rates
.
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Figure 1 Up-regulation of chemokine (C-C motif) ligand 1 (CCL1) expression in tumor-associated macrophage (TAM)elike macrophages. A: Expression of
CCL1 mRNA in peripheral blood monocyte (PBMo)ederived macrophages, TAM-like macrophages (TAM8, TAM9, and TAM15), and TE-8, TE-9, and TE-15 cells was
determined using quantitative real-time PCR. Data were normalized to GAPDH levels (internal control). Assays were performed in triplicate. B: CCL1 con-
centration in the supernatant of PBMo-derived macrophages, TAM-like macrophages (TAM8, TAM9, and TAM15), and TE-8, TE-9, and TE-15 cells. Protein levels
were measured using an enzyme-linked immunosorbent assay. Assays were performed in triplicate. C: Expression of CCL1 in PBMo-derived macrophages and
TAM-like macrophages (TAM8, TAM9, and TAM15) was confirmed by immunofluorescence using an anti-CCL1 antibody (green). Nuclei were stained with DAPI
(blue). Macrophages were stained using an anti-CD204 antibody (red). Data are expressed as means � SEM (A and B). *P < 0.05, **P < 0.01, and
***P < 0.001. Scale bars Z 50 mm (C).
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of infiltration and metastasis. Despite improvements in
treatments for ESCC, including surgery, chemotherapy, and
radiotherapy, patient prognosis is still poor, with a 5-year
overall survival (OS) rate of 10% to 20%.7,8 To improve
the patient outcomes, further investigations aimed at clari-
fying the mechanisms underlying tumor progression are
warranted.

The tumor microenvironment consists of cancer cells and
stromal cells such as macrophages, fibroblasts, lympho-
cytes, and vascular endothelial cells. It contributes to tumor
progression in several cancers, including that in ESCC.9,10

Interactions between cancer cells and stromal cells in the
tumor microenvironment play an important role in pro-
moting tumor progression.11 Macrophages, that are abun-
dantly present in the tumor microenvironment, have two
different phenotypes- tumor-suppressive and tumor-
progressive. Tumor-associated macrophages (TAMs)
differentiate into the tumor-progressive type and accelerate
tumor malignancy.12e14 TAMs express specific molecules,
such as CD163 and CD204, which are used as tumor-
progressive macrophage markers.15,16 CD204-positive
TAMs are associated with poor prognosis in lung can-
cer,17 ovarian cancer,18 bladder cancer,19 and breast can-
cer.20 Increase in the number of CD204-positive TAMs at
the tumor site is significantly correlated with a poor prog-
nosis in patients with ESCC.21 However, the role of TAMs
in ESCC remains unclear. To further investigate the inter-
action between TAMs and ESCC cells, we had previously
employed cDNA microarray analysis to compare gene
expression between peripheral blood monocyte (PBMo)e
derived macrophages and PBMo-derived macrophages
stimulated using conditioned media (CM) from ESCC cells
(TAM-like macrophages).22 Several proteins whose
expression was up-regulated in TAM-like macrophages,
such as growth factor,22,23 adhesion moleclue,24 and
chemokines,25,26 may be related to tumor progression in
ESCC.

The present study focused on chemokine (C-C motif)
ligand 1 (CCL1), which is up-regulated in TAM-like mac-
rophages compared with that in PBMo-derived macro-
phages. CCL1 is a chemokine that attracts monocytes,
Figure 2 The Akt/proline-rich Akt substrate of 40 kDa (PRAS40)/mammalian
and TE-15 cells in response to the binding of chemokine (C-C motif) ligand 1 (CCL1
confirmed using RT-PCR. GAPDH was used as an internal control. B: CCR8 express
b-Actin was used as an internal control. C: The expression of CCR8 in TE-8, TE-9,
antibody (green). Nuclei were stained with DAPI (blue). D: Comparison of the lev
without recombinant human CCL1 (rhCCL1; 10 ng/mL) for 10 minutes. E: Changes i
9, and TE-15 cells after rhCCL1 treatment (10 ng/mL). TE-8, TE-9, and TE-15 cells i
and 60 minutes. Western blot analysis for Akt, phosphorylated Akt (p-Akt; Ser47
mTOR, phosphorylated mTOR (p-mTOR; Ser2448), and b-actin was performed usin
CCR8 knockdown on TE-8, TE-9, and TE-15 cells using siRNAs against CCR8 (siCCR
used as the negative control. Effective knockdown of CCR8 was confirmed by RT-
b-actin). G: Changes in the levels of phosphorylated and total Akt, PRAS40, and
rhCCL1 treatment (10 ng/mL). siNC- or siCCR8-transfected TE-8, TE-9, and TE-15 ce
30, and 60 minutes. Western blot analysis for Akt, p-Akt (Ser473), p-Akt (Thr308
performed using total protein extracted from these cells. Cells transfected with s
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helper T cells, and regulatory T cells (Tregs)27,28 and
selectively interacts with CCR8.29 CCR8 is a member of the
b chemokine receptor family and is a seven-transmembrane
protein, similar to G-proteinecoupled receptors.30 Type 2
helper T cells, Tregs, and monocytes express CCR8.31 The
CCL1-CCR8 axis promotes the recruitment and activation
of T cells in inflammatory conditions, such as dextran sul-
fate sodiumeinduced colitis,32 asthma,33 and atopic
dermatitis.34 The CCL1-CCR8 axis also contributes to
tumor progression in breast cancer, melanoma, bladder
cancer, and renal cancer.35,36 However, the role of
the CCL1-CCR8 axis in ESCC progression has not
been established. The aim of this study was to
determine the role of TAM-derived CCL1 in the ESCC
microenvironment.

