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Abstract

Tumor tissues contain cancer cells, other cellular and non-cellular components. Tumor microenvironments consist of
cancer cells and various types of stromal cells, cancer associated fibroblasts, bone marrow-derived cells, endothelial cells,
and hematopoietic cells, mainly tumor-associated macrophages and tumor-infiltrating lymphocytes. Increasing recent
evidence has demonstrated that alteration of tumor microenvironments is deeply implicated in tumor progression and
metastasis in gastric cancer (GC) patients. Recent investigations have provided insights into the molecular mechanisms
of the interaction between tumor cells and tumor microenvironments. Interactions between cancer cells and their
microenvironment with cytokines and microRNA in extracellular vesicles, such as the exosome, can have a substantial
impact on tumor characteristics. Alterations in the tumor microenvironment may play a crucial role in facilitating the
progression of tumor cells and metastasis, as well as the activation of cell signaling pathways, which are associated with
GC cell proliferation and invasion by genetic or epigenetic alterations. In this review, significant molecular insights into the
tumor microenvironment, which consist of cancer associated fibroblasts, bone marrow-derived cells, tumor-associated
macrophages and tumor-infiltrating lymphocytes; the interactions between cancer cells and their microenvironment; and
the clinical impacts of alterations of GC microenvironments will be discussed.

Keywords: Tumor microenvironments, cancer associated fibroblasts, bone marrow-derived cells, tumor-associated
macrophages, tumor-infiltrating lymphocytes

INTRODUCTION

Gastric cancer (GC) is the fourth most commonly diagnosed cancer worldwide™. Surgical resection with
lymph node dissection is the most effective treatment for resectable GC; the standard surgical procedure for
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GC is reportedly gastrectomy with D2 dissection™ . However, distant metastasis or disseminated relapses
are experienced even after curative resection. Multidisciplinary treatment, perioperative chemotherapy and
radiotherapy are other treatment options, and immunonutritional support is effective supportive care for
GC. Prognosis of GC patients has been improved by multidisciplinary treatment. However, some patients
experience recurrence after curative resection with perioperative therapy. Patients with unresectable GC also
suffer from tumor progression and metastasis, even if they are treated with stronger therapeutic agents.

Trastuzumab and ramucirumab [targeting human epidermal growth factor receptor 2 (HER2) and vascular
endothelial growth factor receptor 2, respectively] have been approved for treating GC"” and these
molecular targeting agents improve GC patients’ survival; however, many molecular targeting drugs that have
entered clinical trials for GC failed. Therefore, more effective treatment, which targets other mechanisms,
should be sought for these patients. The efficacy and safety of nivolumab, a human immunoglobulin
G-4 monoclonal antibody inhibitor of programmed death-1, were confirmed in GC patients™. Recent
studies have revealed that programmed death-ligand-1 (PD-L1) expression is associated with the
microenvironments in GC. The Cancer Genome Atlas project demonstrates that GC cases can be divided
into four subtypes: tumors positive for Epstein-Barr virus (EBV), tumors with microsatellite instability (MSI),
genomically stable (GS) tumors and tumors with chromosomal instability (CIN). EBV positive tumors are
associated with phosphatidylinositol 4,5-bisphosphate 3-kinase catalytic subunit alpha mutations, extreme
DNA hypermethylation, and amplification of Janus kinase 2 (JAK2), PD-L1 and PD-L2. Tumors with MSI
exhibit elevated mutation rates. GS tumors are enriched for the diffuse histological variant and mutations
of Ras homolog gene family member A (RHOA) or fusions involving RHO-family GTPase-activating
proteins. Tumors with CIN show marked aneuploidy and focal amplification of receptor tyrosine kinases'”.
Identification of these subtypes can prove to be valuable for developing strategies for targeted therapies for
cancer.

Increasing recent evidence has shown that tumor microenvironments of GC, as well as gene expression
pattern, are deeply implicated in tumor progression and metastasis. Tumor microenvironments consist
of cancer cells and various types of stromal cells, bone marrow-derived cells (BMDCs), mast cells (MCs),
tumor-infiltrating lymphocytes (TILs), tumor-associated macrophages (TAMs) and cancer associated
fibroblasts (CAFs). Interactions between cancer cells and their microenvironment with cytokines and
microRNA (miRNA) in extracellular vesicles, such as the exosome, can have a substantial impact on
tumor characteristics. Alterations in the tumor microenvironment may play a crucial role in facilitating the
progression of tumor cells as well as the activation of cell signaling pathways by the genetic or epigenetic
alteration of cancer cells.

In this review, important molecular insights into clinical impacts of the tumor microenvironment of GC will
be discussed.

