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Preface

We are on the precipice of entering a stage of rapid development in the treat-
ment of gastric cancer. For quite a long time, treatment progress was slow and
stood in sharp contrast to the advances seen in lung cancer, colon cancer, and
melanoma. However, a large reason for this slow progression was the reluc-
tance of researchers to boldly apply the most advanced scientific concepts
and technology to its treatment. With the vision of an emerging era of precise
medicine, this book is based on the author’s perception of both clinical expe-
rience and the most up-to-date scientific research. In so doing, the book
describes and comments on the four fields most likely to significantly improve
the therapeutic efficacy of gastric cancer treatment: personalized therapy, pre-
cision regional therapy, immunotherapy, and nanomedicine.

The first part of the book elaborates on personalized therapy in the treat-
ment of gastric cancer. A comprehensive review is made from relevant aspects
of molecular pathology, genetics and molecular signatures, circulating tumor
cells, customized chemotherapy, and targeted gastric cancer therapy, thereby
providing the latest research results for precise medication in the treatment of
gastric cancer. The second part details precision regional therapy in gastric
cancer. It is discussed through the following lenses: laparoscopic and robotic
surgical approaches, radiotherapy, and personalized intraperitoneal strate-
gies. The third part is focused on current “hotspots” in immunotherapy and is
presented from the perspectives of checkpoint therapy, therapeutic vaccines,
adoptive cell therapy, as well as combinational strategies. All of these
approaches are explored with regard to their prospective applications in gas-
tric cancer treatment. The final part is based on current research and focuses
on nanomedicine and their delivery systems in the diagnosis and treatment of
cancer. It has a specific focus on the translational significance of biomaterials
and clinical medicine.

Collectively, these four parts seek to tackle the current hotspots in gastric
cancer treatment as well as the remaining difficulties faced in the field. This
is accomplished by combining translational research and clinical explora-
tions, which together hold great promise in helping doctors and research fel-
lows engaged in the necessary goal of gastric cancer treatment.

Nanjing, China Jia Wei
Baorui Liu
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Molecular Pathology of Heredity

Gastric Cancer

Lin Li and Xiangshan Fan

1.1 Introduction

Gastric cancer (GC) affects nearly one million
individuals every year, and most of them are
from China, Japan, and Korea. It is the fifth most
common malignant tumor worldwide and the
third leading cause of malignant tumor mortality
with more than 723,000 deaths [1]. About
70-85% of individuals with GC die within
5 years of diagnosis, and the high mortality asso-
ciated with GC is mainly a result of limited ther-
apeutic methods and lacking of early diagnosis.
Aggregation within families occurs in almost
10% of patients (5-30%), although most GCs
are sporadic. Now we know that hereditary
germline mutations lead to half of these familial
cases [2, 3]. In regions where the incidence of
GC is low, heritable pathogenic mutations,
which leads to most familial cases, increase risk
from birth. Truly hereditary cases, as some stud-
ies pointed out, account for 1-3% of the global
burden of GC [4], and most of those are heredi-
tary diffuse gastric cancer (HDGC). It is reported
that, in about 40% of families affected by HDGC,
the E-cadherin/CDHI1 germline mutations can
been found. It is very important to identify the
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inherited factors among patients with family his-
tories of GC, in order to diagnose early and man-
age effectively. We usually use symptoms, such
as different family individuals are diagnosed
with cancer, the histological types are diffused
adenocarcinoma, and the patients are young and
with multiple cancer syndromes, to identify
HDGC. Some cases of other hereditary tumor
syndromes may also present GC, and thus the
risk of GC should be taken into account in these
patients. The hereditary cancer syndromes
include the gastric adenocarcinoma and proxi-
mal polyposis of the stomach (GAPPS), familial
intestinal gastric cancer (FIGC), Lynch syn-
drome (LS) caused by germline mutations in
DNA mismatch repair genes and microsatellite
instability, familial adenomatous polyposis
(FAP) associated with germline APC mutations,
MUTYH-associated polyposis (MAP) associ-
ated with MUTYH mutation, Peutz-Jeghers syn-
drome (PJS) caused by germline STKI11
mutations , juvenile polyposis syndrome (JPS)
associated with germline mutations in the
BMPRI1A and SMAD4 genes, hereditary breast-
ovarian cancer syndromes (HBCS) related to
germline mutations of BRCA1 and BRCA2,
Li-Fraumeni syndrome (LFS) due to germline
p53 mutations, and so on [5].

Screening for familial gastric cancer (FGC) is
an especially important procedure. Because it has
a higher risk of GC incidence, to the individuals
who have inherited the mutant gene, prophylactic
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gastrectomy is worthy of consideration [6]. It is
an enormous fiscal expenditure of society to
manage and control FGC each year. Thus, screen-
ing for prevention for it is a crucial step to
decrease cancer incidence and mortality [7]. It is
necessary to interview with pedigree precisely to
find the familial syndromes, individuals at risk,
and genotypes [8]. At present, it is in urgent need
of guidelines for genetic detecting, counseling,
and management of patients with HDGC. If we
pay more attention on these syndromes, we may
increase opportunities to detect and prevent GCs
in these high-risk cases.

Hereditary gastric cancer syndromes are an
infrequent but characteristic etiology of GCs. So
far, we haven’t clarified the genetic mutations
attacking most affected families. Up to date,
there are at least three main hereditary GC syn-
dromes that have been reported: HDGC, GAPPS,
and FIGC [5, 9]. In this chapter, we mainly dis-
cuss the available knowledge on HDGC, GAPPS,
FIGC, and several other hereditary cancer syn-
dromes associated with GC, with the aim of clari-
fying the molecular pathology and genesis of
these heredity GCs.

1.2  Hereditary Diffuse Gastric

Cancer

HDGC is an autosomal dominant disorder pre-
disposition syndrome with obvious penetrance
(about 80%) and characterized by an enhancive
risk of early-onset, multigenerational, and signet
ring cell GC (Lauren diffuse type) and lobular
breast carcinoma.

A diagnosis of families with the HDGC syn-
drome can be established if one of the following
clinical features are present. Firstly, at least two
patients of documented diffuse GC in first- or
second-degree family members, with one or
more being diagnosed younger than 50 years
old. Secondly, at least three documented patients
of diffuse GC in first- or second-degree family
members, ignoring of age of diagnosis. The
checklist above was defined by the International
Gastric Cancer Linkage Consortium (IGCLC)
in 1999.

There was a renewed version for genetic test-
ing in 2010 [10]. The families, which fulfill the
following criteria for HDGC, would be recom-
mended to consider genetic counseling and
genetic testing for CDH1 gene mutations. Firstly,
at least two patients of documented diffuse GC in
first-degree family members, with one or more
documented case of diffuse GC being diagnosed
younger than 50 years old. Secondly, at least
three documented patients of diffuse GC in first-
or second-degree family members, ignoring of
age of diagnosis. Thirdly, the diffuse GC case,
with no family history, was diagnosed before the
age of 40 years. Fourthly, families with patients
of both lobular breast cancer and diffuse GC,
with at least one diagnosed younger than the age
of 50 years.

The age at onset of clinically significant dif-
fuse GC may be extremely variable with the aver-
age onset in the fourth decade of life (1485 years
old), and the distribution of lesions also varies,
involving all the topographic regions within the
stomach. HDGC’s genetic susceptibility and the
molecular basis were first identified and then
reinforced in Maori families and other popula-
tions, respectively, in 1998 [11, 12].

Heterozygous germline alterations in the
E-cadherin gene (CDH1) result in HDGC [11].
There are five types of germline CDHI1 muta-
tions, including large rearrangements (4-8.7%),
nonsense (17.3%) and missense (17.3%) muta-
tions, splice site (23.1%), as well as small frame-
shifts (37.5%). They affect the protein's functional
domains and the entire coding sequence [13—15].
141 probands harboring more than one hundred
different pathogenic germline CDHI1 alterations
have been described across multiple ethnicities
so far [16, 17]. The production of this gene,
which locates at 16g22.1, is E-cadherin.
E-cadherin is a calcium-dependent transmem-
brane cellular adhesion protein. There are three
parts of E-cadherin, including an intracellular
domain which binds p-catenin and p120-catenin,
the transmembrane domain, and the extracellular
domain with five cadherin repeats (EC1-ECS5).
There is a highly phosphorylated region in the
intracellular domain. Binding p-catenin with the
intracellular domain is necessary for E-cadherin



1 Molecular Pathology of Heredity Gastric Cancer

to regulate intracellular signaling. E-cadherin
promotes tumor growth by interacting with cyto-
skeleton actin filaments through the Wnt signal-
ing pathway. Downregulation of E-cadherin is
observed in a lot of epithelial carcinomas of
human and promotes invasion through loss of
epithelial cell-cell adhesion. Being deprived of
E-cadherin expression or function has been
involved in cancer progression and metastasis.
Around 40% of the families with HDGC have
CDHI1 germline mutations with high susceptibil-
ity to early development of diffuse-type GC [11].
The frequency of CDHI germline mutations was
found to be much lower in families from the high
incidence of GC regions (i.e., the Eastern)
(13.0%) than in countries with low incidence of
GC (i.e., New Zealand, Northern Europe, and
North America) (26.8%) [18]. About 45.6% cases
of HDGC probands carried CDHI1 germline
alterations [14]. However, only 5.7% [14] to
13.8% [18] of FDGC probands displayed muta-
tions of CDHI1 but not large deletions. Very
rarely, germline promoter methylation of CDH1
or inherited a-E-catenin mutations has been
reported recently [19].

The cases, who just have a single wild-type
CDHI1 allele, are called heterozygous carriers.
Usually these patients are commonly asymptom-
atic because the functional CDHI1 gene produces
sufficient amount of E-cadherin protein to main-
tain all normal functions in the stomach [20].
When the remaining wild-type allele of the
E-cadherin gene is inactivated by a second-hit
molecular mechanism until the second decade of
life, HDGC develops. There are mainly three
types of second-hit mechanism of inactivation in
both inherited and sporadic diffuse cancers,
including the epigenetic modification (promoter
hypermethylation of CDH1), deletion (LOH or
intragenic deletions), or a second mutation [21,
22]. The former is the most common one. Primary
tumor and lymph node metastases may show dif-
ferent second-hit mechanisms or different tumor-
ous lesions and even the same neoplastic lesion
from the same patient. For example, LOH is often
found in lymph node metastases (58.3%),
whereas promoter hypermethylation of CDH1
mainly occurs in primary lesions [15]. Genetic

testing of CDHI1 is recommended in a patient ful-
filling the HDGC diagnose checklist above. The
other families that met the IGCLC criteria
remained genetically unexplained. Recently, can-
didate mutations were identified in 11% (16/144)
probands in those CDH1 mutation-negative index
cases, including mutations within genes of mod-
erate and high penetrance: STKI11, SDHB,
PRSS1, ATM, CTNNAI1, MSR1, BRCA2, and
PALB2 [23].

There are two major histological variants of
GC: diffuse-type GC (35%) and intestinal-type
GC (50%). CDH1 mutations have been found
only in diffuse-type GCs. Microscopically, single
or multiple foci of invasive signet ring cells just
develop below the surface mucosal epithelium,
retaining the construction. On the other hand,
cancer cells may show a pattern of signet ring cell
carcinoma in situ and pagetoid distribution below
the conserved epithelium of foveolae and pits but
still be restricted to the basement membrane.
Usually advanced HDGC shows as a poorly
cohesive malignant tumor, while the entire stom-
ach wall being penetrated by signet ring cells,
and also less frequently mixed with mucinous or
tubular adenocarcinoma. The expression of
E-cadherin protein is reduced or absent in the
tumor cells, while it’s normal in adjacent non-
neoplastic mucosa, by immunohistochemical
test.

Individuals with a heterozygous germline
CDHI1 mutation have a lifetime risk of 70% in
male and 56% in female of developing diffuse
GC, and women with the CDH1 mutation were
found to have a 42% lifetime risk for lobular-type
breast cancer [3, 23]. According to Cisco et al.
[24], four fifths of females and two thirds of
males who are carriers of CDH1 gene mutations
will develop HDGC by the age of 80 years.
Individuals who met the HDGC diagnose check-
list but did not have CDH1 mutations had longer
survival times than GC cases harboring germline
CDH1 mutations (48% vs. 36% survived for one
year and 13% vs. 4% survived for five years) [3].
In mutation-positive patients, prophylactic total
gastrectomy is recommended. With early detec-
tion (i.e., confined to mucosa and submucosa),
>90% of patients with GC will be alive at 5 years
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compared with 10-20% of patients with advanced
GC, even after potentially curative surgery has
been carried out. Patients with a clinical diagno-
sis of HDGC could be tested for the CDH1 gene
mutation. While the patients with the CDH1 gene
mutation should be managed with more frequent
endoscopic surveillance and biopsies, their chil-
dren and/or relatives could be tested for the car-
rier status of CDHI and therefore receive
appropriate clinical management.