Materials and Methods

Cell Lines and Cell Cultures

Three ESCC cell lines (TE-8, TE-9, and TE-15) were ob-
tained from the RIKEN BioResource Center (Tsukuba,
Japan). TE-8 cells are moderately differentiated ESCC cells;
TE-9 cells are poorly differentiated ESCC cells; and TE-15
cells are well-differentiated ESCC cells.37 ESCC cell lines
with different degrees of differentiation were selected to
demonstrate that all of the in vitro results were applicable to
various types of ESCC. Cells were authenticated using short
tandem repeat analysis at RIKEN and at the Cell Resource
Center for Biomedical Research, Institute of Development,
Aging and Cancer, Tohoku University (Sendai, Japan) in
2009 and 2010. TE-8, TE-9, and TE-15 cells were
confirmed to be mycoplasma-negative using a Venor Gem
Classic Mycoplasma Detection Kit (Minerva Biolabs, Ber-
lin, Germany). TE-8, TE-9, and TE-15 cells were main-
tained in RPMI 1640 (Wako, Osaka, Japan) medium
supplemented with 10% fetal bovine serum (FBS; Sigma-
Aldrich, St. Louis, MO) and 1% antibiotic-antimycotic
(Invitrogen, Carlsbad, CA). CM of TE-8, TE-9, and
TE-15 cells was prepared by seeding 5 � 106 tumor cells
per 10 mL of complete medium in 100-mm dishes for 24
target of rapamycin (mTOR) signaling pathway was activated in TE-8, TE-9,
) to CCR8. A: The expression of CCR8 mRNA in TE-8, TE-9, and TE-15 cells was
ion in TE-8, TE-9, and TE-15 cells was confirmed by Western blot analysis.
and TE-15 cells was confirmed by immunofluorescence using an anti-CCR8
els of various phosphorylated proteins between TE-8 cells treated with and
n the levels of phosphorylated and total Akt, PRAS40, and mTOR in TE-8, TE-
n serum-free conditions were treated with rhCCL1 (10 ng/mL) for 0, 10, 30,
3), p-Akt (Thr308), PRAS40, phosphorylated PRAS40 (p-PRAS40; Ser248),
g total protein extracted from these cells. F: Confirmation of the effect of
8; 20 nmol/L). Cells transfected with negative control siRNAs (siNCs) were
PCR (internal control: GAPDH ) and Western blot analysis (internal control:
mTOR in TE-8, TE-9, and TE-15 cells transfected with siNC or siCCR8 after
lls in serum-free conditions were treated with rhCCL1 (10 ng/mL) for 0, 10,
), PRAS40, p-PRAS40 (Ser248), mTOR, p-mTOR (Ser2448), and b-actin was
iNCs were used as the negative control. Scale bars Z 10 mm (C).
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Table 1 The Coordinates of Capture Antibodies in the Proteome
Profiler Human Phospho-Kinase Array Kit

Coordinate Target Coordinate Target

A-1, A-2 Reference spot D-9, D-10 STAT5a
A-3, A-4 p38a D-11, D-12 p70 S6 kinase
A-5, A-6 ERK1/2 D-13, D-14 RSK 1/2/3
A-7, A-8 JNK 1/2/3 D-15, D-16 eNOS
A-9, A-10 GSK-3a/b E-1, E-2 Fyn
A-13, A-14 p53 E-3, E-4 Yes
A-17, A-18 Reference spot E-5, E-6 Fgr
B-3, B-4 EGF R E-7, E-8 STAT6
B-5, B-6 MSK1/2 E-9, E-10 STAT5b
B-7, B-8 AMPKa1 E-11, E-12 STAT3
B-9, B-10 Akt 1/2/3 E-13, E-14 p27
B-11, B-12 Akt 1/2/3 E-15, E-16 PLC-g1
B-13, B-14 p53 F-1, F-2 Hck
C-1, C-2 TOR F-3, F-4 Chk-2
C-3, C-4 CREB F-5, F-6 FAK
C-5, C-6 HSP27 F-7, F-8 PDGF Rb
C-7, C-8 AMPKa2 F-9, F-10 STAT5a/b
C-9, C-10 b-Catenin F-11, F-12 STAT3
C-11, C-12 p70 S6 kinase F-13, F-14 WNK1
C-13, C-14 p53 F-15, F-16 PYK2
C-15, C-16 c-Jun G-1, G-2 Reference spot
D-1, D-2 Src G-3, G-4 PRAS40
D-3, D-4 Lyn G-9, G-10 PBS
D-5, D-6 Lck G-11, G-12 HSP60
D-7, D-8 STAT2 G-17, G-18 PBS

AMPKa1, 50 AMP-activated protein kinase a-1; AMPKa2, 50 AMP-
activated protein kinase a-2; CREB, cyclic AMP-responsive element bind-
ing protein; EGF R, epidermal growth factor receptor; eNOS, endothelial
nitric oxide synthase; ERK1/2, extracellular signal-regulated kinase 1/2;
FAK, focal adhesion kinase; GSK-3a/b, glycogen synthase kinase-3 a/b;
HSP, heat shock protein; JNK, c-Jun N-terminal kinase; Lck, lymphocyte-
specific protein tyrosine kinase; MSK1/2, mitogen- and stress-activated
kinases 1/2; PBS, phosphate-buffered saline; PDGF Rb, platelet-derived
growth factor receptor b; PLC, phospholipase C; PRAS40, proline-rich Akt
substrate of 40 kDa; PYK2, proline-rich tyrosine kinase 2; RSK 1/2/3, ri-
bosomal protein S6 kinase 1/2/3; TOR, target of rapamycin; WNK1, with-
no-lysine kinase 1.

Fujikawa et al
hours, and the medium was replaced with complete Dul-
becco’s modified Eagle’s medium (Wako) supplemented
with 10% human AB serum (Lonza, Walkersville, MD).
After incubation for 48 hours, the supernatants were har-
vested, centrifuged, and stored in aliquots at �80�C.

Macrophage Cultures

Peripheral blood mononuclear cells were collected from
healthy volunteer donors after obtaining informed consent.
The autoMACS Pro Separator (Miltenyi Biotec, Bergish
Gladbach, Germany) was used to separate CD14þ PBMos
from peripheral blood mononuclear cells based on positive
selection. PBMos were incubated with macrophage colony-
stimulating factor (R&D Systems, Minneapolis, MN; 25 ng/
mL) for six days to induce the formation of PBMo-derived
macrophages and cultured for two days with 50% CM of
690
TE-8, TE-9, andTE-15 cells to achieve TAM-like polarization,
as demonstrated in our previous studies.21 PBMo-derived
macrophages stimulated with CM of TE-8, TE-9, or TE-15
cells were defined as TAM-like PBMo-derived macrophages
(TAM8, TAM9, or TAM15, respectively).

Tissue Samples

A total of 69 human ESCC tissue samples, which were
surgically removed at Kobe University Hospital (Kobe,
Japan) from 2005 to 2010, were used in this study. None of
the patients had received adjuvant chemotherapy or radio-
therapy before surgery. Informed consent for the use of
tissue samples was obtained from all patients, and the study
was approved by the Institutional Review Board of Kobe
University. All specimens were fixed with 10% formalin
and embedded in paraffin wax. Histologic and clinicopath-
ologic parameters were analyzed using the Japanese Clas-
sification of Esophageal Cancer, proposed by the Japan
Esophageal Society,38 and the TNM classification, proposed
by the Union for International Cancer Control.39

RT-PCR and Quantitative Real-Time PCR

Total RNA was extracted from cultured cells using the
RNeasy Mini Kit (Qiagen, Hilden, Germany). The expres-
sion of CCR8 and the internal control gene, glyceraldehyde-
3-phosphate dehydrogenase (GAPDH ), was evaluated using
RT-PCR. The PCR products were subjected to electropho-
resis on a 2% agarose gel. Quantitative real-time PCR for
CCL1 and GAPDH was performed using the ABI StepOne
Real-Time PCR System (Applied Biosystems, Foster City,
CA). The CT values were determined by plotting the
observed fluorescence against the cycle number. CT values
were analyzed using the comparative CT method and
normalized to those of GAPDH.
Relative gene expression was estimated using the follo

wing formula: relative expression Z 2e[CT(target gene) e
CT(GAPDH)]. The primers were designed as follows: GAPDH, 50-
ACCACAGTCCATGCCATCAC-30 (forward) and 50-T-
CC-ACCCTGTTGCTGTA-30 (reverse); CCL1, 50-GGAA-
GAT-GTGGACAGCAAGAGC-30 (forward) and 50-TGTA-
GGG-CTGGTAGTTTCGG-30 (reverse); and CCR8, 50-GT-
GTG-ACAACAGTGACCGACT-30 (forward) and 50-CTT-
CTTG-CAGACCACAAGGAC-30 (reverse).