BONE MARROW-DERIVED CELLS

BMDCs which are recruited to tissue injury sites are thought to represent a potential source of malignancy.
Chronic infection with Helicobacter felis induces the intensity of bone marrow-derived inflammation and
repopulation of the stomach with BMDCs. Metaplasia and dysplasia to intra-epithelial cancer progress
through the recruitment and accumulation of BMDCs". Helicobacter pylori infection leads to development
of chronic inflammation as well as the recruitment and accumulation of BMDCs in the gastric epithelial
mucosa. Nearly 20%-25% of dysplastic lesions include cells that originate from the bone marrow'’
marrow cells may be associated with GC initiation and proliferation.

1,12]
. Bone

Recent studies have demonstrated the mechanism of BMDCs. Infection of gastrointestinal epithelial cells
by Helicobacter pylori stimulates the migration of BMDCs. The nuclear factor-kappa B (NF-kB) signaling
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pathway may play a major role in the ability of infected epithelial cells to induce BMDC migration[”].
Bone marrow-derived myofibroblasts secrete high levels of murine IL-6 and hepatocyte growth factor
(HGF), which activate transforming growth factor-B1 (TGFB1) and signal transducers and activators of
transcription (STAT3) in GC cells. Bone marrow-derived myofibroblasts that increase IL-6/HGF and cancer
cell-derived TGFB1 mediate the interactions between bone marrow-derived myofibroblasts and GC cells,
which regulate promotion of tumorigenesis and cancer stemness'*. NF-kB is regulated by miRNAs. miRNA-
155-5p downregulation induces BMDCs to acquire a GC mesenchymal stem cell (MSC)-like phenotype.
The function depends on NF-kB pé5 activation. This mechanism is the cancer associated MSC remodeling
in the tumor microenvironment™. The association between BMDCs and chemokines has been analyzed
to evaluate the chemotaxis-stimulating factor from diffuse-type GC cells using BMDCs in an in vitro assay.
CXCL1 [fr]om GC cells stimulates the recruitment of BMDCs into tumor stroma via CXCR2 signaling of
BMDCs .

Some markers, including CD13, CD15, CD73, CD140b, CD144, CD146, CD164 and CD271, have been used
to identify MSCs""**!. Neural crest nerve growth factor receptor (CD271) was reported as a marker of bone
marrow-derived stromal cells"*"”. The role of bone marrow-derived stromal cells expressing CD271 has
been evaluated in GC patients. CD271 expression in stromal cells is significantly associated with macroscopic
type-4 cancers, diffuse type tumors and depth of invasion. In one study, patients (n = 279) with CD271-
positive stromal cells had a worse prognosis than patients with CD271-negative stromal cells™

Some studies have demonstrated that the interaction between BMDCs and GC cells is an important factor in
cancer development and progression and may be associated with the survival of GC patients.

MAST CELLS

MCs play an important role in immunity and defend the body against viruses and bacteria. MCs are also
known for causing uncomfortable symptoms due to their release of histamine and other mediators which
cause allergic responses. MCs constitute a long-lived, heterogeneous cellular population originating from
the bone marrow™. Mast cell density (MCD) in GC was found to be higher than that in the control.
Moreover, MCD in well-differentiated adenocarcinoma was higher than that in poorly-differentiated
adenocarcinoma™. MCs were recognized by their modulatory activities in inflammation and angiogenesis.
Tryptase was used as a marker for MCs. The expression of tryptase and Foxp3 were positively correlated.
Infiltration of MCs was found to be significantly associated with an advanced stage of GC™. MCs density
increased with an increase in malignancy grade and was highly correlated with the extent of angiogenesis[“]
However, increased tryptase expression was associated with better survival outcome in early-stage GC
patients after surgical resection. These opposing effects may indicate the possibility of two mast cell
phenotypes (MC1 and MC2)**. MCs were associated with angiogenesis and tumor progression in diverse
tumors”", however contradictory results were also reported in other cancers”**. The relation between MCs
and GC remains largely unknown and further investigations regarding MCs, including other factors, are
needed.

TUMOR-INFILTRATING LYMPHOCYTES

TILs consist of T cells, B cells, and NK cells. The subset of T cells is represented by CD8+ cytotoxic T cells,
CD4+ T helper cells, CD45RO+ memory T cells, FOXP3+ regulatory T cells and NK cells. These cells can
infiltrate stroma and tumor cells, and are considered a manifestation of the host immune response against
tumor cells™”.

Thirty-one studies (incorporating 4,185 patients) were conducted to evaluate the relationship between TILs
and GC prognosis. The amount of CD8+, FOXP3+, CD3+, CD57+, CD20+, CD45RO+, Granzyme B+ and
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T-bet+ lymphocytes is a significant advantage to survival; moreover, the amount of CD3+ TILs in the intra-
tumoral compartment is the most significant prognostic marker [pooled hazard ratio (HR) = 0.52; 95%
confidence interval (CI) = 0.43-0.63; P < 0.001]. CD4+ TILs are not statistically associated with prognosis.
FOXP3+ TILs show bidirectional prognostic roles, which have a positive effect in the intra-tumoral
compartment (pooled HR = 1.57; 95% CI = 1.04-2.37; P = 0.033) and a negative effect in the extra-tumoral

[28]

compartment (pooled HR = 0.76; 95% CI = 0.60-0.96; P = 0.022) .