1.3 Gastric Adenocarcinoma
and Proximal Polyposis

Syndrome

GAPPS is a recently described autosomal domi-
nant inherited GC syndrome with increased risk
of gastric carcinoma, specialized with unique
proximal gastric fundic gland polyposis (often
less thanlcm in size), with areas of multi-atypical
hyperplasia lesions and subsequent intestinal-
type GC formation (about 12.7% in call cases)
[25, 26]. The typical gastric phenotype and the
earliest GC has been observed at 10 and 33 years
of age, respectively [25].

The diagnosis can be set up only after exclud-
ing the use of proton pump inhibitors (PPIs) and
other heritable gastric polyposis syndromes, such
as attenuated FAP, FAP, MAP, PJS, and
CS. Though cases with Peutz-Jeghers syndrome
may also carry fundic gastric polyps and exclud-
ing GC, the distribution of polyp is different from
that in GAPPS [27, 28].

There is a diagnostic checklist which should
be considered. Firstly, we count the number of
polyps. For example, an index case with more
than 100 gastric polyps carpeting the proximal
stomach should be considered as GAPPS. The
other situation is that a first-degree family of a
known case carries over 30 polyps. Secondly, the
location of polyps should be taken into account.
In a case with no evidence of colorectal or duo-
denal polyposis, we may put it into GAPPS if
his/her gastric polyps are restricted to the fundus
and body of the stomach. Thirdly, histological
feature should be thought over. If there are local
areas presenting dysplasia or gastric adenocarci-

noma in fundic gland polyposis (FGPs), the case
would be diagnosed with GAPPS. The last but
not the least, the autosomal dominant pattern of
inheritance should be taken into consideration.
Macroscopically, the lesions of GAPPS present
florid and usually less than 1cm. The number of
polyps distributing in the gastric fundus and
body is more than 100, with relative less along
the lesser curve of the stomach and without
effecting gastric antrum and pylorus [25, 26].
Histologically, most of the lesions present fundic
gastric polyposis without or with regions of
atypical hyperplasia. Occasionally, adenomatous
and hyperplastic polyps can be found with pure
features or mixed characteristics focally within
the fundic gastric polyps [27, 29]. The cases who
met GAPPS would develop GC of intestinal
type. The etiology and genetic cause of GAPPS
with incomplete penetrance is unclear. In 2016,
one study revealed that point mutations in APC
promoter 1B were at risk of gastric adenocarci-
noma in patients with GAPPS. The families with
familial adenomatous polyposis may also harbor
point mutations in APC promoter 1B [30].
However, mutations in APC, BMPR1A, CDHI1,
MUTYH, PTEN, SMAD4, and STKI11 were
preclusive in some families [26, 28].

Familial Intestinal Gastric
Cancer

1.4

FIGC is an autosomal dominant inherited disor-
der; however, the genetic cause involved is cur-
rently unknown. It’s lacking the mutation of
CDHI1 and poorly characterized genetic predis-
position for intestinal-type GC [5, 10].

The recommended diagnosis checklist varies
in regions with different incidence of GC [31].
Diagnosis criteria similar to the Amsterdam crite-
ria for colorectal carcinoma (CRC) have been
applied in regions with high incidence. According
to the Amsterdam criteria, only 0.9% cases
(31/3632 families) in Japan met the diagnosis
checklist for FIGC. 28.6% of patients develop
GC younger than 50 years [4]. In regions with
low incidence, guidelines include the following
clinical criteria [4, 27]: (a) more than one case of
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GC in first-degree or second-degree relatives,
with one or more confirmed patient of intestinal
type in someone before the age of 50, and (b) at
least three confirmed individuals of intestinal GC
in first-degree or second-degree relatives, inde-
pendent of age.

The GC display the common general features
observed in the sporadic setting. Histologically,
the tumors show the characteristics of Lauren
intestinal-type adenocarcinoma [27]. Genetically,
we do not find TP53, DNA mismatch repair
genes, or CDH1 mutation in these tumors so far.
However, some research reported that almost
17% of cases present epigenetic methylation of
CDHI. There are also 9.4% of cases attracting
attention because of loss of heterozygosity [31].

1.5 Lynch Syndrome

LS, also known as hereditary nonpolyposis
colorectal cancer syndrome (HNPCC), is an
autosomal dominant syndrome. About 2-4% of
all CRC are LS, which is the most common form
of inherited CRC syndrome [4]. Now we know
there are two types of Lynch syndrome according
to the clinical feature. The type, which is predis-
posing primarily to colonic carcinoma, we defi-
nite it as Lynch syndrome I. Part of tumors arising
in the genitourinary tract, prostate, pancreatico-
biliary tract, stomach, and endometrium have
been identified as part of the neoplasm spectrum
in Lynch syndrome II. In Lynch syndrome II, the
lifetime risk of LS patients is up to 80% for CRC,
20-60% for endometrial cancer, and 11-19% for
GC [32]. The lifetime risk for developing GC
varies in different regions. In the Eastern, the life-
time risk of GC in LS patients (30% in Korea and
44.4% in China) is higher than it is in some
Western countries (11-19%, even 2.1% in the
Netherlands) [4, 32]. In Finland, the cumulative
incidence of GC in LS is 13% by 70 years of age,
and 52% of GC in LS are diagnosed in individu-
als younger than 50 years [33, 34]. GC associated
with LS is predominantly intestinal phenotype,
and the prevalence of Helicobacter pylori infec-
tion in LS patients with GC does not differ from
it in the general population [35].

The predisposition of LS to cancers is related
to the mutations of mismatch repair (MMR)
genes, which would accelerate DNA microsatel-
lite instability (MSI). Abnormal MMR gene can
be found in 90% of tumors from LS patients with
germline mutations and in 10-15% of sporadic
cancers [36]. MMR proteins include the MutS
proteins (such as hMSH2, hMSH3, and hMSH6)
and the MutL proteins (such as hMLH1, hPMS1,
hPMS2, and hMLH3) [37]. At least five MMR
genes have been identified in LS, with approxi-
mately 90% of gene mutations in MLH1 and
MSH2, 7-10% in MSHS6, less 5% in PMS2, and
very rarely in PMS1 [38]. The identification of
MMR genetic alterations has a considerable clin-
ical significance on the screening, diagnosis, and
prevention of LS [32, 39]. MSI is a marker of the
presence of replication errors in simple repetitive
microsatellite sequences due to DNA MMR defi-
ciency. Tumors are classified as microsatellite
stable (MSS), MSI-low (MSI-L), and MSI-high
(MSI-H). Several studies have reported that MSI
is present in both familial and sporadic GC and
that about 20-30% of GC have MSI [40]. MSI
occurs at the stage of chronic gastritis, a long
time before the development of GC [41].
Therefore, MSI analysis is promising as a valu-
able marker of the risk of progression to GC.

In the past, both Amsterdam criteria and
Bethesda criteria have ever been used to establish
a diagnosis of LS. GC, however, is not a defining
criterion for LS in either classification. In 2004,
the revised Bethesda guidelines, instead of the
Amsterdam I and II, was proposed as the clinical
screening criteria that can be used to select indi-
viduals for MSI analysis. Firstly, the patients,
who was diagnosed with CRC at less than
50 years of age, are suspected to have
LS. Secondly, we take the cases, which meet the
criteria that present synchronous, metachronous
colorectal, or other LS-related tumors at any age,
into account. Thirdly, we think over the individu-
als who suffer from CRC diagnosed before the
age of 60 years, and its MSI phenotype was high.
Fourthly, CRC patients, whose first-degree fam-
ily member was diagnosed with a LS-related
tumor at less than 50 years of age, should be
taken into consideration or CRC patients, who
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has family history and the relative diagnosed
with a LS-related tumor at any age. If a patient
fulfills the above diagnosis checklist, the molecu-
lar (such as PCR and direct DNA sequencing)
and/or immunohistochemical (MMR protein)
testing for MSI should be performed, because
certain cases may fulfill the clinical feature but
are MMS on testing, an exclusionary feature
[42]. The presence of MSI in a tumor specimen is
not indicative of a particular gene defect, and nei-
ther MSI nor THC can distinguish between spo-
radic and LS-related cancer. However, IHC
results indicating the absence of a specific MMR
protein can be used to determine which targeted
mutation analysis should be performed [43]. A
full-scale analysis of the entire MSH6, PMS?2,
MSH2, and MLH1 genes is commendatory for
making a definite diagnosis of LS [4]. The most
common abnormity is seen in MSH2 (about 60%
of LS cases) and MLH1 (about 30% of the cases).
The remaining rare types are PMS2, MSHG6,
TGFBR2, and MLH3 mutations (about 10% of
the cases) [4]. Some method for MSI detection in
GC has been proposed, but whether it will
become the treatment standard remains unknown
[44]. In addition, the relative rarity of GC in LS
families makes the cost-effectiveness of endo-
scopic screening questionable [4].

Familial Adenomatous
Polyposis/MUTYH-
Associated Polyposis/
Attenuated Familial
Adenomatous Polyposis

1.6

FAP is an autosomal dominant disease classi-
cally characterized by hundreds to thousands of
adenomas through the gastrointestinal tract. Its
etiology is adenomatous polyposis coli (APC)
germline mutation which is located on chromo-
some 5q21. There are three clinical features that
help us diagnose FAP. We take the cases, which
can be detected in more than 100 adenomatous
colorectal polyps, into account. APC germline
mutation may also be a clue. If young people,
whose first-degree or second-degree family
member was diagnosed with FAP, carry any

number of adenomas, he/she would be consid-
ered as FAP. Nearly 8% of FAP cases are attenu-
ated FAP (AFAP), which characteristic is less
than100 adenomatous colorectal polyps. Usually
these patients carry 10-99 adenomas at age older
than 30 years and have one first-degree family
member with CRC and few adenomas. The other
situation is two or more relative with 10-99 ade-
nomas at age older than 30 years old [45]. MAP
is an autosomal recessive polyposis syndrome
[37]. A diagnosis is established only after exclu-
sion of FAP syndrome by demonstrating an
absence of APC mutation and confirmation of
the biallelic mutations of MUTYH gene, a mutY
homolog (Escherichia coli) gene located at chro-
mosome loci 1p34.3-p32.1, in a suspected indi-
vidual on the basis of the given circumstances.
Firstly, we take the cases, whose family member
was diagnosed with CRC accordingly with an
autosomal recessive pattern of inheritance, into
account. Secondly, those who can’t be detected
in the germline mutation of APC gene and carry
more than 100 colon polyps would be thought
over. The third situation is those who harbor
10-100 colon polyps, whatever adenomas or
hyperplastic type. Fourthly, we would take an
individual who carries 1-10 colon adenomas in
the first decade into consideration. The fifth part
includes the cases with specific somatic muta-
tion of KRAS (¢.34G—T) in codon 12 and suf-
fering from CRC at the same time. Extra-colonic
neoplasms are observed often in patients with
FAP, but clinical features of GC associated with
FAP are not clear at present. The presence of
gastric polyps (from 51% to 88% in FAP [46, 47]
and 93% in AFAP [48]) and even polyps associ-
ated with dysplasia or canceration is the known
manifestation of FAP/AFAP in the Eastern [4].
The risk of GC in FAP varies in different regions.
A high risk has been reported in the Eastern
(3.8% in Japan [49] and 4.2% in Korea [50]) but
low in the Western (0.6%) [51], and GC related
to FAP often originated from fundic gland pol-
yps or adenomatous polyps. Patients with FAP
are 7-10 times more likely to affect gastric car-
cinoma than nonsyndromic patients in the
Eastern [52]. For example, in Japan, FGP were
significantly more common in FAP than in
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AFAP; however, GC was significantly less com-
mon in FAP than in AFAP. Upper gastrointesti-
nal tumors/polyps were frequently found in
patients with FAP, but the frequency of GC in
patients with FAP was similar to that in the gen-
eral population [49]. The age of onset of stom-
ach manifestations is variable, but GC typically
develops long after colectomy. The types of
benign gastric lesions detected include FGPS,
GAs, and, infrequently, hyperplastic polyps and
pyloric adenomas. Syndromic FGPs have a
higher incidence of carrying beginning dysplasia
(25-44%) than sporadic cases (~1%) [53, 54].
The dysplasia often present low grade, and the
risk of malignant transformation is low. Gastric
involvement in patients with MAP is uncom-
mon. Although gastric lesions, such as adenomas
and fundic gland polyps, have been found in up
to 11% of patients with MAP, the risk of GC
does not increase currently [55].

The FAP syndromes are autosomal dominant
inherited disorders with a close to 100% pene-
trance. The involved gene is the tumor suppressor
gene of adenomatous polyposis coli (APC)
located on chromosomal 5q21, which harbor het-
erozygous mutation. About 90% of germline
inactivation of APC lead to truncation of APC
protein. APC mutations have been proved to be
associated with some gastric lesions, such as gas-
tric fundic gland polyposis, gastric adenomas,
and dysplastic and malignant gastric polyps.
MAP is an autosomal recessive polyposis syn-
drome caused by the MUTYH gene located on
1p34.1, which plays a significant role in DNA
base-excision repair.