Western Blot Analysis

Cells were lysed on ice using RIPA Lysis and Extraction
Buffer (Thermo Fisher Scientific, Waltham, MA) containing
1% protease inhibitor and 1% phosphatase inhibitor cocktail
(Sigma-Aldrich). The resulting lysates were separated onto
5% to 20% SDS polyacrylamide gels and transferred to a
membrane using iBlot Gel Transfer Stack (Invitrogen,
Carlsbad, CA). The membrane was blocked with 5% skim
milk and incubated with primary and secondary antibodies.
ajp.amjpathol.org - The American Journal of Pathology
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Figure 3 Chemokine (C-C motif) ligand 1 (CCL1), secreted by tumor-associated macrophage (TAM)elike macrophages, promoted TE-8, TE-9, and TE-15
cell migration and invasion. Transwell migration and invasion assays were performed to confirm the effect of neutralizing antibodies against CCL1 or CCR8
on co-culturing TE-8, TE-9, or TE-15 cells with TAM-like macrophages (TAM8, TAM9, or TAM15, respectively). A: Cells in the upper chamber were treated
with a neutralizing antibody against CCR8 (anti-CCR8; 10 ng/mL) or rat IgG (10 ng/mL; control IgG; negative control); migrated cells were counted after 24
hours. B: Neutralizing antibody against CCL1 (anti-CCL1; 0.2 mg/mL) or mouse IgG (0.2 mg/mL; control IgG; negative control) was added to the lower
chamber; migrated cells were counted after 24 hours. C: Cells in the upper chamber were treated with anti-CCR8 (10 ng/mL) or rat IgG (10 ng/mL; control
IgG; negative control); invaded cells were counted after 48 hours. D: Anti-CCL1 (0.2 mg/mL) or mouse IgG (0.2 mg/mL; control IgG; negative control) was
added to the lower chamber; invaded cells were counted after 48 hours. Results are expressed as means � SEM (AeD). *P < 0.05, **P < 0.01, and
***P < 0.001.
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The protein bands were detected with ImmunoStar Reagents
(Wako).

The following primary antibodies were used: rabbit
antibody against CCR8 (1:300; number ab8019; Abcam,
Cambridge, UK), rabbit antibody against Akt (1:500;
number 9272; Cell Signaling Technology, Beverly, MA),
rabbit antibody against phosphorylated Akt (Ser473; 1:300;
number 4060; Cell Signaling Technology), rabbit antibody
against phosphorylated Akt (Thr308; 1:300; number 2965;
Cell Signaling Technology), rabbit antibody against proline-
rich Akt substrate of 40 kDa (PRAS40; 1:500; number
2961; Cell Signaling Technology), rabbit antibody against
phosphorylated PRAS40 (Thr246; 1:300; number 13175;
Cell Signaling Technology), rabbit antibody against
mammalian target of rapamycin (mTOR; 1:200; number
2972; Cell Signaling Technology), rabbit antibody against
phosphorylated mTOR (Ser2448; 1:200; number 2971; Cell
Signaling Technology), and rabbit antibody against b-actin
(1:1000; number 4970; Cell Signaling Technology).
Horseradish peroxidaseelinked donkey anti-rabbit IgG
(number NA934V; GE Healthcare Life Science, Little
Chalfont, UK) was used as the secondary antibody.

Survival and Growth Assay

TE-8, TE-9, or TE-15 cells were seeded in 96-well plates at
a density of 1 � 104 cells per well and cultured in serum-
free RPMI 1640 medium for the survival assay. Cells
were seeded at a density of 5 � 103 cells per well and
cultured in 1% FBS at 37�C for the growth assay. They
were treated with 0 or 10 ng/mL recombinant human CCL1
(rhCCL1; R&D Systems). After 0, 24, 48, or 96 hours,
CellTiter 96 Aqueous One Solution Reagent (Promega,
Madison, WI) was added. Absorbance was measured using
a microplate reader (Infinite 200 PRO; Tecan, Mannedorf,
Switzerland) at 492 nm.

Transwell Migration and Invasion Assays

For the migration assay, TE-8, TE-9, or TE-15 cells (1� 105

cells per well) in RPMI 1640 medium supplemented with
0.1% FBS were seeded in the upper chamber containing an
Figure 4 Chemokine (C-C motif) ligand 1 (CCL1) promoted TE-8, TE-9, and TE-
kDa (PRAS40)/mammalian target of rapamycin (mTOR) signaling pathway. Migr
CCL1-CCR8 axisdvia the Akt/PRAS40/mTOR signaling pathwaydon the phenotype
medium supplemented with 0.1% fetal bovine serum (FBS) were seeded in the up
10, and 100 ng/mL) was added to the lower chamber containing RPMI 1640 mediu
B: TE-8, TE-9, and TE-15 cells in RPMI 1640 medium supplemented with 0.1% FBS
rhCCL1 (at 1, 10, and 100 ng/mL) was added to the lower chamber containing RP
after 48 hours. C: TE-8, TE-9, and TE-15 cells in RPMI 1640 medium with 0.1% FBS
mL), the negative control dimethyl sulfoxide (DMSO), an inhibitor of phosphat
(GSK690693; 1 mmol/L) was added to the lower chamber containing RPMI 1640 m
hours. D: TE-8, TE-9, and TE-15 cells in RPMI 1640 medium with 0.1% FBS were se
(10 ng/mL), a negative control DMSO, an inhibitor of PI3K (LY294002; 1 mmol/
chamber containing RPMI 1640 medium supplemented with 0.1% FBS; invaded
(AeD). *P < 0.05, **P < 0.01, and ***P < 0.001.