Stromal TIL-positivity was significantly associated with GC patient survival in multivariate analysis. High
densities of intratumoral-TIL has a tendency to be a favorable outcome indicator for GC patient survival®™.
The prognostic impact of TILs has also been evaluated for GC patients with microsatellite instability-high
(MSI-H). Higher densities of both intratumoral CD8+ and FOXP3+ TILs are significantly associated with
longer survival™. The prognostic impact of TILs has also been evaluated for patients with EBV-associated
GC. EBV-associated GCs are more prevalent in CD8+ and FOXP3+ cell infiltration than EBV-negative GCs.
CDs expression and Foxp3 expression cell infiltration are associated with longer overall survival, whereas
PD-L1 expression correlates with shorter overall survival™".

Most recent studies have focused on the significant association between PD-L1 expression and TILs. PD-L1
expression is associated with high densities of TILs, mismatch repair deficiency and EBV positivity, but is not
a prognostic factor™. PD-L1 expression alone on tumor cells is not associated with survival of GC patients;
however, patients with positive PD-L1 expression on a high density of TILs have a significantly shorter 5-year
overall survival than those with negative PD-L1 expression. PD-L1 expression on TILs is an independent
prognostic factor™. It is associated with the corresponding immunoscore, which is quantified by the
number of high-density areas of CD3+ and CD8+ TILs, both in the tumor regions and compartments of
MSI-H advanced GC"". The levels of immunosuppressive protein expression PD-L1, cytotoxic T-lymphocyte
antigen 4 (CTLA-4), and indoleamine 2,3-dioxygenase (IDO) in tumors and the densities of immune cells
[CD3(+), CD4(+), CD8(+), or PD-1(+) cells] within the tumor microenvironment have been evaluated by
immunohistochemical analysis. PD-L1 positive expression and a high-CD3 tumor microenvironment are
favorable prognostic markers in GC"™. Another study has also demonstrated that PD-L1 expression alone is
not associated with overall survival; however, PD-L1-/CD8 high type is an independent indicator for longer
overall survival compared with PD-L1+/CD8 high. Adaptation of a recent molecular classification based
on EBV, MS], E-cadherin and p53 showed no significant survival differences in this study. EBV+ and MSI-H
GCs are associated with PD-L1+/CDs8 high, and the PD-L1/CD8 status is associated with their prognostic
significance in stage II/1II GCs™. Recent studies have revealed that PD-L1 expression was significantly
associated with GC patient prognosis only under the interaction between PD-L1 and TILs.

TUMOR-ASSOCIATED MACROPHAGES

TAMs play crucial roles in microenvironments. The polarization of macrophages into tumor-suppressive M1
or tumor-promoting M2 types is established in the microenvironment of GC". TAMs represent up to 50%
of the tumor and are mainly M2 macrophages in invasive cancers. M2 macrophages support proliferation,
invasion and metastasis by upregulating diverse growth factors, cytokines and extracellular matrix
(ECM)-remodeling molecules, such as CCL2, CXCL12, CXCR4, TGFpB, VEGE PDGF, COX-2 and matrix
metalloproteinases (MMPs)"**. TAMs interact with T cells during tumor progression. M1 macrophages direct
T cells towards Th1 tumoricidal responses. M1 macrophages are induced by NK cells that are produced by
interferon-y (IFN-y) to amplify anti-tumor activity"**". TAMs are identified by immunohistochemistry with
the anti-CDe8 antibody (pan-macrophage). Especially, M2 macrophages are identified with the anti-CD163
antibody (M2 macrophage).

A meta-analysis of 12 studies (n = 1388 patients) was conducted to evaluate the relationship between TAMs
and GC prognosis. High total TAM infiltration levels in GC patients are associated with worse overall
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survival (HR = 1.70, 95% CI = 1.39-2.09; P < 0.001). A similar result was demonstrated for M2 macrophage
infiltration (HR = 1.71, 95% CI = 1.19-2.45; P = 0.004). In contrast, elevated M1 macrophage density in GC
patients is associated with better overall survival (HR = 0.46, 95% CI = 0.33-0.65; P < 0.001). This meta-
analysis demonstrated that the numbers of infiltrating M2 macrophages and total TAMs may be negative
prognostic factors for GC patients, while infiltrating M1 macrophages may be associated with a favorable
survival rate™.