1.7  Peutz-Jeghers Syndrome

Peutz-Jeghers syndrome (PJS) is an autosomal
dominant disorder and inherited cancer syndrome
characterized by gastrointestinal hamartomatous
polyposis (preferentially involving the small
intestine) and mucocutaneous melanin pigmenta-
tion. Polyps in the stomach are detected in 25%
of the patients with the median age of onset of
16 years. Although reported as early as 12 years
of age [56], GC usually develops after a long

time (often more than 25 years) with the esti-
mated lifetime risk of nearly 30% in PJS patients
with SMAD4 gene mutations, and the common
histological type is intestinal-type adenocarci-
noma [4, 57]. Classic PJS presents four important
features. Firstly, the patient harbors at least three
polyps which measure up the standard of Peutz-
Jeghers polyps in histology. Secondly, the case,
whose family member develops PJS, can be
detected in Peutz-Jeghers polyps regardless of
the number. Thirdly, the individuals with a family
histology of PJS present distinctive, remarkable,
mucocutaneous pigmentation. Fourthly, the
patients present remarkable, mucocutaneous pig-
mentation and carry Peutz-Jeghers polyps, no
matter the number. The diagnosis should meet
two or more of the checklist above. PJS is an
autosomal dominant trait with almost complete
penetrance. About 70% of patients with PJS har-
bor the germline mutations of LKBI/STKI1
which encode a serine threonine kinase [58].
LKB1/STKI11 is located on chromosome 19p13.3
and is a tumor suppressor gene. There are usually
two patterns of LKB1/STK11 gene mutations,
including truncating mutations and missense
mutations. The latter type develop a later onset of
gastric polyps in comparison with the former or
no mutations. Not only the type but also the site
would influence the development of GC and gas-
tric polyps [59].

1.8  Juvenile Polyposis Syndrome
JPS, now we know, is an autosomal dominant dis-
ease. The patients present multiple polyps through-
out the digestive tract with an increased risk for
GC. Stomachic polyps are usually diagnosed in
adults (median age of 41 years). GC has been
found in up to 21% of gastric polyps and is either
intestinal- or diffuse-type adenocarcinomas.

The cases should meet the following checklist
when diagnosed with JPS. Firstly, the individuals
with one or more relatives who developed JPS
can be detected in JP polyps regardless of the
number. Secondly, the patients harbor at least five
polyps which measure up the standard of JP
polyps in the rectum or colon in histology.
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Thirdly, the cases carry JP polyps throughout the
entire gastrointestinal tract [60].

Genetic abnormality involved in JPS is
inherited germline mutation of multiple genes.
Germline mutations in SMAD4 (DPC4) gene
on chromosome18q21 present in about 20% of
JPS cases. Germline mutations in BMPRIA
gene on 10g23 present in similar proportion of
JPS patients [61, 62]. Severe upper gastrointes-
tinal polyposis has been associated with the for-
mer, but not the latter mutations [63, 64]. The
role of germline mutations in ENG and PTEN
(phosphatase and tensin homolog) has been
debatable [65].

1.9 Li-Fraumeni Syndrome

LFS is an autosomal dominant inherited disorder
with an increased risk of typically developing
leukemias, sarcomas, brain tumors, and breast
and adrenal cortical carcinomas in children and
young adults and associated with germline TP53
gene mutation located on Chr 17p13.1. GC is
detected in up to 4.9% of LFS carriers [66]. The
mean and median age at diagnosis of GC is 43
and 36 years, respectively (range, 24—74 years),
which is significantly younger compared with
that of sporadic GC (71 years) [66]. Pediatric GC
reveals an atypical presentation of Li-Fraumeni
syndrome [67]. The youngest we know is only
12 years old [68]. About 50% of the tumors have
been located in the proximal stomach, and nearly
70% show a phenotype of intestinal type [66].

1.10 BRCA1 and BRCA2
Hereditary Breast
and Ovarian Cancer

BRCA1 and BRCAZ2 hereditary breast and ovar-
ian cancer is an autosomal recessive syndrome
caused by mutations in BRCAI located on Chr
17g21.31 or BRCA2 on 13ql3.1. GC has been
accompanied by BRCA1 and BRCA2 syndromes
[4]. BRCAI1 mutation at ¢.3936 C—T [69] and
BRCA2 mutation at 6174delT [70] have been
reported in a higher frequency of gastric carci-

noma. In comparison with BRCA1, BRCA2 is
more tightly associated with gastric cancer.
However, there is a study from Polish that sug-
gested that BRCA1 founder mutations in patients
with breast-ovarian cancer do not contribute to
increased GC risk [71].

1.11 Cowden Syndrome

The Cowden syndrome (CS) is an autosomal
dominant disease characterized by multiple
hamartomas of the gastrointestinal tract, skin,
and other organs. Because the susceptibility
gene, PTEN, resides on 10g23.3, CS is also
known as PTEN hamartoma syndrome. The
patients with CS often have multiple hyper-
plastic gastric polyps, and some have multiple
hamartomatous polyps in the stomach [72].
One study has ever reported that two synchro-
nous gastric carcinomas, multiple hyperplastic
polyps, and small, sessile polyps were found in
the stomach of the 73-year-old white man with
CS [73].

Conclusions

With the rapid development of the technology
of molecular biology, GC has been investigated
intensively and extensively at molecular levels.
However, the genetic and pathogenic determi-
nants of hereditary or familiar GC syndromes
are not yet fully recognized. Familial GC com-
prises at least three major syndromes: HDGC,
GAPPS, and FIGC. The lifetime risk of devel-
opment of GC is high in families with these
syndromes above, but only HDGC is geneti-
cally explained, which was caused by germline
disorder of CDHI (encoding E-cadherin pro-
tein), and much efforts need to be made to iden-
tify genetic alterations that may guide the
clinical management and genetic testing of
patients with GAPPS or FIGC. In addition, GC
is also involved in a range of several other can-
cer-associated syndromes with clear genetic
reasons, such as LS, FAP, MAP, PJS, JPS,
HBCS, LFS, and so on. In recent years, the
research into and understanding of the genetic
changes and molecular pathogenesis underly-
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ing familial or hereditary GC has increased sig-
nificantly. These genetic alterations are not
only associated with oncogenesis but also very
practical biomarkers for tumor diagnosis and
prediction of therapeutic response and progno-
sis. Personalized tumor treatment in the coming
future would also depend on the individualized
genetic signature. Thus, deep understanding to
the genetic alterations must open a new fasci-
nating window related to the new genetic test-
ing approaches and novel potential therapeutic
strategies to the hereditary or familiar GC. A
raised awareness to the syndromes above may
allow for increased detection and prevention of
GC in these high-risk individuals and their
familiar members.
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Genetics and Molecular Signature
of Gastric Cancer

Meng Zhu and Guangfu Jin

2.1 Introduction

Gastric cancer (GC) is a major contributor to the
global cancer burden. According to GLOBOCAN
2012, approximately 952,000 new cases of gas-
tric cancer were diagnosed globally in 2012 (rep-
resenting 6.8% of total cancer diagnoses), and
723,000 patients died as a result of gastric cancer
(representing 8.8% of all cancer-related deaths)
[1]. These statistics make gastric cancer the fifth
most common malignant tumor in the world,
behind cancers of the lung, breast, colon, rectum,
and prostate. Of these cases, more than 70%
occurred in developing countries, and half the
total were diagnosed in Eastern Asia (with China
reporting approximately 43%) [1]. Encouragingly,
numerous studies have demonstrated a decrease
in the incidence of gastric cancer over the past
few decades [2—4]. Nevertheless, the total num-
ber of new gastric cancer cases has risen in recent
years as a result of population growth and chang-
ing demographics.
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Histologically, gastric cancer can be divided
into two classes, diffuse (DGC) or intestinal
type (IGC). IGC generally arises from chronic
precancerous lesions. Such lesions usually
develop from chronic inflammation caused by
H. pylori infection, which then progresses to
atrophic gastritis and eventually to intestinal
metaplasia and dysplasia [5]. In contrast, DGC
usually develops from normal gastric mucosa
with no definitive premalignant stage and is
often associated with a negative H. pylori sta-
tus [6]. In IGC, but not in DGC, malignant
cells resemble gland-like structures. IGC
occurs more frequently in high-risk regions,
while DGC is more common in low-risk areas.
DGC is more frequently diagnosed in young
patients and females and behaves more aggres-
sively than IGC-type cancer. Although often
reported as a single entity, gastric cancer can
also be divided into two main categories
according to their topography: cardia gastric
cancer (CGC), which develops in the area of
the stomach adjoining the esophageal-gastric
junction, and non-cardia gastric cancer
(NCGC), which is found in more distal regions
of the stomach [7]. Both CGC and NCGC are
thought to be influenced by a variety of factors
such as infection with H. pylori, cigarette
smoking, consumption of high-sodium foods,
and low intake of fruits and vegetables [8—11].
However, other risk factors are subtype spe-
cific. For example, CGC shares specific risk
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factors with esophageal adenocarcinoma, such
as obesity and gastroesophageal reflux disease
(GORD) [12, 13]. Gastric cancer is a solid
tumor developing as a consequence of a com-
plex interplay between genetic and environ-
mental factors (Fig. 2.1). In addition to these
environmental risk factors, host genetic factors

H. pylori

GWAS
1g22(MUC1)
5p13.1(PRKAA1)
8q24.3(PSCA)
10q23(PLCE1)

Candidate genes
e.g
MUC1(rs4072037)
IL1B(rs16944)
IL1B(rs1143634)
IL1B(rs1143627)
IL8(rs4073)
IL10(rs1800871)
IL17F(rs763780)
TNF(rs1799724)
TNF(rs1800629)
TLR4(rs4986790)
GSTP1(rs1695)
EPHX1(rs1051740)
TGFBR2(rs3087465)
TP53(rs17878362)
MDM2(rs2279744)

Fig. 2.1 Gastric cancer is a malignancy resulting from
the complex interplay between genetic and environmental
factors. The molecular alterations found in gastric cancer
include somatic gene mutations, chromosomal instability,
microsatellite instability, structure variants, and changes

also determine an individual’s predisposition
to GC, and the heritability estimate is approxi-
mately 24.3% for GC [14].

Clinically, symptoms of gastric cancer often
present late in the development of the disease,
thus limiting the opportunity for early detection
and diagnosis. A lack of effective treatment
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in epigenetic profile, which disrupt cell cycle, growth,
proliferation, and apoptosis of gastric epithelial cells.
These molecular alterations can be used for molecular
subtyping, thus guiding clinical practice (Adapted from
Nat Rev Gastroenterol Hepatol. 2014;11 [15])
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options following diagnosis often leads to a poor
prognosis. In order to address these issues, novel
biomarkers and detailed description of molecular
features of GC are paramount [15]. Over the past
few decades, advances in technology and high-
throughput sequencing analysis have enabled a
greater understanding of the genetic and molecu-
lar aspects of gastric cancer pathogenesis. In this
section, we will address the genetic basis that
drives the disease and discuss genomic signatures
that confer the specific molecular signature of
gastric cancer.

2.2 The Genomic Susceptibility
of Gastric Cancer

Only a subset of individuals exposed to
environmental risk factors (such as H. pylori
infection or smoke) ultimately develop GC, indi-
cating that genetic variations might be a contrib-
uting factor. Single nucleotide polymorphisms
(SNPs) are the most common genetic alterations

naturally occurring, with variable frequencies
within different ethnic populations. Particular
SNPs can modify susceptibility to GC, either
through altering the gene expression profile or
by affecting gene function directly. With confer-
ring increased susceptibility to GC, the risk
alleles of SNPs often accumulate in GC cases,
resulting in higher frequencies in GC cases com-
pared to normal healthy individuals. Initially, the
association between SNPs within key genes and
GC susceptibility was explored using a hypothe-
sis-driven candidate gene approach. Nowadays,
with the advent of improved genotyping tech-
nologies, genome-wide association studies
(GWAS) and high-throughput genetic analyses
have become the main research strategy
(Table 2.1). This new strategy is not hypothesis-
driven and allows the simultaneous investigation
of hundreds of thousands SNPs. The most sig-
nificant advantage of this approach is the ability
to identify new susceptibility genes, in turn
offering crucial insights into the pathogenesis of
gastric cancer.