The American Journal of Pathology - ajp.amjpathol.org
8-mm pore filter (BD Falcon, Lincoln Park, NY) in 24-well
plates. For the invasion assay, TE-8, TE-9, or TE-15 cells
(2� 105 cells per well) in RPMI 1640 medium supplemented
with 0.1% FBS were seeded in the upper chamber of the
Corning BioCoat Matrigel Invasion Chamber (Corning,
Tewksbury, MA) in 24-well plates. RPMI 1640 medium
containing 0.1% FBS was added to the lower chamber. Cells
in the upper chamber were treated with phosphatidylinositol
3-kinase inhibitor (LY294002; 1 mmol/L; Abcam), Akt in-
hibitor (GSK690693; 1 mmol/L; Sigma-Aldrich), or neutral-
izing antibody against CCR8 (10 ng/mL). rhCCL1 (10 ng/
mL) or a neutralizing antibody against CCL1 (0.2 mg/mL)
was added to the media in the lower chamber. After incuba-
tion at 37�C in a CO2 incubator for 24 hours (migration assay)
or 48 hours (invasion assay), the cells remaining on the sur-
face of the membrane in the upper chamber were removed
using a cotton swab. Cells on the lower surface of the mem-
brane were stained using the Diff-Quik Kit (Sysmex, Kobe,
Japan). Four images at �100 magnification were obtained
from each membrane using a charge-coupled device camera,
and cells were counted. The following neutralizing antibodies
were used: mouse antibody against CCL1 (numberMAB272;
R&D Systems) and rat antibody against CCR8 (number
MAB1429; R&D Systems); the following antibodies were
used as the negative control: normal mouse IgG (number
ab188776; Abcam) and normal rat IgG (number MAB0061;
R&D Systems), respectively.

Co-Culture Transwell Migration and Invasion Assays

PBMos (1 � 105 cells per well) were seeded in the lower
chamber in 24-well plates, and stimulated using macrophage
colony-stimulating factor (25 ng/mL; R&D Systems) for six
days to induce the formation of macrophages, followed by
incubation with 50% CM of TE-8, TE-9, and TE-15 cells to
induce the formation of TAM-like macrophages. After two
days, the media were replaced with RPMI 1640 medium
containing 0.1% FBS. TE-8, TE-9, or TE-15 cells (migration
assay, 1� 105 cells per well; invasion assay, 2� 105 cells per
well) in RPMI 1640 medium supplemented with 0.1% FBS
were seeded in the upper chamber. Transwell migration and
invasion assays were performed as described above.
15 cell migration and invasion via the Akt/proline-rich Akt substrate of 40
ation and invasion assays were performed to evaluate the effect of the
s of TE-8, TE-9, and TE-15 cells. A: TE-8, TE-9, and TE-15 cells in RPMI 1640
per chamber (1 � 105 cells per well). Recombinant human CCL1 (rhCCL1; 1,
m supplemented with 0.1% FBS; migrated cells were counted after 24 hours.
were seeded in the Matrigel-coated upper chamber (2 � 105 cells per well).
MI 1640 medium supplemented with 0.1% FBS; invaded cells were counted
were seeded in the upper chamber (1 � 105 cells per well). rhCCL1 (10 ng/
idylinositol 3-kinase (PI3K; LY294002; 1 mmol/L), or an inhibitor of Akt
edium supplemented with 0.1% FBS; migrated cells were counted after 24
eded in the Matrigel-coated upper chamber (2 � 105 cells per well). rhCCL1
L), or an inhibitor of Akt (GSK690693; 1 mmol/L) was added to the lower
cells were counted after 48 hours. Results are expressed as means � SEM
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Enzyme-Linked Immunosorbent Assay

PBMo-derived macrophages, TAM-like macrophages, and
TE-8, TE-9, and TE-15 cells were cultured in 6-well plates
(5 � 105 cells per well) using RPMI 1640 medium con-
taining 10% FBS. After 48 hours, the supernatants were
harvested, and CCL1 levels were determined using the
Human I-309 ELISA Kit (CCL1) (number ab100536;
Abcam), according to the manufacturer’s instructions. The
OD of each well was measured using the Infinite 200 PRO
Microplate Reader at 492 nm. The CCL1 concentration in
each sample was calculated using a standard curve.

Phospho-Kinase Array

TE-8 cells were seeded in 60-mm dishes (5 � 105 cells per
dish), and cultured in serum-free RPMI 1640 medium. After
24 hours, cells were incubated with or without rhCCL1 (10
ng/mL) for 10 minutes, and harvested for protein extraction.
The proteins were analyzed using the Proteome Profiler
Human Phospho-Kinase Array Kit (ARY003B; R&D Sys-
tems), according to the manufacturer’s instructions.

CCR8 Knockdown Using siRNA

TE-8, TE-9, and TE-15 cells were transfected with 20 nmol/
L siRNAs targeting CCR8 (siCCR8; Sigma-Aldrich) using
Lipofectamine RNAiMAX (Invitrogen). Cells transfected
with control siRNA (siNC; Sigma-Aldrich) were used as the
negative control.

Immunohistochemistry

Immunohistochemistry was performed using EnVision Dual
Link System-HRP and 3,30-diaminobenzidine (Dako Cyto-
mation, Glostrup, Denmark). The following antibodies were
used for antigen detection in ESCC tissues: rabbit antibody
against CCL1 (1:50; number HPA049861; Atlas Antibody,
Stockholm, Sweden) and rabbit antibody against CCR8
(1:100; number NBP2-15768; Novus Biologicals, Littleton,
CO).

CCL1 expression in the stroma around the cancer nest
was investigated at a magnification of �100 (four images)
using a charge-coupled device camera, and CCL1-positive
Figure 5 siRNA against CCR8 (siCCR8) and neutralizing antibody against CCR
motif) ligand 1 (rhCCL1) on the phenotypes of the TE-8, TE-9, and TE-15 cells. A:
fetal bovine serum (FBS), transfected with siCCR8 (20 nmol/L) or negative control
per well). rhCCL1 (10 ng/mL) was added to the lower chamber containing RPMI 16
24 hours. B: TE-8, TE-9, or TE-15 cells, in RPMI 1640 medium supplemented with
seeded in the Matrigel-coated upper chamber (2 � 105 cells per well). rhCCL1 (1
supplemented with 0.1% FBS; invaded cells were counted after 48 hours. C: TE-8
were seeded in the upper chamber (1 � 105 cells per well) and treated with anti-CC
(10 ng/mL) was added to the lower chamber containing RPMI 1640 medium supple
TE-9, or TE-15 cells, in RPMI 1640 medium supplemented with 0.1% FBS, were see
treated with anti-CCR8 (10 ng/mL) or rat IgG (10 ng/mL; control IgG; negative
supplemented RPMI 1640 medium with 0.1% FBS; invaded cells were counted a
**P < 0.01, and ***P < 0.001.
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stromal cells were counted. The median cell counts in the
cancer stroma were obtained and samples were stratified
into two groups (low and high).

CCR8 expression in the cancer nest was evaluated, and
samples were stratified into two groups (negative and pos-
itive) based on the presence or absence of CCR8-positive
cancer cells in the cancer nest.