The mechanisms of GC progression affected by TAMs have been investigated. Macrophages induce the
capillary formation of lymphatic endothelial cells. Co-culture with GC pretreated macrophages upregulate
lymphangiogenic factors, including inflammatory cytokines, MMPs, adhesion molecules and vascular
endothelial growth factor-C. Interaction between lymphatic endothelial cells and macrophages may be an
important initial step in tumor lymphangiogenesis developing lymph node metastasis'*”. The high density
of CD163+ TAMs (M2 macrophage) is an independent prognostic marker heralding prolonged disease-free
survival. The prognostic implication of CD163+ TAMs might be determined by the proportional balance of
TAMs and TILs in MSI-H GCs'™.

Redox adaptation enables cancer cells to survive under increased oxygen species (ROS) stress. ROS
produced by TAMs triggers CD44 expression through the suppression of miR-328 in GC cells". Cluster
of differentiation 44 (CD44) is a major adhesion molecule and a broadly distributed cell surface receptor
for hyaluronic acid™. The CD44 gene is located on chromosome 11p13 and contains 20 exons, 10 of which
are expressed in the standard form (CD44s)[46]. CD44 isoforms, containing variant exon 6 (CD44ve), are
identified by alternative splicing of at least 12 exons'”. CD44 variant isoform (CD44v) is one of the cell
surface markers of GC stem cells*”. Furthermore, CD44v contributes to defense against reactive ROS by
stabilizing the glutamate-cystine transporter subunit xCT, and promoting the synthesis of the primary
intracellular antioxidant glutathione“gl

Epithelial-mesenchymal transition (EMT), which is induced by TAMs, may play a key role in cancer
metastasis. M2 macrophages secrete epidermal growth factor or TGFB, which stimulates EMT®,
Epidermal growth factor activates the AKT pathway, which regulates B-catenin translocation. MMP7 and
CD44, which are B-catenin downstream genes, are involved in macrophage-activated GC cell invasion'™”
E-cadherin and vimentin expression are markers of EMT. E-cadherin expression in GC cells co-cultured
with TAMs is decreased, while vimentin expression in GC cells co-cultured with TAMs is increased”™. Bmi1
is identified as a cancer stem cell marker, and M2 macrophages upregulate Bmi1 expression through miRNA-

30e* suppression in Gc?.

Recent studies have revealed the relationship between TAM infiltration and PD-L1 expression. TAM
receptors (Tyro3, Axl and Mertk) upregulate the expression of PD-L1 in a breast cancer cell line. According
to the data, M2 macrophages might activate PD-L1 expression in tumor cells. IFN-y is secreted by
inflammatory cells and is associated with differentiation of macrophages. IFN-y was found to facilitate PD-L1
expression in tumor cells**”. In GC, IFN-y might also influence the relationship between M2 macrophage
infiltration and PD-L1 expression in tumor cells. TAM infiltration is also associated with the upregulation of
PD-L1 expression in GC cells [Figure 1]"”.

CANCER ASSOCIATED FIBROBLASTS

Tumor tissues contain cancer cells, other cellular and non-cellular components. The tumor stroma acts as
an essential microenvironment of the cancer cells, which includes many types of non-cancerous cells and
the ECM. Stromal fibroblasts are the major cellular constituents of the tumor stroma and are often called
CAFs. CAFs contribute to the stiffening and remodeling of the stromal ECM, thereby offering an appropriate

field for cancer cell invasion™*”. Cancer cells induce the conversion of these various types of cells into
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Figure 1. The mechanisms of GC progression affected by TAMs. M2 macrophages secrete EGF or TGFB. EGF activates the AKT pathway,
which regulates B-catenin translocation. MMP7 and CD44 are involved in macrophage-activated GC cell invasion. TAM receptors (Tyro3,
Axl and Mertk) upregulate the expression of PD-L1. GC: gastric cancer; TAM: tumor-associated macrophage; EGF: epidermal growth factor;
TGFB: transforming growth factor-p1; MMP: matrix metalloproteinase; PD-L1: programmed death-ligand-1; TIL: tumor-infiltrating lymphocyte

CAFs. CAFs acquire the properties of myofibroblasts, including expression of smooth muscle alpha-
actin®. Formation of myofibroblasts is associated with fibrosis and increases the risk of cancer. Many other
studies have demonstrated that fibroblasts often have a position at center stage, orchestrating and actively
participating in the transformation process. They are also spectators in the tumorigenic process". Fibroblast
activation protein-a (FAP) is a protein expressed in fibroblasts, such as CAFs, which are major components
of the tumor microenvironment. FAP is potentially associated with GC patient survival,