Table 2.1 Summary of results from representative GWAS studies in gastric cancer

Region Gene Identified SNPs Reference

Non-cardia gastric cancer

1922 ASHIL rs80142782T > C Wang Z et al., 2015 [26]

3q13.31 ZBTB20 rs9841504 C > G Shi Y et al., 2011 [52]

5q14.3 Inc-POLR3G-4 rs7712641 C>T Wang Z et al., 2015 [26]

5pl3.1 PTGER4-PRKAAL1 rs13361707 T > C Shi Y etal., 2011 [52]

6p21.1 UNCS5CL rs2294693 T > C Hu N et al., 2016 [49]

8q24.3 PSCA rs2294008 C > T Wang Z et al., 2015 [26]

1s2976392 A> G Shi Y et al., 2011 [52]

Cardia gastric cancer

10q23 PLCEI1 1s2274223 A>G Abnet CC et al., 2010 [48]
Wang LD et al., 2010 [69]

20p13 C20orf54 rs1304295C>T Wang LD et al., 2010 [69]

Cardia and non-cardia gastric cancer

122 MUCI1 rs4072037A>G Hu N et al., 2016 [49]

Spl3.1 PTGER4-PRKAALI rs10074991 G > A Hu Netal., 2016 [49]

Diffuse gastric cancer

8q24.3 PSCA rs2294008 C>T Study Group of Millennium
Genome Project for Cancer,
2008 [47]

1q22 MUCI1 rs2070803G > A Study Group of Millennium
Genome Project for Cancer,
2008 [47]
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23 SNPs in Candidate Genes
2.3.1 Mucins

Mucins are high molecular weight proteins mod-
ified with O-linked oligosaccharides and n-gly-
can chains, thus belonging to the class of
glycoproteins. In the human genome, 21 mucin
(MUC) genes have been described [16]. These
genes encode two distinct groups of mucins
involved in epithelial barrier protection between
a host and its environment: secreted mucins and
membrane-bound mucins. The major mucins
expressed in the stomach are the membrane-
bound MUCI as well as the secreted MUCS5AC
and MUC6. MUCI usually expressed in the gas-
tric mucosa in the superficial and foveolar epi-
thelium and mucous neck zone cells. In contrast,
MUCS5AC is often detected in the superficial epi-
thelium, while MUC6 is found in the deep
glands. The specific expression pattern of
MUCI, MUCS5AC, and MUCSG is altered in the
carcinogenesis of gastric cancer, with de novo
expression of secreted MUC?2. Crucially, several
studies have highlighted the important role of
genetic variants in these mucin genes in the
development of GC [16, 17].

Polymorphisms in MUC] associated with gas-
tric carcinoma, as well as with chronic atrophic
gastritis and incomplete intestinal metaplasia,
were first identified in Europeans in the 1990s
[18]. These polymorphisms mostly constituted
variable number of tandem repeat (VNTR) [18—
20]. In addition, using an LD-based tag SNP
approach, a recent population-based case-control
study in the Polish population linked SNP
rs4072037 with a significantly increased risk of
GC [21]. This association was subsequently rep-
licated by several additional GWAS studies and
candidate gene studies in different ethnicities
[22-26], while other studies reported conflicting
results [27, 28]. A further meta-analysis compris-
ing 6580 cases and 10,324 controls confirmed
that the A allele of rs4072037 was associated
with an increased risk of GC progression, pre-
dominantly in Asians [29].

MUCS5AC encodes a mucin secreted by the
gastric mucosa which is thought to play a role in

the colonization of H. pylori [30]. In patients
with chronic H. pylori infection, the number of
MUCS5ACproducing cells as well as expression
levels of MUCS5AC may gradually decrease [31].
Currently, the number of studies investigating
the association between MUCSAC polymor-
phisms and GC risk is limited. Jia et al. evalu-
ated the association between eight tag SNPs of
MUCSAC and the risk of GC in a Polish popula-
tion and found one SNP—rs868903—to be sig-
nificantly associated with GC risk while not
related to the risk of H. pylori infection [21]. In
another study, a total of 12 tag SNPs were
assessed in a Chinese population, but none were
associated with an increased risk of GC or H.
pylori infection [32]. In summary, while these
studies showed inconsistent results for GC risk,
both suggested that the polymorphisms of
MUCSAC are not associated with an increased
risk of H. pylori infection [21, 33].

MUC6 encodes a secreted mucin which is
highly expressed in normal gastric mucosa.
Studies have shown that the unique glycan resi-
dues on MUC6 inhibit the biosynthesis of a
major cell wall component (cholesteryl-an-
glucopyranoside), thus playing an important role
in the host defense against H. pylori infection
[34, 35]. In GC tumors, the expression of MUC6
has been shown to be significantly reduced [36].
The association between VNTR polymorphisms
in MUCG6 and GC risk has been extensively stud-
ied. Small VNTR alleles of MUC6 have been
found to be associated with an increased risk of
both H. pylori infection and GC [37, 38]. Kwon
et al. identified short rare minisatellites-5 alleles
of MUC6 that influence susceptibility to gastric
carcinoma by regulating the expression of MUC6
[39]. However, no SNPs in MUC6 were shown to
be associated with GC risk thus far.

MUC2 is not expressed in normal gastric
mucosa but is detected in intestinal metaplasia
and GC. The expression of MUC?2 is thought to
be activated by pro-inflammatory cytokines
which are produced as a reaction to H. pylori
infection. Similar to MUC6, while short rare
minisatellites-6 alleles of MUC2 have been
shown to be associated with GC risk, no signifi-
cantly associated SNPs have been identified [40].
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2.4 Inflammatory Cytokines
and Immune Response

Genes

H. pylori infection is thought to be the most com-
mon environmental risk factor for GC and has
been recognized as a class I carcinogen by the
World Health Organization (WHO) [41]. Nearly
50% of the world population has contracted H.
pylori at one point, and a three- to sixfold
increased risk of GC has been observed in indi-
viduals infected with H. pylori [42]. Following
infection with H. pylori, the host immune
response modulates and mediates the inflamma-
tory response, which determines the severity and
scope of the tissue damage. Inflammatory cyto-
kines (e.g., IL1, ILS, IL10, IL17, and TNF) and
immune-related genes (e.g., TLR4) are the most
common and pivotal genes involved in the host
immune response to H. pylori infection. The
association between genetic variants in these
inflammatory cytokine and immune response
genes and GC risk has been widely investigated
in the past few years.

ILIB is the most powerful pro-inflammatory
cytokine produced in response to H. pylori infec-
tion; in addition, it is also a potent inhibitor of
gastric acid secretion [43]. In the absence of H.
pylori infection, an overt malignant pathology
was still observed in a transgenic mouse model
with overexpression of IL-If in the stomach
through promoter targeted driven. When H. pylori
colonization was introduced into this model, an
accelerated pathological consequence was
observed [44]. These results indicate that
increased expression of [LIB is sufficient to
induce gastric dysplasia or carcinogenesis.
Furthermore, these results also reinforce the
importance of host-environment interactions in
the development of GC. Based on these biological
findings, the impact of SNPs in the cluster of IL1
genes (encoding /L-IRN, IL-l1a, IL-1p, and the
naturally occurring receptor antagonist) on the
risk of gastric cancer has been evaluated in vari-
ous populations of different ethnicities. However,
results from different studies have proven incon-
sistent. In a recent meta-analysis by Simone et al.
[45], ILIB-511(rs16944) was identified and

shown to be significantly associated with an
increased risk of cardia GC, with an estimated OR
of 1.20 (95%CI 1.06-1.35). In contrast, no
association with diffuse-type GC was found.
Furthermore, The SNP ILIB + 3954(rs1143634)
significantly increased the risk of gastric cancer in
H. pylori-positive cases and controls (OR = 1.72,
95%CI 1.32-2.24). Using a standard protocol,
Persson and colleagues also conducted a series of
meta-analyses on these inflammation-related
genes in the human genome epidemiology
(HuGE) review and found a consistent positive
association between the VNTR IL1RN*2 and an
increased risk of gastric cancer. This association
was specific to non-Asian populations and was
observed for both IGC and DGC, particularly in
cancers with a distal location [46]. In contrast, the
SNP IL1B-31(rs1143627) was associated with a
significantly reduced risk of GC in Asian popula-
tions. While the quality of these associations was
considered high or intermediate in the meta-
analysis, these SNPs were not associated with the
expression of /LIB in stomach tissues or periph-
eral blood according to GTEx. As yet, the exact
mechanisms underlying these associations remain
unclear.

In light of the associations in the IL1 gene
cluster, there has been a growing interest in
SNPs in other interleukin gene families (e.g.,
IL-8, which stimulates the proliferation of
endothelial cells; /L-10, which downregulates
cytotoxic responses; and /L-17, which alters the
host inflammatory microenvironment) and
whether these SNPs could alter the susceptibil-
ity of gastric cancer. Through a systematic
meta-analysis, Simone et al. found that rs4073
and rs2227306 in /L8 were significantly associ-
ated with an increased risk of GC (OR = 1.24
for rs4073; and OR = 1.23 for rs2227306).
These two SNPs were in high linkage disequi-
librium (LD), with R? of 0.81, and were shown
to regulate the expression of IL8 in peripheral
blood. In addition, rs1800871, which regulates
the expression of [LI0, was found to be
significantly associated with a reduced risk of
GC (OR = 0.57, 95%CI 0.37-0.88). While
rs763780, a missense variant in ILI17F, was sig-
nificantly associated with an increased risk of
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GC (OR = 1.29, 95%CI 1.34-1.46) specific to
the Asian population [45].

Other genes involved in the host inflammatory
response to H. pylori infections are TNF (primar-
ily involved in the adaptive immune system) and
TLR4 (mainly involved in initiating the innate
immune system). Several studies have assessed
sequence variants in these two genes in the con-
text of gastric cancer. According to a meta-
analysis by Simone et al., rs1799724 and
rs1800629 in TNF were significantly associated
with increased risk of GC, and the association of
rs1800629 was more prominent in Caucasian
population as well in cardia and diffuse-type
GC. Similarly, a missense variant in TLR4,
rs4986790, showed a positive association with an
increased risk of GC, especially in Caucasian
population and non-cardia GC [45].

2.5  Other Genetic Variants

In addition to the two major gene sets described
above, sequence variants in several other genes
associated with pathophysiological mechanisms
have been studied in the context of gastric cancer
susceptibility. These genes include enzymes
involved in the metabolism of chemical carcino-
gens (e.g., cytochrome P450 enzymes, EPHXI,
GSTM1, GSTPI, and GSTTI), DNA repair (e.g.,
ERCC gene family and XRCC gene family), epi-
thelial cell growth, proliferation, apoptosis, and
protection (e.g., FAS/FASL, TFF gene family, and
TGFB gene family), as well as ABO blood type
and the most commonly mutated tumor suppres-
sor gene P53 and its negative regulator MDM?2.
Despite some inconsistent conclusions, Simone
et al. found several reliable associations after a
systematic review and subgroup meta-analysis:
The SNP rs1695, a missense variant in GSTPI,
was observed significantly associated with a 1.19-
fold increased risk of GC specific to Asian popu-
lations; rs1051740, a missense variant in EPHX1,
was correlated with the risk of GC with an esti-
mated OR of 1.24 in a Caucasian population; the
SNP 153087465 in the promoter region of
TGFBR?2 significantly reduced the risk of GC
only in Asians, while rs8176719, which defines

the O blood type, was associated with an 0.81-
fold decreased risk of GC only in Caucasians. A
16 bp duplication in intron 3 of the TP53 gene
(PIN3 Ins16bp, rs17878362) was associated with
an increased risk of GC, with estimated OR of
1.37, while SNP 152279744 in MDM?2, the nega-
tive regulator of TP53, was found to be signifi-
cantly associated with an increased risk of cardia
GC (OR = 1.38, 95%CI 1.13-1.69). These find-
ings reinforce the relevance of certain candidate
genes in the development of gastric cancer and
provide an additional understanding of how a per-
son’s genetic background contributes to the sus-
ceptibility of GC. However, the exact mechanisms
underlying these associations remain unexplored.

2.6 Susceptibility Regions
Identified by GWAS
2.6.1 1q22

In 2008, Sakamoto and colleagues performed a
GWAS study of diffuse gastric cancer and identi-
fied two significantly associated variants
(rs2075570 in MTX1 and rs2070803 in TRIM46)
within chromosome 1g22 in a Japanese popula-
tion [47]. In a subsequent study, these associa-
tions were confirmed in another Japanese
population as well as in a Korean population [25,
47]. Furthermore, in another GWAS study on
gastric adenocarcinoma and esophageal squa-
mous cell carcinoma, Christian et al. also identi-
fied two variants (rs4072037 in MUCI and
rs4460629 in the downstream of KRTCAP2)
related to the susceptibility of gastric adenocarci-
noma in a Chinese population [48]. Wang et al.
confirmed the association of the MUCI! variant
rs4072037 in a GWAS meta-analysis [26]. In
addition, stratification analysis revealed that this
association was also significant in both cardia
and non-cardia gastric cancer [49]. In a system-
atic meta-analysis by Simone et al., a total of
eight variants in different genes on locus 1q22
were found significantly associated with the sus-
ceptibility of diffuse gastric cancer [45]. However,
all these variants were in medium-high LD with
each other (R? > 0.5).
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A total of five genes (KRTCAP2, TRIMA46,
MUCI, THBS3, and MTX]I) reside in the strong
LD block harboring rs2070803, rs2075570,
rs4072037, and rs4460629. MUCI, which has
been closely investigated in candidate gene stud-
ies, is located at the center of this block and is
thought to be responsible for conferring the
increased cancer susceptibility. As described
above, MUCI is a membrane-bound protein in
the gastric mucosa and is involved in the epithe-
lial barrier protection between a host and its envi-
ronment. Besides its involvement in epithelial
barrier formation, studies have also shown that
phosphorylation of MUCI can affect many
important cell functions through its multifaceted
functional repertoire. For example, MUCI can
stimulate the f-catenin-Wnt pathway, thus affect-
ing cyclin D1 transcription and cell growth, and
influence cell kinase-driven signaling pathways.
Furthermore, MUCI1 interacts with several piv-
otal transcription factors (including the STATSs
and NF-xB), thus affecting expression of down-
stream targets and influencing cell-cell adhesion
[15]. Due to its versatile functions, MUC1 is con-
sidered an oncoprotein implicated in a number of
tumors and a potential therapeutic target.