Immunofluorescence

PBMo-derived macrophages, TAM-like macrophages, and
TE-8, TE-9, and TE-15 cells were seeded on coverslips, and
fixed with 4% paraformaldehyde in phosphate buffer solu-
tion (Wako). PBMo-derived macrophages and TAM-like
macrophages were incubated with rabbit antibody against
CCL1 (1:50; number HPA049861; Atlas Antibody) and
mouse antibody against CD204 (1:100; number KT022;
Trans Genic Inc., Fukuoka, Japan) at 4�C overnight. ESCC
tissues were incubated with rabbit antibody against CCL1
(1:50; number HPA049861; Atlas Antibody)/CCR8 (1:100;
number NBP2-15768; Novus Biologicals), mouse antibody
against CD204 (1:100; number KT022; Trans Genic Inc.),
mouse antibody against forkhead box P3 (1:100; number
20034; Abcam), or sheep antibody against fibroblast acti-
vation protein (1:100; number AF3715; R&D systems) at
4�C overnight. TE-8, TE-9, and TE-15 cells were incubated
with rabbit antibody against CCR8 (1:100; number
ab32399; Abcam) at 4�C overnight. Cells that had been
incubated with the primary antibodies were then incubated
with Alexa Fluor 488econjugated donkey anti-rabbit or
sheep secondary antibody (1:200; Jackson ImmunoResearch
Laboratories, West Grove, PA) and Cy3-conjugated donkey
anti-mouse or rabbit secondary antibody (1:200; Jackson
ImmunoReserch Laboratories) at room temperature for 1
hour. Nuclei were stained with DAPI (1:1000; number
GV039; Wako). Images were obtained using the Zeiss LSM
700 laser-scanning microscope and analyzed using LSM
ZEN 2009 (Carl Zeiss, Oberkochen, Germany).

Statistical Analysis

All in vitro experiments were performed in triplicate andwere
independently repeated three times. The results are expressed
as means� SEM. Significance was analyzed using two-sided
8 (anti-CCR8) canceled the effects of recombinant human chemokine (C-C
TE-8, TE-9, or TE-15 cells, in RPMI 1640 medium supplemented with 0.1%
siRNA (siNC; 20 nmol/L), were seeded in the upper chamber (1 � 105 cells
40 medium supplemented with 0.1% FBS; migrated cells were counted after
0.1% FBS, transfected with siCCR8 (20 nmol/L) or siNC (20 nmol/L) were
0 ng/mL) was added to the lower chamber containing RPMI 1640 medium
, TE-9, or TE-15 cells, in RPMI 1640 medium supplemented with 0.1% FBS,
R8 (10 ng/mL) or rat IgG (10 ng/mL; control IgG; negative control). rhCCL1
mented with 0.1% FBS; migrated cells were counted after 24 hours. D: TE-8,
ded in the upper chamber coated with Matrigel (2 � 105 cells per well) and
control). rhCCL1 (10 ng/mL) was added to the lower chamber containing
fter 48 hours. Results are expressed as means � SEM (AeD). *P < 0.05,
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t-tests and Tukey-Kramer tests for comparing more than two
groups. The relationships between clinicopathologic factors
and immunohistochemical resultswere estimated using thec2

test. Kaplan-Meier curves were used to evaluate OS and
disease-free survival, which were compared using log-rank
tests. The significance of parameters in the univariate and
multivariate analyses was evaluated using the Cox propor-
tional hazard regression model. P < 0.05 was considered
significant. Statistical analyses were performed using SPSS
Statistics version 22 (IBM, Chicago, IL).

Results

CCL1 Expression Is Up-Regulated in TAM-Like
Macrophages at the mRNA and Protein Level

First, up-regulation of CCL1 in TAM-like macrophages was
confirmed. The expression of CCL1 mRNA significantly
increased on stimulation with CM from TE-8, TE-9, and TE-
15 cells (relative to that in PBMo-derived macrophages). The
expression of CCL1 mRNA in TE-8, TE-9, and TE-15 cells
was lower than that in PBMo-derived macrophages
(Figure 1A). The concentration of secreted CCL1 was higher
in TAM-like macrophages stimulated using CM of TE-8,
TE-9, and TE-15 cells (TAM8, TAM9, and TAM15, in
that order) than that in PBMo-derived macrophages
(Figure 1B). CCL1 secretion from TE-8, TE-9, and TE-15
cells was undetectable (Figure 1B). Immunofluorescence
also showed that CCL1 expression was higher in the cyto-
plasm of TAM-like macrophages than that in PBMo-derived
macrophages (Figure 1C). These results suggest that CCL1 is
expressed in TAM-like macrophages and is secreted.

CCL1 Activates the Akt/PRAS40/mTOR Signaling
Pathway via CCR8 in TE-8, TE-9, and TE-15 Cells

RT-PCR and Western blot analysis confirmed the expression
of CCR8da CCL1 receptordon TE-8, TE-9, and TE-15
cells (Figure 2, A and B). Immunofluorescence indicated
CCR8 expression on cell membranes and in the cytoplasm of
TE-8, TE-9, and TE-15 cells (Figure 2C).

Exploration of the CCL1-induced cell signaling pathway
in TE-8 cells indicated that phosphorylated PRAS40 levels in
rhCCL1 (10 ng/mL)estimulated TE-8 cells were higher than
those in the control (Figure 2D and Table 1). PRAS40 (ie,
proline-rich Akt substrate of 40 kDa) is a substrate of Akt and
a component of mammalian target of rapamycin complex 1.
Figure 6 High expression of chemokine (C-C motif) ligand 1 (CCL1) or CCR8 in
with a poor prognosis in ESCC patients. A: Immunohistochemistry was performed
CCL1 expression was stratified as low intensity (Low) or high intensity (High), and
positive immunoreaction (Positive). Boxed areas in the are shown at higher mag
using anti-CCL1 (green) and anti-CD204 (red) antibodies in human ESCC tissues. C
Nuclei were stained with DAPI (blue). Kaplan-Meier analysis of overall survival an
Meier analysis of overall survival and disease-free survival in ESCC patients strati
positive cells in the cancer stroma. D: Kaplan-Meier analysis of overall survival a
tive and Positive) based on the presence of CCR8-positive cells in the cancer nes
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As PRAS40 is involved in both the phosphatidylinositol
3-kinase/Akt signaling pathway and the mTOR signaling
pathway, changes in the phosphorylation of Akt (Ser473 and
Thr308), PRAS40 (Thr246), and mTOR (Ser2448) in TE-8,
TE-9, and TE-15 cells were evaluated after rhCCL1 (10
ng/mL) stimulation using Western blot analysis (Figure 2E).