Recent investigations have demonstrated that interleukins, such as IL1A, IL1B, IL-6 and IL-17B, produced
by CAFs, are associated with cancer progression and metastasis. In CAFs isolated from human diffuse-type
GCs, inflammatory cytokines, such as IL1A, IL1B, and tumor necrosis factor (TNF), secreted by diffuse-type
GC, induce rhomboid 5 homolog (RHBDF2) expression. RHBDF2 promotes cleavage of TGFB receptor 1
(TGFBR1) and motility of CAFs in response to TGFB1. These highly motile CAFs induce diffuse-type GCs to
invade the ECM and lymphatic vessels. IL1A, IL1B and TNF status is associated with shorter overall survival
of diffuse-type GC patients[“]. IL-6 is also associated with CAFs; it has been produced by CAFs isolated
from GC. The migration and EMT of GC cells are enhanced by CAFs through the secretion of IL-6, which
activates JAK2/STAT3 pathway in GC cells. Inhibiting the JAK2/STAT3 pathway with a specific inhibitor
markedly attenuates these phenotypes in GC cells induced by CAFs'*, IL-17B increases the expression of
stemness-related genes Nanog, Sox2 and Oct4 in MSCs, and the tumor promoting effect is enhanced. The
condition medium from cultured MSCs after being treated with exogenous recombinant interleukin-17B
(rIL-17B) promotes the proliferation and migration of GC cells. rIL-17B also activates the NF-kB, STAT3,
[-catenin pathway in MSCs and the progression of GC is induced by IL-17B activating MSCs'®!

miRNAs are a class of non-coding small RNA molecules, and expression of miRNAs in CAFs regulates an
essential role in the communication between tumor cells and CAFs, as well as the expression of a number of
target genes[“]. A miRNA microarray analysis from GC revealed the different expression of miRNA between
CAFs and normal fibroblasts (NFs). In the study, four miRNAs were increased (miRNA-34b, 301a 106b and
93) and seven miRNAs were decreased (miRNA-483-3p, 26a, 7g, 148a, 145, 424 and 214) in CAFs compared
with NFs. The expression of miRNA-106b is upregulated in CAFs established from patients with GC, and the
expression level of miRNA-106b is associated with poor prognosis of GC patients. CAFs with downregulated
miRNA-106b could significantly inhibit GC cell migration and invasion by targeting the phosphatase and
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tensin homolog[67]. In CAFs, miRNA-143 overexpression is derived from diffuse type GC compared with
NFs. miRNA-143 promotes GC cell invasion by regulating the expression of collagen type III in CAFs,
and miRNA-143 expression serves as a prognostic marker of GC'™. The expression of miRNA-200Db is
downregulated by CAFs. miRNA-200b downregulates zinc finger E-box-binding homeobox expression and

. . . . . . . . . [69]
upregulates E-cadherin expression in GC cells to repress tumor cell invasion and peritoneal dissemination™ .
Expression of miRNA-328 mediated by macrophages regulates CD44 signaling and may promote tumor

progression by enhancing ROS defense'*”.

At least 20% of CAFs originate from the bone marrow and are derived from MSCs. Those MSC-derived
CAFs were recruited to the tumor in a TGF-f- and stromal-derived factor (SDF)-1a-dependent manner in
mouse models of inflammation-induced gastric dysplasia (21316604). SDF-1a produced by myofibroblasts
promotes gastric epithelial proliferation, partly through CXCR4-positive gastric tissue stem progenitor
cells, and plays a key role in gastric carcinogenesis"". CXCL12 is also associated with CAF-induced cancer
progression. CXCL12 and Twistl expression are correlated in CAFs present in gastric tumor specimens.
Ectopic expression of Twist1 in NFs suppresses premature senescence, whereas Twist1 attenuation accelerates
senescence in CAFs™”".

Interleukins and miRNAs produced by CAFs are associated with cancer progression and metastasis of GC
cells. Interactions between cancer cells and CAFs with interleukins or miRNAs can have a substantial impact
on tumor characteristics and alteration of signaling pathways associated with proliferation and invasion of
GC cells.

CHEMOKINES

Fibroblasts are a major component of the tumor stroma, and activated fibroblasts regulate solid tumor
progression. The interaction between cancer cells and CAFs by chemokines has been suggested to be
important for the progression of GC. Chemokines, more than 40 of which have been identified, are
8-10-kDa secreted proteins with 20%-70% homology in structure. They share the common functional activity
as being chemotactic for leucocytes. Pro-inflammatory stimuli, such as IL-1, TNF-q, lipopolysaccharide
or pathogens produce inflammatory chemokines, which determine the migration of inflammatory cells.
Chemokines bind to G protein-coupled receptors on leukocytes and stem cells, and they function through
guanine nucleotide-binding proteins to control intracellular signaling that promotes the migration ability

toward the chemokine source””.

CXCR4 and CXCR7 are important chemokine receptors that share the same ligand CXCL12. The association
of CXCR4 and CXCL12 with GC patient prognosis was evaluated in a meta-analysis [CXCR4; 13 studies (n
= 1936 patients) and CXCL12; 38 studies (n = 5807 patients)]. High expression of CXCL12 is associated with
reduced overall survival in GC patients (HR 2.08; 95% CI = 1.31-3.33; P = 0.0002)™. CXCR4 expression is

[74]

associated with shorter overall survival (HR 2.63; 95% CI = 1.69-4.09; P < 0.001)"" .