The mechanisms by which these candidate
genes affect cancer susceptibility have not been
fully understood. There is evidence that
rs4072037 (G > A) in exon 2 of the MUCI gene
confers the disease risk, with the G allele being
protective. Xu et al. assessed MUC! protein
expression in gastric cancer specimens and
found that the A allele of rs4072037 was associ-
ated with reduced protein levels [50]. In support
of this result, rs4072037 was found to reduce the
activity of the MUCI promoter in functional
reporter assays [25]. Moreover, rs4072037 is
located in the region spanning exons 1 and 2,
which could potentially affect the splicing of the
second exon. Further analysis showed that the
risk allele A of rs4072037 leads to a 9-amino
acid deletion in the second exon, causing modifi-
cations of both the signal peptide and the
N-terminal amino acid of the mature protein by
changing the signal peptide cleavage site [51].
This change may affect intracellular trafficking,
as well as glycosylation, and protein folding,

effecting alteration in the functions of the mature
protein.

2.6.2 5p13.1

Through a three-stage analysis of 4294 non-
cardia gastric cancer cases and 5882 controls, Shi
et al. demonstrated a significant association of
the C allele of rs13361707 with an increased risk
of non-cardia gastric cancer in a Chinese popula-
tion [52]. This variant is located within the
intronic sequence of PRKAAI on locus 5pl3.1.
This association was further validated by several
additional studies in Eastern Chinese, Korean,
and European populations [53-55]. In a genome-
wide study designed to compare the associations
between cardia and non-cardia tumors, Hu et al.
found a significant association between
rs10074991 in PRKAAI and a reduced risk of
both cardia and non-cardia gastric cancer [49].
The rs10074991 and rs13361707 sequence vari-
ants, both located in the intronic sequence of
PRKAAI, were in perfect LD (R? = 1.00). In a
systematic meta-analysis by Simone et al.,
rs13361707 was also found significantly associ-
ated with both cardia and non-cardia gastric [45].

The strong LD block containing rs13361707
chiefly spans three genes—PTGER4, TTC33, and
PRKAAI—on 5p13.1. Interestingly, results from
GTEx showed a significant association of
rs13361707 with the expression of these three
genes in stomach tissues. PTGER4 encodes a
member of the G protein-coupled receptors and
is also one of the four receptors for prostaglandin
E2 (PGE2). This receptor has been shown to
induce expression of early growth response 1
(EGR1) and to regulate the level and stability of
cyclooxygenase-2 (COX-2) mRNA [56, 57].
Studies have demonstrated that PGE2 signaling
promotes the tumorigenesis of gastric cancer
through PTGER4-activated epidermal growth
factor receptor (EGFR) and metalloproteases
(ADAMs). Additionally, it is involved in the gas-
tric mucosal defense against H. pylori infection
[58, 59]. Few studies on 7TC33 have been con-
ducted so far, and the role of TTC33 in tumori-
genesis is yet unclear. The protein encoded by
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PRKAAI belongs to the ser/thr protein kinase
family and is a catalytic subunit of the 5’-prime-
AMP-activated protein kinase (AMPK). AMPK
is a cellular energy sensor conserved in all
eukaryotic cells and plays a crucial role in the
regulation of a number of key metabolic enzymes
through phosphorylation. Activation of AMPK is
triggered by an increase in the cellular AMP/ATP
ratio [60]. AMPK protects cells from stresses that
cause ATP depletion by blocking ATP-consuming
biosynthetic pathways. Recent studies suggest an
involvement of AMPK in the inhibition of YAP
activity, thus suppressing oncogenic transforma-
tion of Lats-null cells [61]. Although studies have
suggested an involvement of PTGER4 and
PRKAAIin promoting tumorigenesis, the exact
mechanisms underlying the associations in
S5pl3.1 and gastric cancer risk are not fully
understood.

2.6.3 8q24.3

In 2008, the first GWAS study of gastric cancer
linked rs2294008 and rs2976392 on locus 8q24.3
to an increased risk of diffuse-type gastric cancer
in a Japanese population [47]. The rs2294008
and rs2976392 variants were in strong LD in
Asians (R?> = 0.98). This association was subse-
quently confirmed by several following studies in
Chinese, South Korean, and Caucasian popula-
tions [62-66]. Despite variable frequencies
between different ethnicities, the unexpected
association was conserved. Moreover, these stud-
ies also expanded the significance to intestinal
gastric cancer as well as non-cardia gastric can-
cer [65].

SNPs with high LD with rs2294008 (R> > 0.8)
mainly span three genes (JRK, PSCA, and LY6K)
based on LD structure of Asians in the 1000
Genomes Project. The rs2294008 sequence is
located in the 5°UTR of the PSCA gene. In previ-
ous studies, PSCA was thought to be responsible
for the observed association in this region. PSCA
encodes a glycosylphosphatidylinositol-anchored
cell membrane glycoprotein and was first identi-
fied as a prostate-specific antigen found overex-
pressed in prostate cancer [67]. Later it was

shown to be expressed in a variety of tumors
(such as cancers of the bladder and pancreas) as
well as in some normal tissues (including stom-
ach and bladder epithelial cells) [68]. In gastric
cancer tissue specimens, PSCA is frequently
downregulated at both the gene and protein level.
To unravel the biological significance of PSCA in
tumorigenesis, in vitro transfection studies were
carried out. These studies revealed that PSCA is
involved in the inhibition of gastric epithelial cell
proliferation [47]. Furthermore, substitution of
the C allele with the risk allele T at rs2294008
was shown to lead to a frameshift variation in the
start codon of PSCA and was associated with
reduced gene transcription activity [47].

2.6.4 10q23.33

Cardia gastric adenocarcinoma (GCA) and
esophageal squamous cell carcinoma (ESCC) are
not only closely related in terms of their anatomic
locations but usually share many similarities in
terms of concurrent geographic distribution and
environmental risk factors. In 2010, Wang et al.
identified a SNP rs2274223 on 10q23.33 that sig-
nificantly associated with the susceptibility to
ESCC in a Chinese population. This variant was
also shown to be associated with GCA in a fol-
low-up validation study with 2766 gastric cardia
adenocarcinoma cases and 11,013 control sub-
jects [69]. At the same time, Christian et al. also
performed a GWAS study including ESCC,
CGC, and NCGC using samples from Shanxi and
Linxian (two areas in China with extremely high
incidence rates of upper gastrointestinal cancer).
Results from this study further validated the asso-
ciation of rs2274223 with ESCC and CGC, while
no link to NCGC was established [48]. In addi-
tion to these two GWAS studies, several addi-
tional studies also supported this association in
Chinese populations [45, 70, 71] but not in
Caucasian populations [23].

SNPs in high LD (R? > 0.8) with rs2274223 are
mainly located within PLCE] and NOC3L. Among
these SNPs, the sequence variants rs2274223 and
rs3765524 are missense mutations in the coding
regions of PLCE], resulting in R1927H and 11777T
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amino acid substitutions. The PLCE! gene encodes
an enzyme named phospholipase C epsilon 1, which
regulates intracellular signaling by catalyzing the
hydrolysis of phosphatidylinositol-4,5-bisphosphate
to 1,2-diacylglycerol and inositol 1,4,5-trisphosphate
[69, 72]. PLCEI contains several Ras-binding
domains for small G proteins and usually acts as an
effector of GTPases Ras, Rapl, and Rap2. These
GTPases have been shown to be involved in regulat-
ing cell growth, differentiation, apoptosis, and
angiogenesis [73]. PLCEI plays a role in skin and
intestinal ~ carcinogenesis through modulating
inflammation signaling pathways and promotes the
progression of head and neck squamous cell carci-
noma by binding members of the Ras family [74,
75]. Notably, studies have also shown PLCE]I to be
overexpressed in precancerous chronic atrophic gas-
tritis tissues and stomach carcinoma compared to
normal gastric tissues. Intriguingly a potential thera-
peutic benefit of inhibiting this enzyme was demon-
strated in a xenograft model [69, 76]. Taken together,
these results substantiate the finding that PLCE]
contributes to the susceptibility to gastric cardia car-
cinoma, though the exact mechanisms remain
unknown.

2.7  Other Regions

In addition to the loci described above, some
GWA studies have detected several susceptibility
regions that could not be replicated by other asso-
ciation studies. These loci include rs9841504 in
ZBTB20 (3q13.31), 187712641 in Inc-POLR3G-4
(5q14.3), and rs2294693 in UNC5CL (6p21.1) for
non-cardia gastric cancer as well as rs1304295 in
C200rf54 (20p13) for cardia gastric cancer [26,
49, 52, 69]. The lack of validation of these asso-
ciations could possibly be due to the heterogene-
ity of the gastric cancer biopsies taken or the
populations studied or could be the result of dif-
ferences in the study design (e.g., sample size).
Notably, in a recent GWAS pooled study by Wang
et al., a new variant, rs80142782, in the ASHIL
gene was reported to be independent from the pre-
viously reported SNP rs4072037 on 1q22 and was
found to be associated with a reduced risk of non-
cardia gastric cancer in a Chinese population [26].

While these results will require further validation
and confirmation, potential new insights into the
pathogenesis of gastric cancer have been inferred
from these findings.

2.8 Molecular Signature
of Gastric Cancer
2.8.1 Microsatellite Instability

and Chromosomal Instability
in Gastric Cancer

Microsatellite instability (MSI) is characterized
by length alterations within simple repeated
sequences called microsatellites. Deficient DNA
mismatch repair genes (MMR) are thought to be
the main reason for MSI. In sporadic gastric can-
cers, MSI is found in about 15% of tumors and
was frequently the result of epigenetic changes of
the mismatch repair gene MSHI1 [77].
Hypermethylation of the promoter region is the
most common reason for impaired DNA mis-
match repair and results in multiple mutations
within simple nucleotide repeats. These changes
affect the expression levels of numerous down-
stream genes and exert profound functional con-
sequences on a number of pathways such as cell
signaling, cell cycle, and tumor suppression [15].
Gastric cancers can be divided into subgroups
based on the levels of microsatellite instability,
and overall survival is usually prolonged in
patients with high levels of microsatellite insta-
bility compared to those with stable or low mic-
rosatellite instability. Microsatellite instability
tumors are also more likely to exhibit an antral
location and are found more frequently in intesti-
nal gastric cancer [78].

Chromosomal instability (CIN) is another hall-
mark of multiple malignancies. This instability can
manifest as a change on the chromosome level,
leading to losses and gains of whole chromosomes
or large portions thereof [79]. These chromosomal
changes can cause the activation or loss of impor-
tant gene families such as oncogenes, tumor sup-
pressor genes, or genes involved in cell cycle
checkpoints or DNA repair [15, 80]. Chromosomal
instability can also be a consequence of gene
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deletion, amplification, translocation, or loss of
heterozygosity (LOH). Chromosomal instability is
frequently detected in gastric cancer and is often
linked to histological type, patient survival, or other
clinicopathological parameters [80].