To further investigate the signaling pathway activated by the
CCL1-CCR8 axis, TE-8, TE-9, and TE-15 cells were trans-
fected using 20 nmol/L siCCR8 or siNC. CCR8 expression
was lower in siCCR8-transfected TE-8, TE-9, and TE-15 cells
than that in siNC-transfected TE-8, TE-9, and TE-15 cells as
indicated by RT-PCR and Western blot analysis (Figure 2F).
Next, siCCR8- or siNC-transfected TE-8, TE-9, and TE-15
cells were stimulated using rhCCL1 (10 ng/mL). Western
blot analysis revealed that the levels of phosphorylated Akt
(Ser473 and Thr308), PRAS40 (Thr246), and mTOR
(Ser2448) after 10 minutes of stimulation were lower in
siCCR8-transfected TE-8, TE-9, and TE-15 cells than those in
siNC-transfected TE-8, TE-9, and TE-15 cells (Figure 2G).
These results indicate that CCL1 activates the Akt/PRAS40/
mTOR signaling pathway in ESCC cells via CCR8.

TAM-Like Macrophages Promote the Migration and
Invasion of TE-8, TE-9, and TE-15 Cells via the CCL1-
CCR8 Axis

To evaluate whether TAM-like macrophages promote malig-
nant ESCC cell phenotypes, these cells were co-cultured using
Transwell migration and invasion assays. TAM-like macro-
phages (TAM8, TAM9, and TAM15) significantly promoted
the migration and invasion of TE-8, TE-9, and TE-15 cells,
respectively (Figure 3). To investigate the role of the CCL1-
CCR8 axis in regulating the effects of TAM-like macro-
phages (TAM8, TAM9, and TAM15) on TE-8, TE-9, and TE-
15 cells, cells in the upper chamber were incubated with a
neutralizing antibody against CCR8 or a neutralizing antibody
against CCL1was added to the lower chamber of the Transwell
plate. Neutralizing antibodies against CCL1 and CCR8
significantly suppressed the migration and invasion of TAM-
like macrophage (TAM8, TAM9, and TAM15)estimulated
TE-8, TE-9, and TE-15 cells, respectively (Figure 3). These
results demonstrate that TAM-like macrophages promote the
migration and invasion of ESCC cells via the CCL1-CCR8
axis.

Migration and Invasion of TE-8, TE-9, and TE-15 Cells
Is Enhanced in Response to the Interaction between
human esophageal squamous cell carcinoma (ESCC) tissues was associated
to check the expression of CCL1 or CCR8 in 69 human ESCC tissue samples.
CCR8 expression was stratified as negative immunoreaction (Negative) and
nification in the bottom ro. B: Double immunofluorescence was performed
D204-positive cells among CCL1-positive cells are shown in yellow (arrows).
d disease-free survival with respect to CCL1 or CCR8 expression. C: Kaplan-
fied into two groups (Low and High) based on the median values of CCL1-
nd disease-free survival in ESCC patients stratified into two groups (Nega-
t. Scale bars: 200 mm (A, top row); 40 mm (A, bottom row); 50 mm (B).
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CCL1 and CCR8 via the Akt/PRAS40/mTOR Signaling
Pathway

rhCCL1 significantly accelerated themigration and invasion of
TE-8, TE-9, and TE-15 cells in a concentration-dependent
manner (Figure 4, A andB). The phosphatidylinositol 3-kinase
inhibitor (LY294002) or Akt inhibitor (GSK690693) signifi-
cantly inhibited the rhCCL1-induced enhancement of TE-8,
TE-9, and TE-15 cell migration and invasion (Figure 4, C
and D). Moreover, siCCR8 and the neutralizing antibody
against CCR8 significantly suppressed the rhCCL1-induced
increases in the migration and invasion of TE-8, TE-9, and
TE-15 cells (Figure 5). These results suggest that the CCL1-
CCR8 axis promotes TE-8, TE-9, and TE-15 cell migration
and invasion via the Akt/PRAS40/mTOR signaling pathway.
rhCCL1 does not affect TE-8, TE-9, and TE-15 cell prolifer-
ation and survival (Supplemental Figure S1).

CCL1 Expression Closely Correlates with
Clinicopathologic Factors and Prognosis in ESCC

The expression of CCL1 and CCR8 was evaluated in human
ESCC tissue samples using immunohistochemistry. ESCC
patients (n Z 69) were stratified on the basis of the median
CCL1-positive cell counts into two groups (low and high)
(Figure 6A). The patients were also stratified on the basis of
the presence of CCR8-positive cells in the cancer nest, into
two groups (negative and positive) (Figure 6A).

CCL1was expressed in a portion of TAMs in ESCC tissues,
as indicated by immunofluorescence (Figure 6B). CCL1 was
expressed in TAMs as well as in other stromal cells, including
forkhead box P3epositive Tregs and fibroblast activation
proteinepositive cancer-associated fibroblasts in ESCC tis-
sues (Supplemental Figure S2, A and B). Immunofluorescence
revealed that CCR8 was expressed in ESCC cells and in some
Tregs and TAMs in ESCC tissues (Supplemental Figure S2, C
and D).

Whether CCL1 or CCR8 expression is associated with
clinicopathologic factors related to ESCC was investigated.
CCL1 overexpression closely correlated with the depth of
tumor invasion (P Z 0.002), venous invasion (P Z 0.027),
CD68-positive macrophage counts (P < 0.001), CD163-
positive macrophage counts (P < 0.001), and CD204-
positive macrophage counts (P < 0.001) (Table 2). CCR8
positivity in the cancer nest closely correlatedwith the depth of
tumor invasion (PZ 0.003), lymphatic invasion (PZ 0.001),
stage (P Z 0.024), and CD204-positive macrophage counts
(PZ 0.011) (Table 2).

Prognosiswas evaluated using follow-up data from68 of the
69 ESCC patients (excluding a single patient without follow-
up data). Kaplan-Meier analysis revealed that patients in the
CCL1-overexpression group had a significantly shorter OS
(P Z 0.002) and disease-free survival than those in the low
CCL1 group (PZ 0.009) (Figure 6C). Patients in the CCR8-
positive group also had a significantly shorter OS (PZ 0.009)
and disease-free survival than those in the CCR8-negative
698
group (P Z 0.047) (Figure 6D). Univariate Cox regression
analysis of the prognostic factors revealed that a poor OS was
closely correlated with the depth of tumor invasion
[PZ 0.016; hazard ratio (HR), 2.934; 95%CI, 1.225e7.025],
lymphatic invasion (P Z 0.018; HR, 2.924; 95%
CI, 1.203e7.103), venous invasion (P Z 0.013; HR, 3.079;
95% CI, 1.271e7.462), and CCL1 overexpression
(P Z 0.005; HR, 4.326; 95% CI, 1.569e11.927) (Table 3).
Multivariate Cox regression analysis revealed that CCL1
overexpression was a significant independent predictive factor
for poor OS in ESCC (P Z 0.016; HR, 5.855; 95%
CI, 1.393e24.620) (Table 3). These findings suggest that the
CCL1-CCR8 axis in the tumor microenvironment contributes
to a poor prognosis in patients with ESCC.
Discussion