Many studies have demonstrated that CXCR4 is the major chemokine receptor expressed in diverse cancer
cells”. Previous studies had shown that the CXCL12/CXCR4 axis plays an important role in invasion and
metastasis. CXCL12, which is a ligand for CXCR4, activates the CXCR4 and attracts circulating CXCR4-
expression cells to peripheral tissues by regulating a wide variety of downstream signal pathways related
to proliferation, migration, chemotaxis and cell survival”™. CXCR4 levels in GC are also significantly
higher than those in the normal mucous membrane. CXCR4 expression is significantly related to poor
differentiation, high tumor stage and lymph node metastasis’”””™*. CXCR4 activates actin polymerization
to induce cell motility and the EMT after binding its ligand CXCL12"". CXCL12 rapidly and strongly
phosphorylates Akt. Mammalian target of rapamycin (mTOR) pathways, which are located downstream of
Akt, activate p70S6K (S6K) and eukaryotic initiation factor 4E binding protein 1 (4E-BP1). CXCL12/CXCR4
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activation also mediates integrin B1 clustering at the cell surface and promotes the invasive ability of GC
cells™. In addition, CXCL12/CXCR4 upregulates the expression of MMP-2 and MMP-7 to assist EMT"*".
Runt-related transcription factor 2 (RUNX2) directly binds to the promoter region of the gene coding
area for the chemokine receptor CXCR4 to enhance its transcription, as well as that of CXCL12. RUNX2
is a regulator of embryogenesis and development, and promotes the invasion and metastasis of GC by

82]

transcriptionally upregulating the chemokine receptor CXCR4'

CXCR?7 is expressed in embryonic neuronal and heart tissue, some hematopoietic cells, and the activated
endothelium™. It is a receptor specific to SDF-1, and SDF-1 expression is strongly chemotactic for
lymphocytes. It is also associated with lymph nodes in GC patients®. CXCR?7 expression is upregulated
in GC tissues. Overexpression of CXCR7 promotes cell proliferation, migration and invasion'
associated with peritoneal dissemination and poor prognosis[“]

and it is

Other chemokine receptors are also associated with GC progression and survival. CXCR1 is a class-A,
rhodopsin-like G-protein-coupled receptor, which takes charge of cellular signal transduction and is targeted
as a drug receptor™”. CXCR1 functions as a high-affinity receptor for IL-8, which is a major mediator of
inflammatory responses and tumorigenesis . High expression of CXCR1 is associated with poorer overall
survival in stage IT and III GC patients. Importantly, stage IT GC patients with higher CXCR1 expression have
been shown to significantly benefit from 5-fluorouracil (5-FU) based adjuvant chemotherapy***”. CXCR2
expression strongly correlates with CXCR4 expression. CXCR2 expression changes according to the activity
of CXCR4 signaling. CXCR4 and CXCR2 cross-activate each other to promote the metastasis of GC”"'. The
co-expression of CXCR2 and IL-22 receptor 2 is associated with poor prognosis in GC. CXCRz2 is involved in
complex mechanisms and roles, and indicates a poor outcome in Gc™.

Analysis of the expression levels of CXCR4 and CXCR?7 revealed that these chemokine receptors are
associated with the activation of the oncogenic pathway in GC. CXCL12, which is the ligand of CXCR4 and
CXCR?7 chemokines, is associated with poor prognosis in GC patients.

MATRIX METALLOPROTEINASES

MMPs are a family of endogenous calcium- and zinc-dependent proteolytic enzymes. Cancer cells in a
microenvironment escape from the primary lesion through the surrounding ECM and intravasate into the
lumina of blood vessels during metastatic progression. MMPs probably contribute to metastasis by secretion
of pro-angiogenic and ECM-remodeling factors™™. MMPs are capable of degrading ECM proteins and drive
the loss of the basement membrane. The activation of MMPs and urokinase-type plasminogen activator
(uPA) are required for expression of transcription factor Snail-1, which finally inhibits E-cadherin®®”
MMPs degrade most ECM components, and regulate other enzymes, chemokines and even cell receptors.
Twenty-three types of MMPs have been described so far””. MMP-7, named matrilysin, is a distinct family
member with proteolytic activity against a wide range of biomolecules including proteoglycans, laminin,
fibronectin, casein and, more importantly, basement membrane collagen type IV. It is recognized as pivotal
in the MMP family because it activates other MMPs (e.g. MMP-2 and MMP-9) for ECM degradation”* and
possesses the highest activity in the MMP family[”]. MMP-7 regulates the activity of other biomolecules and
MMP-7 degrades ECM protein. MMP-7 may play a central role in the stromal invasion of GC cells during
the formation of peritoneal dissemination®. MMP-9 is known as type-IV collagenase or gelatinase B,