2.9 Molecular Subtyping of GC

Advances in next-generation sequencing tech-
nologies have enabled us to produce a near-

comprehensive catalogue of GC-associated
“driver” alterations. These alterations include
gene mutations, transcriptional changes,
somatic copy number alterations (sCNAs),
structural variants, and epigenetic changes.
Based on this information, several studies have
used molecular subtyping analysis to further
stratify GC cases in order to complement the
currently used histological classifications
(Table 2.2). The Cancer Genome Atlas (TCGA)
evaluated 295 tumors (mainly from Western

Table 2.2 Comparisons of molecular subtypes of gastric cancer

Study Molecular subtype

TCGA GS EBV MSI CIN

* Mainly from ¢ CDHI and RHOA |« DNA hypermethylation | * Hypermutation * RTK-RAS
western mutations » PIK3CA mutation * MLHI1 silencing activation (ERBB2,
Europe and the * CLDN18- * PD-L1 and PD-L2 * KRAS or NRAS EGFR, MET,
United States ARHGAP26 fusion| overexpression activation VEGFA, and KRAS

e Somatic mutation, | Cell adhesion ¢ Recurrent JAK2 and * RASAI and PTEN or NRAS)
sCNAs, mRNA and pathways ERBB2 amplification inactivation * TP53 mutation
miRNA expression,|  Younger patients | * CDKN2A silencing » Mitotic pathways * Amplifications of

DNA methylation, | ¢ Enrichment of the | Immune cell signaling | ¢ Older patients cell cycle mediators
and phosphoprotein diffuse histological | * Common in the fundus | « Female patients (CCNEL, CCNDI1,
subtype or body eLessA->C and CDK6), GATA4
* Common in males transversion and GATA6
* Frequent ARID1A and * Common in GOJ
BCOR mutation and cardia cancer
» Rare TP53 mutation
ACRG MSS/EMT MSS/TP53+ MSI MSS/TP53-
* Mainly from * CDHI silencing e Intact TP53 * Common in the * TP53 mutation
Korean * Younger patients | * MDM2 amplification antrum * Genomic instability
* Gene expression | * Worst prognosis * EBV infection * Common in intestinal| * Recurrent
profiles e Enrichment of the | ¢ Enrichment with subtype amplification
diffuse histological | PIK3CA,ARIDIA, * Best prognosis (ERBB2, EGFR,
subtype APC, KRAS, or * Hypermutation GATA6, MYC,
¢ Lower number of SMAD4 mutation and | * MLHI silencing CCNEl, and
mutation events cytokine signature in | * Frequent mutations CCND1)
EBV+ tumor in KRAS, MTOR,
PTEN, PI3KCA,
ASL, and ARIDIA
Liet al., combined | Regular-C2 - Hypermutated Regular-C1

cohorts

¢ Combined from
several cohorts
¢ Somatic mutation

 Frequently
mutations in
ARIDIA, CDH1,
PIK3CA, and
RHOA

* Even distribution
of CIN and GS

¢ Poor survival
outcome compared
to C2

* Hypermutation

* Enriched with MSI

* Frequent mutations
in BRCA2, FANCM,
PRKDC, and MSH3

* TP53 mutation

* Frequently
mutations in XIRP2,
APC, ERBB4, and
AKAP6

e Enriched with CIN

* Better prognostic
outcome compared
to C2
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-

TCGA
CIN
« Intestinal histology
¢ TP53 mutation
* RTK-RAS activation
(EGFR, ERBB2)

ARCG
MSS/TP53-

¢ TP53 mutation

* Genomic instability

* Recurrent amplification
(EGFR, ERBB2)

Antrum

TCGA
GS

« Diffuse histology
* CDH1, RHOA mutations
* CLDN18-ARHGAP fusion

* Cell adhesion

Cardia
junction\/é ®

TCGA ARCG

TCGA
EBV

* PIK3CA mutation

* PD-L1/2 overexpression
* EBV-CIMP

* CDKNZ2A silencing

* Immune cell signaling

* Rare TP53 mutation

ARCG
MSS/TP53+

* EBV infection

* PIK3CA mutation

e Intact TP53

* MDM2 amplification
* ARID1A mutation

Fundus

* ARID1A mutation
TCGA ARCG
MSI MsI

* Hypermutation

* MLH1 silencing
* KRAS mutation
* Gastric-CIMP

* Mitotic pathways

* Hypermutation
* MLH1 silencing
* KRAS mutation
* Best prognosis

ARCG
MSS/EMT
« Diffuse histology
* Younger patients
* WOrst prognosis
* CDH1 silencing

Fig. 2.2 Comparison of the key features between the TCGA and ARCG classification systems of gastric cancer
(Adapted from Cancer Genome Atlas Research N. Comprehensive molecular characterization of gastric adenocarci-

noma (2014), [81])

Europe and the United States) with data from
whole exome sequencing, somatic copy num-
ber alterations (SCNAs), mRNA and miRNA
sequencing, DNA methylation analysis, and
phosphoprotein status and eventually identified
four molecular subgroups [81]. Two of these
subgroups were defined by the presence of
Epstein-Barr virus (EBV) infection or micro-
satellite instability. The remaining tumors were
classified into chromosome instability (CIN)
and genome-stable (GS) tumors by evaluating
the aneuploidy status of tumors. In another
study, the Asian Cancer Research Group
(ACRG), which mainly includes Korean GCs,
also performed a classification analysis based
on gene expression profiles [82]. Similarly to
the findings published by the TCGA, ACRG
also identified four subgroups, including MSS/
EMT, MSS/TP53+, MSI, and MSS/TP53-.
However, while the MSI group was identified in
both studies, ACRG did not classify tumors
according to EBV infection status. The ACRG
study further divided tissue samples without
any indication of MSI into three subtypes: the
MSS/EMT subtype was significantly correlated
with the expression of epithelial-mesenchymal
transition (EMT) signature, while the remain-

ing samples were further classified according to
TP53 mutation status (MSS/TP53+ and MSS/
TP53-).

The subgroups from both classification sys-
tems share significant similarities but also show
considerable differences (Fig. 2.2). The TCGA
GS, EBV+, MSI, and CIN subtypes were enriched
in ACRG MSS/EMT, MSS/TP53+, MSI, and
MSS/TP53- subtypes, respectively. For GS and
MSS/EMT, the samples were both more common
in younger patients and enriched in the diffuse
histological subtype. Both EBV+ and MSS/
TP53+ tissue samples showed frequent PIK3CA
and ARIDIA mutations with fewer aberrations in
the TP53 gene. The MSI groups in both datasets
displayed higher mutation rates accompanied by
KRAS or NRAS activation as well as MLH1 silenc-
ing. In the CIN and MSS/TP53- subgroups, muta-
tions in TP53 were found more frequently
compared to other groups, and several pivotal cell
cycle genes such as GATA6, CCNEI, and CCND1
were often amplified [81, 82]. However, despite
these numerous similarities, several key differ-
ences were also observed between the two classi-
fication systems. CDHI and RHOA mutations
were highly prevalent in the TCGA GS subtype
but not in the ACRG MSS/EMT subtype.
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Even though EBV+ samples were enriched in the
MSS/TP53+ subtype, they only accounted for a
small proportion of samples in the MSS/TP53+
subtype. Despite of their enrichment, the CIN and
GS subtypes in the TCGA were present across all
four ACRG subtypes [81, 82].

When overall survival was compared between
the different subtypes classified by the ACRG
system using survival analysis , results indicated
that patients with the MSI subtype had the best
prognosis followed by patients with the MSS/
TP534+ and MSS/TP53- subtypes, while the
MSS/EMT subtype was associated with the worst
prognosis of the four (N = 251, log-rank,
P = 0.0004). After adjusting for several clinical
covariates with multivariable analysis, the asso-
ciation remained significant in the ACRG cohort
(Cox P =0.019). This trend was also validated in
the Samsung Medical Center cohort 2 (N = 277,
Cox P =0.0004), the Singapore cohort (N = 200,
Cox P = 0.01), and the TCGA gastric cohort
(N =205, Cox P =0.04) [82]. In contrast, when
applying the TCGA molecular subtyping system,
initial outcome data from the TCGA cohort did
not reveal survival differences between the four
subgroups [81]. This indicates that the ACRG
molecular subtyping system might have an
application prospect for further clinical and pre-
clinical translational research.

As a complement to the two classification sys-
tems, Li and colleagues also defined subtypes of
gastric cancer based on somatic information
(Table 2.2) [83]. Gastric cancer patients were first
classified into regular- and hypermutated sub-
groups according to their “mutation burden,” with
the mutation rate of the regular-mutated group
(median, 2.4mutations/Mb; range, 0-8.3) lower
than in the hypermutated group (median,
20.5mutations/Mb; range, 9.6-200.2). Intriguingly,
the hypermutated group was markedly enriched
with microsatellite instability. In the regular-
mutated group, two subgroups (referred to as C1
and C2) were further clustered using a NMF-based
algorithm. The C1 subgroup was characterized by
high mutation rates in TP53, XIRP2, APC, ERBB4,
and AKAP6, while the C2 subgroup harbored
mutations in ARIDIA, CDHI, PIK3CA, and
RHOA [83]. Compared to the TCGA classification

system, the C1 subtype was more enriched with
the CIN subtype, while C2 cases had an even dis-
tribution of CIN and GS [81, 83]. When linking
these subgroups to clinical outcome, Li et al.
determined that the C1 group was associated with
a significantly better prognostic outcome, a find-
ing that was further validated in another indepen-
dent cohort. While these different studies yielded
some inconsistent results, these molecular subtyp-
ing systems have provided us with a deeper under-
standing of the heterogeneity of gastric cancer.

2.10 “Driver” Alterations

of Gastric Cancer

Mutations in somatic cells, i.e., non-germline
cells, are called somatic mutations. In each case
of GC (excluding hypermutated cases), 50-70
nonsynonymous mutations have accumulated
according to current estimates based on NGS
studies. These numbers are comparable to muta-
tion rates in esophageal and colon cancer but less
than in lung cancer and melanoma [84]. Similarly
to other solid epithelial cancers, these somatically
acquired mutations are usually distributed in vari-
ous different genes. In addition to total mutation
frequency, a number of studies have also exam-
ined the mutational signatures of gastric cancer.
These signatures were described using base sub-
stitutions and additionally included information
in the sequence context of each mutation [83—-85].
Six classes of base substitutions—C > A, C > G,
C>T, T>A,T>C,and T > G (all substitutions
were flipped to pyrimidine)—as well as incorpo-
rated information on the immediately adjacent
bases were used to generate a total of 96 possible
mutation classifications (4 x 6 x 4). On the basis
of this classification system, Lawrence and col-
leagues determined that gastrointestinal tumors
(including esophageal, colorectal, and gastric
tumors) often show unusually high frequencies of
transition mutations at CpG dinucleotides [84]. In
another study, Alexandrov et al. identified a total
of 21 mutation signatures in 30 different malig-
nant tumors, with seven of these signatures
observed in gastric cancer. Of these seven signa-
tures, two were significantly associated with both
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age (CpG) and APOBEC (TpCpW). The causes
of others, however, remain unknown [85].

To date, more than 100 significantly mutated
genes (SMGs) have been identified in
GC. However, the concordance rate between dif-
ferent studies is remarkably low (Table 2.3).
Among these SMGs, a total of 22 genes have
been reported in at least two studies; these include
TP53, PTEN, ARIDIA, RPL22, ACVR2A,
CTNNBI, KRAS, PIK3CA, ERBB3, ERBB4,
RHOA, CDHI, MUC6, BCOR, RNF43, FBXW7,
SMAD4, APC, BNC2, ERBB2, ELF3, and
TGFBR2 [81, 83, 86—89]. Found in nearly 50%
of cases, TP53 is the most frequently mutated
gene in GC. Tumors with TP53 mutations often
exhibit high levels of sCNAs, supporting the
gene’s crucial role as a guardian of genomic
integrity and cellular function [90]. While KRAS,
CTNNBI, and PIK3CA are canonical oncogenes,
PTEN, SMAD4, and APC are bona fide tumor
suppressor genes. Activation of these oncogenes
and inactivation of these tumor suppressor genes
have been implicated in a number of different
tumor type [5]. ERBB2, ERBB3, and ERBB4 are
members of the epidermal growth factor receptor
(EGFR) family of receptor tyrosine kinases
(RTKSs) and play a crucial role in the RTK/RAS/
MAPK signaling pathway [86]. PIK3CA muta-
tions were frequently detected in EBV-positive
gastric cancers, accounting for up to 80% of this
subgroup [81]. Somatic mutations in the CDH1
gene were found enriched in the diffuse-type gas-
tric cancer. ARIDIA encodes a component of the
SWI/SNF chromatin remodeler complex and
usually acts as a tumor suppressor by controlling
the cell cycle regulators CCNEI and E2F1 [88,
89]. Similarly to ARIDIA, RHOA mutations
occur in nearly 10-15% of gastric cancers.
However, mutations in the RHOA gene, which
affect downstream Rho signaling, are usually
localized in an N-terminal hot spot region (Tyr42,
Arg5, and Gly17) [87].

In addition to SMG, sCNAs and structural
variations (SVs) are another mechanism involved
in the activation of oncogenes and inactivation of
tumor suppressor genes in GC. Studies by the
TCGA and Wang et al. have systematically ana-
lyzed the sCNAs and SVs found in GC cases

(Table 2.3) [81, 89]. Amplification of genes
involved in the RTK/RAS/MAPK signaling path-
way, including HER2, EGFR, MET, FGFR2, and
RAS, were the most prevalenteventin GC. Around
30-40% of gastric cancer patients harbor amplifi-
cations of one or several of these genes, and ther-
apies targeting their protein products have entered
clinical trials [81, 89, 90]. In EBV+ GCs, ampli-
fications of PD-LI (CD274) and PD-L2
(PDCDILG2), which are widely targeted in
immunotherapy, have also been frequently
observed [81]. This finding suggests that PDL1/2
antagonists could be a potential therapeutic target
for this subgroup. Additional gene clusters which
are often found amplified in GC are related to cell
cycle control, including CCNDI, CCNEI, and
CDK®6. Moreover, amplifications of transcription
factors (TFs) such as GATA factors (GATA4/6)
and MYC are also observed in GC cases. These
TFs might act as “lineage-survival” factors, func-
tioning to reawaken early developmental pro-
grams that drive GC tumorigenesis [90]. In
addition to amplifications of oncogenes, dele-
tions of suppressor genes such as PTEN, SMADA4,
CDKN2A, and ARID1A are another common fea-
ture of GCs [81, 89]. In addition to SCNAs, fusion
genes stemming from genomic rearrangements
are another candidate “driver” event in the devel-
opment of GC. In two diffuse-type gastric cancer
patients enrolled in the TCGA study, an inter-
chromosomal translocation between CLDNI8
and ARHGAP26 (GRAF) was observed, leading
to the expression of a new fusion protein.
CLDNI18 is a component of tight junction adhe-
sion structures, while ARHGAP26 is a GTPase-
activating protein (GAP) of the Rho-effector
pathway that has been implicated in enhancing
cellular motility. The CLN18-ARHGAP26 fusion
gene was also observed in further nine GC cases,
and its occurrence was mutually exclusive with
mutations in CDHI and RHOA mutations [81]. A
recent study suggested that the CLDNI18-
ARHGAP26 fusion protein is expressed in epi-
thelial cells, where it reduces cell-cell and
cell-extracellular matrix adhesion. This finding
indicates that the fusion protein is involved in the
epithelial-mesenchymal transition (EMT) [91].
Using a whole genome sequencing approach,
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Wang et al. identified another fusion product in
diffuse gastric cancer, resulting from the rear-
rangement of the RHOA and COL7AI genes,
suggesting that the occurrence of fusion proteins
related to the RHO pathway constitutes another
important genetic alteration in diffuse gastric
cancer [89]. Wang et al. also identified an addi-
tional COL27A1-ZNF618 fusion in two intestinal-
type gastric cancer patients which resulted in
elevated expression levels of ZNF618. Other
putative genetic fusion products involve func-
tionally important genes such as EIF5-MAPKS3,
RARA-ERBB2, and CDKLI-MAP4K5, which
were identified in one patient [89].