In the present study, higher CCL1 levels were detected in
ESCC cell CM-stimulated TAM-like macrophages than in
PBMo-derived macrophages. CCL1 was not detected in the
CM of ESCC cells. Wang et al40 reported that CCL1 is
secreted at significantly higher levels by programmed cell
death-1epositive TAMs from gastric cancer tissuesdwhich
acquire tumor-progressive phenotypes and functional char-
acteristicsdthan by programmed cell death-1enegative
TAMs with tumor-suppressive phenotypes. Bladder and
renal cancer tissues express high levels of CCL1; however,
these cancer cell lines do not secrete detectable levels of
CCL1.36 Accordingly, CCL1 is thought to be secreted by
cancer stromal cells, including TAMs.
CCR8 was expressed in the cell membrane and cytoplasm

of ESCC cells. Although CCR8 is associated with various
inflammatory diseases and Tregs in the cancer stroma, few
studies have evaluated the association between CCR8-
positive solid tumors and disease progression. Das et al35

reported that CCL1, expressed by lymphatic endothelial
cells, binds to CCR8, expressed on breast cancer and mel-
anoma cells, and promotes tumor cell migration. Fu et al41

detected CCR8 expression on renal cell carcinoma cells
using immunohistochemistry and showed that it is associ-
ated with poor prognosis. However, the signaling pathways
mediating the effects of CCR8 in solid tumor cells have not
been elucidated. Here, the role of PRAS40 was identified in
the CCL1-CCR8 axis, which activated the Akt/PRAS40/
mTOR signaling pathway in ESCC cells. The downstream
effectors of the mTOR signaling pathway in tumor cells are
reported to promote the cell migration and invasion via
RhoA and Rac1 in colorectal cancer,42 and via S6K1 and
4E-BP1 in rhabdomyosarcoma43 and various carcinomas.44

In ESCC cells, the CCL1-CCR8 axis increased cell migra-
tion and invasion through the phosphatidylinositol 3-kinase/
PRAS40/mTOR signaling pathway, possibly via similar
downstream effectors. Other pathways in the CCL1-CCR8
axis have also been reported. For instance, Louahed et al45

showed that the CCL1-CCR8 axis activates the
ajp.amjpathol.org - The American Journal of Pathology
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Table 2 CCL1 and CCR8 Expression Levels in Esophageal Squamous Cell Carcinoma and Their Correlations with Clinicopathologic Parameters
and Infiltrating Macrophage Phenotypes

Variable

Expression of CCL1* Expression of CCR8y

n

Low High

P value n

Negative Positive

P value(n Z 33) (n Z 36) (n Z 28) (n Z 41)

Age, years
<65 32 17 15 0.413 32 11 21 0.329
�65 37 16 21 37 17 20

Histologic gradez

HGIEN þ WDSCC 15 7 8 0.919 15 6 9 0.959
MDSCC þ PDSCC 54 26 28 54 22 32

Depth of tumor invasionz

T1 48 29 19 0.002 48 25 23 0.003
T2 þ T3 21 4 17 21 3 18

Lymphatic invasionz

Negative 37 21 16 0.11 37 22 15 0.001
Positive 32 12 20 32 6 26

Venous invasionz

Negative 43 25 18 0.027 43 20 23 0.197
Positive 26 8 18 26 8 18

Lymph node metastasisz

Negative 43 24 19 0.088 43 21 22 0.554
Positive 26 9 17 26 7 19

Stagex

0 þ I 38 22 16 0.064 38 20 18 0.024
II þ III þ IV 31 11 20 31 8 23

CD68-positive cells{

Low 35 24 11 <0.001 35 15 20 0.696
High 34 9 25 34 13 21

CD163-positive cells{

Low 34 27 7 <0.001 34 15 19 0.555
High 35 6 29 35 13 22

CD204-positive cells{

Low 34 27 7 <0.001 34 19 15 0.011
High 35 6 29 35 9 26

Data were analyzed using c2 test.
*Median values of CCL1-positive cells in cancer stroma were used to stratify the patients into two groups (low and high).
yCCR8 expression was used to stratify the patients into two groups (negative and positive) based on the presence of CCR8-positive cells in the cancer nest.
zAccording to the Japanese Classification of Esophageal Cancer.38
xAccording to the TNM classification by Union for International Cancer Control.39
{Median CD68-positive, CD163-positive, or CD204-positive macrophage counts in the cancer nests and stroma were used to stratify the patients into low and

high groups.21

CCL1, chemokine (C-C motif) ligand 1; HGIEN, high-grade intraepithelial neoplasia; MDSCC, moderately differentiated squamous cell carcinoma; PDSCC,
poorly differentiated squamous cell carcinoma; T1, tumor invades the mucosa (T1a) and the submucosa (T1b); T2, tumor invades the muscularis propria; T3,
tumor invades the adventitia; WDSCC, well-differentiated squamous cell carcinoma.

CCL1-CCR8 Axis in Esophageal Cancer
anti-apoptotic activity in adult T-cell leukemia via the RAS/
mitogen-activated protein kinase signaling pathway.
Reipschläger et al46 reported that the CCL1-CCR8 axis
exerts its effects via the janus kinase/STAT signaling
pathway in human embryonic kidney cells.

TAM-like macrophages significantly promoted the
migration and invasion of ESCC cells in a co-culture Trans-
well assay. This result indicated the presence of paracrine
interactions between TAM-like macrophages and ESCC
cells. These effects were suppressed on using neutralizing
antibodies against CCL1 and CCR8, indicating that the in-
fluence of CCL1-CCR8 axis on their paracrine interactions
The American Journal of Pathology - ajp.amjpathol.org
partially contributes to the malignant phenotypes of ESCC
cells. With regard to the paracrine interactions between TAM
andESCC, not only theCCL1-CCR8 axis, but several factors,
such as growth differentiation factor 15,22 CXCL8-CXCR1/2
axis,25 and CCL3-CCR5 axis,26 also play an important role in
promoting the malignancy of ESCC cells.

The promotion of cell motility by CCL1 has been re-
ported in melanoma35 and endothelial cells.47 The
Transwell assay revealed that the activation of the Akt/
PRAS40/mTOR signaling pathway by the CCL1-CCR8
axis plays an important role in ESCC cell motility.
However, the effects of CCL1 on the growth and survival
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Table 3 Relationship between Clinicopathologic Parameters of Esophageal Squamous Cell Carcinoma and Overall Survival

Variable

Univariate analysis Multivariate analysis

Median survival

HR 95% CI P valuen Time, months HR 95% CI P value

Age, years
<65 32 97.613 1.61 0.668e3.881 0.289
�65 36 86.42

Histological grade*
HGIEN þ WDSCC 15 72.052 0.922 0.334e2.547 0.876
MDSCC þ PDSCC 53 91.248

Depth of tumor invasion*
T1 48 98.826 2.934 1.225e7.025 0.016 1.103 0.350e3.477 0.867
T2 þ T3 20 69.636

Lymphatic invasion*
Negative 37 102.38 2.924 1.203e7.103 0.018 2.145 0.633e7.261 0.22
Positive 31 76.115