Systematic reviews and meta-analyses have demonstrated the prognostic effects of MMP2, MMP7 and
MMPo in GC patients[w"]. A meta-analysis of 10 studies (incorporating 1669 patients) was conducted to
evaluate the relationship between MMP-2 and GC prognosis. Overexpression of MMP-2 is associated with
TNM stage, depth of invasion, lymph node metastasis and distant metastasis. Overexpression of MMP-2
significantly predicts poor overall survival of GC patients (HR = 1.92, 95% CI = 1.48-2.48; P < 0.001)"".,
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A meta-analysis of nine studies (incorporating 1208 patients) was conducted to evaluate the relationship
between MMP-7 and GC prognosis. Higher MMP-7 expression is associated with deeper invasion [pooled
odds ratio (OR) = 3.20; 95% CI = 1.14-8.96; P = 0.026], higher TNM stage (pooled OR = 3.67; 95% CI =
2.281-5.99; P < 0.001), lymph node metastasis (pooled OR = 2.84; 95% CI = 1.89-4.25; P < 0.001), and distant
metastasis (pooled OR = 3.68; 95% CI = 1.85-7.29; P < 0.001), but not with histological grade. Higher MMP-
7 expression is associated with significantly shorter overall survival (HR = 2.01, 95% CI = 1.62-2.50, P <
0.001)""). Ten studies with 1478 patients were included to perform a meta-analysis of the survival results
to evaluate the relationship between MMP-9 and GC prognosis. Overexpression of MMP-9 tends to be
associated with lymph node metastasis (OR = 1.91, 95% CI = 1.40-2.59; P < 0.05) and presence of vascular
invasion (OR = 2.64, 95% CI = 1.52-4.59; P < 0.05). MMP-9 overexpression is associated with shorter overall
survival of GC patients (HR = 1.69, 95% Cl = 1.29-2.23; P < 0.001)[103].

Many factors that stimulate MMP expression have been reported in diverse cancer cells, such as
interleukins"***’, epidermal growth factor"””, fibroblast growth factor***” and NF-kB"'". IL-1alpha induces
MMP-1 in the stimulation of dermal fibroblasts of human melanoma cells"*. MMP-9 and MMP-14 mRNA
levels are selectively increased in response to EGFR activity in ovarian tumor cells"””. FGF and STAT3
(Ser-727) are involved in the signaling leading to MMP-7 expression in prostate cancer™™. In GC, IL-17A
is involved in the pathology of inflammatory diseases and the tumor microenvironment. It could promote
the invasion of GC cells by activating the NF-kB pathway, and subsequently upregulating the expression
of MMP-2 and MMP-9""""". IL-10-stimulated macrophages also induce MMP-2 and MMP-9 activities in
gastric and colorectal cancer cell lines"*”, Overexpression of HER2 is also associated with MMPs. HER2
overexpression is not only closely associated with tumor growth but is also related to tumor invasion. HER2
knockdown results in the downregulation of the expression of MMP-9™"",

EXOSOMES IN THE TUMOR MICROENVIRONMENT

Previous studies demonstrated that CAFs and cancer cells communicate by secreting a variety of cytokines,
chemokines and ECM"?. The mechanism underlying the communication among CAFs, NFs and cancer
cells has been investigated. Recent extracellular vesicle assessments have demonstrated that cancer cells
interact with the neighboring cells via soluble factors secreted into the extracellular space”. Extracellular
vesicles can be classified into three main types according to size and biogenesis: exosomes (30-100 nm),
microvesicles (100-1000 nm), and oncosomes (1-10 um)[m]. These three extracellular vesicle types play roles
in cancer biology through vesicular transport.

Recent studies have demonstrated that exosomes are associated with GC progression and metastasis. GC
cell-derived exosomes induce injury of peritoneal mesothelial cells through apoptosis and mesothelial-to-
mesenchymal transition, resulting in mesothelial barrier destruction and peritoneal fibrosis. GC-derived
exosomes can facilitate peritoneal dissemination and a novel mechanism for GC peritoneal metastasis
has been identified""". Next-generation sequencing technology provides more complete data and allows
even deeper analyses of RNA transcriptomes. Exosomes from different GC cell lines and an immortalized
normal gastric mucosal epithelial cell line were extracted and the amounts of exosomal proteins and RNAs
were evaluated. According to the miRNA profiles of exosomes, miRNA-21-5p and miRNA-30a-5p were
two of the most abundant sequences[m]. In another study, exosomal miRNA profiles in peritoneal fluid of
peritoneal dissemination in GC were investigated. miRNA-21 was also identified as having the highest signal
intensity and another five miRNAs (miRNA-1225-5p, miRNA-320¢, miRNA-1202, miRNA-1207-5p and
miRNA-4270) were identified™”.