Beside the “driver” alterations described
above, several other aberrations are also thought
to play crucial roles in the pathogenesis of
GC. Aberrant methylation, especially of tumor
suppressors silenced by promoter hypermethyl-
ation, is one of them. In the study conducted by
Wang and colleagues, a list of putative tumor
suppressors, including MLHI, CHFR, BNIP3,
MGMT, PARP6, TP73-AS1, CDXI1, ASCL2, and
CDH17, was shown to be silenced as a result of
promoter hypermethylation [89]. Interestingly, in
the TCGA study, EBV-positive tumors exhibited
the highest levels of DNA methylation, and all
EBV+ GC cases displayed hypermethylation in
the CDKN2A promoter region, possibly a conse-
quence of the cellular reaction to viral infection
[81].

Conclusion

Gastric cancer remains a lethal disease world-
wide, with especially high rates in East Asians by
now. While significant advances in biotechnol-
ogy have improved our understanding of the
molecular features of GC, few therapeutic ave-
nues have emerged compared to other tumor
types. Genetic analyses of GC patients, including
both candidate gene studies and GWAS, have
shed considerable light on disease pathogenesis.
Combining results from these studies with an
increased understanding of environmental risk
factors (such as H. pylori infection, cigarette
smoking, and drinking) can help us identify
high-risk individuals prior to disease onset. Since
gastric cancer is an infection-induced, inflamma-

tion-driven malignancy with a progression, early
intervention—for example, by controlling or
eradicating viral infection before they cause irre-
versible lesions—provides an opportunity to pre-
vent this cancer. Applying this strategy in
high-risk people will be a cost-effective approach.
In addition, genetic screening of high-risk popu-
lations can facilitate the development of novel
early detection methods for GC. High-throughput
sequencing studies have helped formulate a com-
prehensive GC landscape on several levels.
Based on these findings, new classification sys-
tems of GC have been proposed which provide
us an improved understanding of the pathogene-
sis of gastric cancer. Even though these systems
have not been tested in a clinical setting, they
open the door for precision medicine. More
importantly, several “driver alterations” of GC
have been identified by these sequencing studies,
offering a list of potential, unexplored therapeutic
targets. At the same time, several “driver altera-
tions,” which are common in other tumors and
have proven druggable with a targeted approach,
are also observed in GC. This will help extend the
application of these targeted drugs while improv-
ing the prognosis for GC patients harboring such
genetic alterations. In the future, it will be easier,
faster, and cheaper to sequence the whole genome
of healthy individuals and GC patients. More and
more genetic risk markers of GC will be found
that will help define the risk degree of healthy
individuals and determine early prevention and
intervention approaches. Moreover, with the
understanding of “driver alterations” in every GC
patient, individualized treatment strategy will be
formulated to achieve the best possible curative
effect.
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Circulating Tumor Cells in Gastric

Cancer

Jie Shen and Lifeng Wang

3.1 Introduction

Historically, tumor tissue has been the major
source of material used for cancer biomarker
evaluation. However, several situations arise
where there is a shortage of tissue needed for
such tumor tissue-based detection strategies.
First, it may be impossible to obtain tissue from
advanced case patients. Tissues from biopsy may
not always be enough for gene detection. Second,
tumor tissue obtained at the time of the initial
diagnosis might not reflect alterations of genetic
profile observed at the time of clinical progres-
sion, because primary and metastatic tumors
from the same person can be diffident at levels
of genomic, transcriptomic, and epigenetic.
Moreover, chemotherapy or targeted therapy may
alter gene expression level itself. In such cases,
circulating tumor cells could be a noninvasive
and useful tool for tracking changes and provid-
ing useful and timely information for determin-
ing the best course of treatment. It could also be
useful for those who do not have enough tissue
for adequate gene detection when neoadjuvant or
adjuvant chemotherapy needs to be chosen.
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3.2  Biology of Circulating Tumor

Cells

Tumor cells that escape their primary microenvi-
ronment and enter the blood are termed “circulat-
ing tumor cells” (CTCs). CTCs can be thought of
as the message of metastasis. When individual
cancer cells or cancer cell clusters gain the ability
to separate and run away from the primary mass
of tumor, they acquire certain ability to migrate
through surrounding tissue before penetrating
local blood circulation (Fig. 3.1) [1, 2]. Arriving
the bloodstream, CTCs may face some natural
obstacles, including the enormous shearing
forces present in the cardiovascular system [3],
anoikis [4], and the actions of the immune system
[5]. Thus, even though tens of thousands of tumor
cells are dispersed throughout the body continu-
ously, only very few of them may be able to
evade the immune system and systemic therapy.
If this occurs, it could then reach a distant organ
and eventually grow into an overt metastasis.
According to their biology characteristics,
CTCs can be subdivided into two groups:
epithelial-like and EMT-associated. Epithelial-
like CTCs usually form from the primary tumor
and enter circulation directly by forces from
external side, such as friction, mechanical forces,
or tumor growth [2]. This type of CTCs derived
is more possible to remain its original phenotype.
In this way, epithelial-specific marker detection
such as the EpCAM (the epithelial cell adhesion
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Fig. 3.1 The intravasation and migration of CTC (Adapted from detection and clinical implications of circulating

tumor cells (2015), Joosse SA et al. [1])

molecule) will be feasible [6]. During the process
of invasion, CTCs may undergo EMT (epithelial-
to-mesenchymal transition), which increases
their aggression and metastatic abilities. As such,
this type of CTC has been classified as an EMT-
associated CTC. Cells within this group have lost
cell-to-cell adherence proteins such as cadherin
and have subsequently gained the ability to
migrate and invade [7].

3.3  Detection of Circulating
Tumor Cells
3.3.1 Enrichment of Circulating

Tumor Cells

CTCs are quite rare in circulating, making their
exact quantification difficult. We may find only
one CTC against the background of 10%-10’
normal peripheral mononuclear blood cells. In
the patient without obvious metastatic mass,
this occurrence rate may even be much lower.
Such low numbers mean that systematic removal
of PBMCs and selective enrichment of CTC are
required when detecting CTCs in the blood. To
date, more than 40 techniques have been devel-
oped for CTC detection, and novel strategies are
still being published to date [8]. Generally
speaking, there are five types of CTC isolation
methods: (1) enrichment by density gradient
centrifugation, (2) immune-magnetic separation
(3) size-based isolation, (4) CTC-Chip, and (5)

in vivo isolation (Fig. 3.2). We will now discuss
each of these in more specific detail.

3.3.1.1 Enrichment by Density

Gradient Centrifugation
Density gradient centrifugation was the earliest
technique to be developed. It remains the sim-
plest way to isolate CTCs through the use of spe-
cial centrifugation liquid. However, this method
yields low rates of CTC enrichment. CD45 deple-
tion can be combined with density gradient
depending centrifugation to increase the yield of
CTCs. It should be noted that density gradient
depending centrifugation and lysis of red blood
cell may cause the loss of tumor cell.

3.3.1.2 Immune-Magnetic Separation

A great many CTC detection technologies are
immune-magnetic based, which can be divided
into those that rely on positive selection and those
that rely on negative selection. EpCAM is the most
commonly used label in positive selection method-
ologies. CellSearch system is one of the EpCAM-
based CTC detection technologies and is the only
approved CTC detection apparatus by FDA (US
Food and Drug Administration). By using this
approach, CTC has been proven as an independent
prognostic biomarker on PFS (progression-free
survival) and OS (overall survival) in a variety of
cancers, including lung, liver, colon, breast, and
prostate [8, 10—14]. The AdnaTest is also epithelial
marker-based and can enrich CTCs positively. A
study on metastatic breast cancer used this method
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and proved that CTC presence or absence was a sion [17]. CD45 depletion could also be used
valid prognostic and predictive marker [15]. A together with other label-independent method,
major drawback of this method is that it is not per- such as density gradient depending centrifuga-
fectin detecting MET-associated CTCs, since these  tion to increase the yield.
have either downregulated EpCAM or a complete
loss of it [16]. 3.3.1.3 Size-Based Isolation

CD45 is the most commonly used label The ISET system is a typical size-based CTC iso-
for negative selection approaches. Depletion of lation device. In general, this approach is
leukocytes with CD45-positive markers is the designed to gain CTCs at a high enrichment rate.
favorite approach for capturing CTCs that have However, a major drawback of this method is that
downregulated or an absence of EpCAM expres- EMT-associated CTC might be larger than
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leukocytes or not solid enough. As such, they
may get loss by the size-based filter. What’s
more, even though CTC is captured on the mem-
brane, it might be difficult to detect and examine
for further genetic analysis.

3.3.1.4 CTC-Chip

Microfluidic device platforms like the CTC-
Chip are promising alternatives to selectively
capture CTCs [18]. Quite a large number of
CTC-Chips are currently available, including
the IsoFlux for EpCAM-positive tumor selec-
tion [19], CTC-iChip (a size-based filtration
and affinity-based enrichment strategy) for sys-
tematic removal of PBMCs and RBCs [20],
JETTATM microfluidic chip (a size- and
deformability-based capture scheme) enabling
single-cell analysis [21], and the spiral biochip
(a size-based and EpCAM-independent separa-
tion method) with low leukocyte contamination
[22]. Generally speaking, CTC-Chips are
advantageous in that they have high recovery
rates; however they are inconvenient to use and
come at a high cost.

3.3.1.5 InVivo Isolation

To circumvent sample volume limitations, an
EpCAM-coated wire named CellCollector™
was designed by GILUPI GmbH for in vivo
CTC capture [23]. This device is positioned
through a cannula into the vein of a cancer
patient. During the 30-min application time, it
is estimated that up to 1.5 L of blood flows
over the detector, thus increasing the yield of
detectable CTCs. A similar device employing
3-aminopropyltriethoxysilane (y-APS) as the
coupling reagent and CBMA-grafted anti-
EpCAM antibody-immobilized Nylon as can-
nula has also been developed. This method has
also been shown to be a promising new mate-
rial for in vivo CTC capture [24].

In general, CTC isolation can be achieved
with different strategies. A great number of
approaches for CTC enrichment are currently
under development and may be on the market in
the near future. However, both independent and
large clinical studies will be needed to determine
the robustness and clinical validity of these new
methods.

Identification
and Characterization of CTCs

3.3.2

CTCs could provide important information
regarding disease progression as well as useful
guidance for therapeutic strategies. Differential
methods can now be applied to identify different
types of CTC. To our knowledge, those methods
include immunocytochemistry-based identifica-
tion [25, 26], PCR-based identification [27-29],
and EPISPOT-based identification [30, 31]. To
this end, each strategy has its own advantages
and disadvantages. As such, a combination of dif-
ferent analytical methodologies is likely to be
beneficial and could allow for a better under-
standing of the role CTCs play in metastasis
formation.

Ex Vivo and In Vivo Culture
of CTCs

34

Past studies have shown that CTC is valuable pre-
dictive marker for disease recurrence prediction
and useful prognostic marker for patient survival
in quite a number of solid tumors [32-34].
However, it is also emphasized that not every CTC
could lead to metastatic mass. Given this differ-
ence in metastatic capacity, it is quite important to
figure out those CTCs which are able to migrate
and form metastasis. This would then allow clini-
cians to target the formers specifically. Moreover,
identifying CTCs with metastasis-initiating capa-
bilities would bring a promising novel therapeutic
target. To achieve this, one would need a thorough
molecular and genetic characterization of CTCs
from early cancers [35]. Moreover, if CTCs could
be isolated, cultured, genotyped, and characterized
through the whole course of therapeutic progress,
they would allow clinicians to identify the most
effective treatment strategy [36, 37].