Venous invasion*
Negative 43 101.005 3.079 1.271e7.462 0.013 1.854 0.642e5.358 0.254
Positive 25 60.795

Lymph node metastasis*
Negative 43 95.779 1.591 0.666e3.805 0.296
Positive 25 75.92

Stagey

0 þ I 38 97.966 1.919 0.805e4.571 0.141
II þ III þ IV 30 75.083

Expression of CCL1z

Low 32 108.113 4.326 1.569e11.927 0.005 5.855 1.393e24.620 0.016
High 36 68.708

Expression of CCR8x

Negative 27 90.586 2.086 0.805e5.405 0.13
Positive 41 84.026

CD68-positive cells{

Low 35 100.656 2.029 0.839e4.905 0.116
High 33 78.19

CD163-positive cells{

Low 34 101.478 2.36 0.949e5.864 0.065 0.47 0.119e1.849 0.28
High 34 79.995

CD204-positive cells{

Low 34 99.538 1.995 0.825e4.822 0.125
High 34 81.661

Overall survival was estimated using the Kaplan-Meier method and compared by the log-rank test.
*According to the Japanese Classification of Esophageal Cancer.38
yAccording to the TNM classification by Union for International Cancer Control.39
zMedian values for CCL1-positive cells in the cancer stroma were used to stratify the patients into two groups (low and high).
xPatients were stratified into two groups (negative and positive) based on presence of CCR8-positive cells in the cancer nest.
{Median CD68-positive, CD163-positive, or CD204-positive macrophage numbers in the cancer nests and stroma were used to stratify the patients into low

and high groups.21

CCL1, chemokine (C-C motif) ligand 1; HGIEN, high-grade intraepithelial neoplasia; HR, hazard ratio; MDSCC, moderately differentiated squamous cell
carcinoma; PDSCC, poorly differentiated squamous cell carcinoma; T1, tumor invades the mucosa (T1a) and the submucosa (T1b); T2, tumor invades the
muscularis propria; T3, tumor invades the adventitia; WDSCC, well-differentiated squamous cell carcinoma.

Fujikawa et al
of cancer cells are controversial. No effect of CCL1 on
ESCC cell growth or survival was observed. In contrast,
Denis et al48 showed that CCL1 suppresses thymic lym-
phoma cell apoptosis. Cao et al49 showed that high CCL1
expression inhibits apoptosis and promotes the prolifera-
tion of bladder cancer cells. In addition, CCL1 enhances
the chemoresistance of colorectal cancer cells.50 CCL1
700
might have different functions, depending on the origin
and histologic type of cancer cells.
The immunohistochemical and immunofluorescence ana-

lyses in the current study indicate CCL1 expression in the
cancer stroma and CCR8 expression in the cancer stroma and
cancer nest in the ESCC tissues. CD204-positive TAMs as
well as fibroblast activation proteinepositive cancer-
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associated fibroblasts and forkhead box P3epositive Tregs
expressed CCL1 in the cancer stroma of ESCC tissues.
Immunofluorescence revealed that CCR8 was mainly
expressed in ESCC cells; however, some Tregs and TAMs
also exhibited CCR8 positivity. CCL1 has been reported to be
expressed by Snail-positive fibroblasts in colorectal cancer50

and by fibroblasts co-cultured with bladder cancer cells.51

Kuehnemuth et al52 reported that the high CCL1 expression
in breast cancer is significantly correlated with high infil-
trating forkhead box P3epositive Treg counts. Wiedemann
et al53 demonstrated that CCL1 expression is significantly
correlated with the number of cancer stromal cells, including
Tregs, in hepatocellular cell carcinoma. These observations
may indicate that CCL1 is secreted by stromal cells, including
TAMs, cancer-associated fibroblasts, and Tregs. The CCL1-
CCR8 axis is a part of an autocrine loop in Tregs.54 In gen-
eral, CCR8 is expressed on cancer stromal cells, including
Tregs55e57 and TAMs,36 in the tumor microenvironment.
However, few studies have described the expression of CCR8
on cancer cells in tumor tissues. CCR8 expression has been
confirmed by immunohistochemistry in glioblastoma,58 renal
cancer,41 melanoma, and breast cancer cells.35 CCL1,
secreted by cancer stromal cells,may affect tumor progression
via CCR8 expressed on cancer cell surface in vivo.

Prior studies show that CCL1 overexpression in cancer
tissue tends to be correlated with a poor prognosis in breast
cancer.52 CCR8 expression in the cancer nest is associated
with poor prognosis in glioblastoma58 and renal cancer.41

However, the correlations between prognosis and the
expression of CCL1 in the cancer stroma and CCR8 in the
cancer nest have not been evaluated. Here, we confirmed the
significant association between poor prognosis in ESCC and
the overexpression of CCL1 in the cancer stroma or CCR8
in the cancer nest. CCL1 overexpression in the cancer
stroma of patients with ESCC was a significant independent
prognostic factor. However, the limitations of the present
study lie in the clinicopathologic and prognosis analyses.
The current analysis of the correlation between prognosis
and CCL1 or CCR8 expression involved a limited number
of patients. The sample size included in the study (n Z 69)
is considered small scale with regard to a prognosis analysis.
Future studies with a larger sample size of ESCC tissues
need to be designed to validate these findings and to confirm
the prognostic significance of CCL1 or CCR8.

In conclusion, we demonstrate that CCL1 expression in
cancer stromal cells, including TAMs, promotes tumor
progression in ESCC and is associated with poor prognosis.
These effects of CCL1 are mediated by CCR8dexpressed
on cancer cellsdvia the Akt/PRAS40/mTOR signaling
pathway. The chemokine ligand/chemokine receptor axes
play important roles in tumor-immune interactions; there-
fore, these axes serve as potential targets for tumor immu-
notherapy. However, another limitation of this study was
that the effects of inhibition of the CCL1-CCR8 axis were
not analyzed on the ESCC microenvironment in vivo. It is
necessary to investigate the effects of CCL1-CCR8 axis
The American Journal of Pathology - ajp.amjpathol.org
inhibition using neutralizing antibodies or specific inhibitors
in severe combined immunodeficiency mouse xenograft
models of ESCC cells in future studies. In oncological
therapy, the effects of targeting the CCL1-CCR8 axis have
not been investigated using clinical trials. Villarreal et al59

recently reported that an anti-CCR8 antibody suppresses
tumor progression in a mouse colorectal cancer model.
Hoelzinger et al60 reported that an anti-CCL1 antibody
enhanced tumor immunotherapy via inhibition of Treg. The
blockage of the CCL1-CCR8 axis using anti-CCL1 or anti-
CCR8 antibodies could serve as a novel immune checkpoint
therapy by regulating the recruitment of Tregs.61,62

Accordingly, the CCL1-CCR8 axis acting via the Akt/
PRAS40/mTOR signaling pathway may serve as a prog-
nostic marker and new therapeutic target in ESCC.
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