EGFR in exosomes secreted from GC cells can be delivered into the liver. The translocated EGFR on the
plasma membrane of liver stromal cells activates HGFE. The upregulated paracrine HGF, which binds the
c-MET receptor on the migrated cancer cells, promotes liver metastases to favor the development of a
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Table 1. The association between the tumor microenvironments and survival of GC patients

Factors Marker HR 95% Cl P value Year Journal
CAFs
IL1A, IL1B and TNF 141 111-1.78 0.004 2017 Gastroenterology'®®
BMDCs
CD271 1.82 1.08-3.07 0.025 2015 BrJ Cancer™™
TiLs
CD3+ TILs (intra-tumoral) 0.52 0.43-0.63 <0.001 2017 Oncotarget™™
FOXP3+ TILs (intra-tumoral) 157 1.04-2.37 0.033
FOXP3+ TILs (extra-tumoral)  0.76 0.60-0.96 0.022
TAMs
Total TAM 1.71 119-2.45 0.004 2016 Genet Mol Res'™"
M1 macrophage 0.46 0.33-0.65 <0.001
M2 macrophage 171 1.39-2.09 <0.001
Chemokines
CXCR4 2.63 1.69-4.09 <0.001 2014 Tumour Biol”™
CXCL12 2.08 1.31-3.33 0.002 2017 BrJ Cancer”
MMPs
MMP-2 1.92 1.48-2.48 <0.001 2014 Cancer Biother Radiopharm"™"
MMP-7 2.01 1.62-2.50 <0.001 2015 PLoS One"™™
MMP-9 1.69 1.29-2.23 <0.001 2014 Hepatogastroenterology"*

GC: gastric cancer; HR: hazard ratio; Cl: confidence interval; CAF: cancer associated fibroblast; IL: interleukin; TNF: tumor necrosis
factor; BMDC: bone marrow-derived cell; TIL: tumor-infiltrating lymphocyte; TAM: tumor-associated macrophage; MMP: matrix
metalloproteinase

liver-like microenvironment™. GC cell-derived exosomes stimulate the activation of the NF-kB pathway
in macrophages, which promotes cancer progression in the tumor microenvironment™"”’. The expression
of miRNAs in exosomes of the peripheral blood has been investigated. High expression of miRNA-221 is
associated with poor clinical prognosis in GC patients. Exosomes originating from BMDCs, which were
transfected with miRNA-221 mimics, promote proliferation, invasion, migration and adhesion to the matrix
of GC cell lines"*". CD97 knockdown reduces the metastatic capacity of GC cells. Exosomes or conditioned
medium from the SGC-L cells (GC cell line) activate proliferation and invasion as compared with that from
SGC-L/CD97-knockdown cells. Exosomal CD97 is associated with CD55, CD44vs, a5B1 and CD31, and the
exosome-dependent CD97 plays a role in premetastatic niche formation™"

Investigating exosomal miRNA secretion provides novel insight into communication among
microenvironments of cancer cells. Dysregulation of miRNAs in CAFs, NFs and cancer cells can affect the
secretory phenotype of cancer cells.

CONCLUSIONS AND PERSPECTIVE

This review describes the importance of the microenvironment of GC for cancer progression and metastasis.
Major components of the microenvironments of GC consist of BMDCs, TILs, TAMs and CAFs. GC cells
are also affected by these components, with chemokines and miRNA in extracellular vesicles such as the
exosome. The accumulation of BMDC:s is associated with Helicobacter pylori infection. Cytokines and growth
factors secreted by BMDCs lead to cancer progression and metastasis. The amount of CD3+ TILs in the
intra-tumoral compartment is the most significant prognostic marker. PD-L1 expression was significantly
associated with the prognosis of GC patients owing to the interaction between PD-L1 and TILs. Increased
levels of total TAM and M2 macrophage infiltration in GC patients are associated with worse overall survival.
In contrast, elevated M1 macrophage density is associated with better overall survival. M2 macrophages
might activate PD-L1 expression in tumor cells. Interleukins and miRNAs produced by CAFs are associated
with cancer progression and metastasis of GC cells. CXCR4 and CXCL12 are associated with prognosis of
GC patients. CXCL12 strongly activates the Akt pathway and upregulates the expression of MMP-2 and
MMP-7 to assist EMT. These MMPs are capable of degrading ECM proteins and trigger the loss of the
basement membrane.
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The microenvironments of GC are associated with lymphatic invasion, vascular invasion, lymph
node metastasis and survival of GC patients [Table 1]. The interaction between GC cells and the
microenvironments of GC is increasingly being recognized, and the microenvironments of GC, as well as GC
cells, may have become a target of anticancer strategies. Future studies may investigate whether inhibitors of
the interaction between GC cells and the microenvironments improve GC patient prognosis in preclinical
studies. Much research in the field of microenvironments of GC and the accumulation of molecular
biological investigation are important for improving the management of GC and overcoming this disease in
the future.
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