3.4.1 ExVivo Culture of CTCs

Ten years ago, development of the EPISPOT
assay allowed for the possibility of short-term
cultures of CTCs. This assay is designed to detect
specific proteins that are produced by CTCs
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during the culture in vitro. Studies in colon and
breast tumor have indicated that the number of
CTC is correlated with worse outcome for patients
[31]. The culture of CTCs in vitro was first
described by Zhang et al. in breast cancer [38].

In the study conducted by Zhang et al. [38],
researchers characterized and developed an invasive
and metastatic type of CTC in vitro, named BMSM,
from breast cancer patients. In their study, they suc-
cessfully isolated and cultured CTCs for long term
and demonstrated CTC’s competency in the brain
metastases [39]. In the Yu et al. study [40], a micro-
fluidic technology termed CTC-iChip was reported.
Using this chip and multiple rounds of testing with
different culture conditions, they found that CTCs
can proliferate better if cultured in serum-free media
at tumor spheres, when supplemented with EGF
(epidermal growth factor) and FGF (basic fibroblast
growth factor) under hypoxic conditions.

In another study [41], a device based on immu-
noaffinity and microfluid was utilized and applied
for lung cancer in early stage. In this study, research-
ers isolated and cultured CTC in the chip directly.
And different culture environment was adopted to
get the best conditions for the CTC’s growing. As a

result, it is observed that CTCs grown at the co-
culture environment in 3D could exhibit the best
levels of expansion (Fig. 3.3). Given this finding,
fibroblasts together with ECM (extracellular matrix)
protein were applied to establish a tumor-related
microenvironment to facilitate CTCs’ expansion.
This study demonstrated that CTCs even in rare
number got from cancer in early stage can also pro-
liferate for further studies. Moreover, they could be
used for the cancer-related gene sequencing without
amplification previously, thus making gene study of
CTCs more convenient.

3.4.2 InVivo Culture of CTC

Another method to enlarge the number of CTC is
the xenotransplantation of CTCs derived from
patients into immunodeficient mice. This method
was first reported by Baccelli’s team and demon-
strated that after xenotransplantation of CTCs
from breast cancer patients into the bone of
immunocompromised mice, they could grow and
metastasize, with a phenotype of CD47+, CD44*,
EpCAM-, and C-met* [38].
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The second report of in vivo cultured of CTCs
was carried out on small-cell lung cancer patients.
It was proved that the CTC from patients could
be successfully xenotransplanted and tumori-
genic in immunodeficient mice. Moreover, the
CTC-derived explants could mirror the patients’
responses to etoposide and platinum chemosensi-
tivity, which may help to provide useful informa-
tion for chemo agents’ selection [42].

Recently, Cayrefourcq et al. reported the con-
struction of CTC culture environment in vivo and
their tumor-related characteristics in immunocom-
promised mice. CTCs from 71 colon cancer patients
were tested by CellSearch device. Long-term CTC
cultures were successfully enriched from two colon
patients with a CTC number of more than 300. This
was the first published report demonstrating that
CTC detected in the peripheral blood of patients
with metastatic colon cancer can be expanded and
established as a stable colon cancer cell line. Further
characteristic at the genomic and post-genomic
level of this colon cell line revealed a special feature
with attractive potent [43].

3.5 Clinical Implications
of Circulating Tumor Cells
3.5.1 Prognostic Potentials of CTC

in Gastric Cancer

Past studies have indicated that CTC is an impor-
tant predictive and prognostic biomarker for the
survival and recurrence of solid tumor patients.
CTCs were proved to be a reliable biomarker for
monitoring the recurrence earlier than radio-
graphic image. By the time metastasis is signifi-
cant radiographically, the size of tumor will be
much larger to treat. Studies of advanced gastric
cancer and other malignant tumor have shown
that increased number of CTCs was correlated
with worse survival [44]. To this end, a certain
number of researchers are currently discovering
and demonstrating the value of CTCs in clinical
treatment and tumor burden monitoring.

One such study prospectively evaluated CTCs
using CellSearch in advanced gastric cancer sam-
ples from 136 patients to decide the CTCs’ positivity

frequency. The positive detection rate of CTC was
18.4%. Positive CTC count was much more fre-
quent in the tumor of diffuse histologic genotype, as
well as distant metastasis. A multivariate analysis
revealed that CTCs could be regarded as indepen-
dent factors for PFS in gastric tumor [44].

In another study, CTCs were isolated from
100 patients with advanced gastric cancer using
the CTC-Profiler (Veridex). This isolation
method is magnetic particle-based and uses a
coating of anti-EpCAM antibody. The positive
CTC detection rate was 28%. The treatment
response, PFS, and OS in the CTC-positive group
were significantly less than that of the CTC-
negative group. Further multivariate analysis
proved that CTCs were independent factors for
PFS or OS in advanced gastric cancer [45].

A study conducted by Kolostova et al. estab-
lished a new size-based separation enrichment
(MetaCell®) and CTC cultivation approach. The
positive CTC detection rate using this method
was found to be 59% (n = 13/22). In addition to
further cytomorphological analysis of the
enriched CTCs, a gene expression analysis of
tumor-associated genes was also performed [46].

Finally, another study has focused on the capac-
ity of CTCs’ tumorigenicity in 42 patients with
advanced gastric cancer. CTCs were separated and
xenotransplanted into immunocompromised mice.
After five months, nine tumor-like structures
derived from six patients were established. These
structures were also durable for passages [47].

3.5.2 Genetic Analysis of CTC

The analysis of CTCs’ molecular characteriza-
tion could be useful in identifying therapeutic
targets, thereby contributing to a more tailored,
anti-metastatic therapy for each patient. These
CTC-specific analyses included tumor-associated
amplification, genomic tumor mutation profiling,
detection of tumor-associated mRNA, and single-
cell RNA sequencing. Single-cell-RNA sequenc-
ing of CTC has been reported in both breast [48]
and pancreatic cancers [49]. Until now, there has
been no single-cell RNA sequencing of either
CTC clusters or single CTCs in gastric cancer.
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3.5.2.1 Detection of Tumor-Associated
Amplification in CTC

Recently, a new cellular- and molecular-based
method of subtraction enrichment and
immunostaining-based FISH (iFISH) was suc-
cessfully established. The method promised
effective enrichment, phenotypic identification in
situ, and CTCs’ subtype characterization. This
fine-grained information is critical, since differ-
ent CTCs’ subtypes might contribute different
clinical significances to tumor growth, relapse,
metastasis, and treatment resistance [50].

A similar study was also carried out by Shen
et al. Briefly, iFISH was also used to determine
CTCs’ number and characteristics in advanced
gastric cancer patients. The status of HER2
expression and the aneuploidy of the chromo-
some 8 in CTCs got from the patients were tested.
Their results showed that examination of the
CTC chromosome 8 copy number provided an
important method for predicting chemosensitiv-
ity and monitoring treatment efficiency [51]. A
similar study has also been conducted in breast
cancer [52].

3.5.2.2 Genomic Tumor Mutation
Profile Assessed in CTC

CTC analysis gnomically can also provide genetic
mutation related to therapeutic resistance. For
example, the mutations of KRAS were known to
affect the efficiency of EGFR inhibitors in colorec-
tal and lung cancer patients. An analysis of intra-
patient KRAS [53] and BRAF mutation [54]
heterogeneities in individual CTCs has been
reported in colon cancer. The testing methods used
included HRM, ASPCR, and ddPCR. The hetero-
geneity of PIK3CA mutation status was also
investigated through single CTC detection in
metastasis breast cancer patients [55]. Evaluation
of PIK3CA mutational status in CTC could be a
potential clinical method for tumor and treatment
monitoring [56].Yet till now, no similar mutation
reports are currently available in gastric cancer.

3.5.2.3 Detection of Tumor-Associated
mRNA in CTC

Studies that have examined tumor-associated

mRNA in CTC are rare. In a recent colon cancer

study, CTC-specific mRNAs were investigated
and shown to have higher expression in patients
with >3 CTCs. mRNA expression levels of
KRT19, KRT20, and AGR2 have also been
reported in mCRC, but no similar results have
been available in gastric cancer until recently
[57].

3.6 Perspectives

In conclusion, CTCs obtained from circulation
could be regarded as liquid biopsy and have
important potential for the understanding of
tumor metastasis biology. Moreover, using
CTCs also lends itself to future improve-
ments in the management of metastatic
diseases.
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Customized Chemotherapy
in Advanced Gastric Cancer

Jia Wei and Nandie Wu

4.1 Introduction

Currently, the therapeutic management of gastric
cancer is based largely on clinical data and histo-
logical features. Numerous promising markers
have been studied in an effort to identify those
that will enable an accurate prediction of prog-
nosis or response to chemotherapy. Such mark-
ers would allow for the identification of patient
subgroups that might benefit from specific treat-
ment regimens. In this chapter, we highlight
novel biomarkers for that can be used for recom-
mending chemotherapeutic agents to be used for
the treatment of gastric cancer. While these types
of new treatment options have been introduced
recently, interindividual variability of response
and drug resistance remains a challenge. Thus,
promising biomarkers should be evaluated in
clinical trials in order to establish customized
therapeutic approaches.

J. Wei (>) « N. Wu

The Comprehensive Cancer Centre of Drum Tower
Hospital, Medical School of Nanjing University and
Clinical Cancer Institute of Nanjing University,
Nanjing 210008, China

e-mail: weijia01627 @hotmail.com

© Springer Nature Singapore Pte Ltd. 2017

4.2 Chemotherapy in Advanced

Gastric Cancer

Chemotherapy can relieve symptoms, increase
survival, and improve the quality of life in patients
with advanced gastric cancer. A recent phase III
trial (REGATTA) demonstrated that chemother-
apy alone remains the standard method of treat-
ment for patients with advanced gastric cancer,
even in the case of those with a single non-curable
factor [1]. Fluorouracil, platinum, and new-gener-
ation chemotherapeutic regimens including oral
fluorouracil (S-1 and capecitabine), oxaliplatin,
irinotecan, and taxanes have demonstrated posi-
tive effects in gastric cancer treatment.

Several different chemotherapy regimens have
been used in the treatment of patients with advanced
gastric cancer. However, the median survival of
these patients remains low, around 1 year [2].
Biweekly combination of fluorouracil, leucovorin,
and oxaliplatin (FLO or FOLFOX) has been dem-
onstrated to be a well-tolerated alternative to cispla-
tin and fluorouracil in patients with local advanced
or metastatic gastric cancer, with patients having a
median survival time of 9.6—-11.4 months [3-7]. A
phase III trial showed that FLO exhibited a trend of
improved progression-free survival (PFS) and sig-
nificant less toxicity compared with fluorouracil,
leucovorin, and cisplatin (FLP) [7]. In addition,
FLO was associated a significant superior response
rate, PFS, and overall survival (OS) in patients
greater than 65 years of age.
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ECF (epirubicin, cisplatin, and fluorouracil)
was widely used in the treatment of advanced
gastric cancer beginning in the 1990s due to
patients’ superior survival and quality of life
when compared with FAMTX (fluorouracil,
Adriamycin, and methotrexate) and MCF (meth-
otrexate, cisplatin, and fluorouracil) treatment.
The phase III trial, Randomized ECF for
Advancedand Locally Advanced Esophagogastric
Cancer 2 (REAL-2) [8], was designed to deter-
mine whether fluorouracil can be replaced by
capecitabine and cisplatin by oxaliplatin in the
ECF regimen. The primary goal of the study was
to understand whether capecitabine and oxalipla-
tin were as effective as fluorouracil and oxalipla-
tin treatment, respectively. The results from this
study suggested that capecitabine and oxaliplatin
were as effective as fluorouracil and cisplatin
treatment, respectively. Compared to cisplatin,
oxaliplatin was associated with lower incidences
of grade 3 or 4 neutropenia, alopecia, renal toxic-
ity, and thromboembolism. However, it was asso-
ciated with a slightly higher incidence of grade 3
or 4 diarrhea and neuropathy [8].

Another phase III trial (ML 17032) was car-
ried out to compare capecitabine and cisplatin
(XP) and fluorouracil and cisplatin (FP) as the
first line of treatment in advanced gastric cancer
patients. This study suggested XP was associated
with a better overall response rate (ORR) and OS
[9]. A meta-analysis of the REAL-2 and
ML17032 trials was carried out to evaluate the
use of capecitabine-based combination chemo-
therapy and infused 5-fluorouracil-based combi-
nation chemotherapy for the treatment of
advanced esophagogastric cancer. The results
from this study demonstrated a superior OS in
654 patients that were treated with capecitabine
combinations, compared 664 patients treated
with 5-FU combinations [10].

Another triple chemotherapeutic regimen
combining docetaxel, cisplatin, and fluorouracil
(DCF) was evaluated in a randomized phase III
study (V325) [11]. In this study, the time to pro-
gression (TTP) was found to be significantly lon-
ger with DCF treatment compared with cisplatin
and fluorouracil (CF) treatment (5.6 months vs.
3.7 months, p < 0.001). The median OS was

found to also be significantly longer with DCF
treatment compared with CF treatment
(9.2 months vs. 8.6 months, p = 0.02). In addi-
tion, the ORR was found to be significantly lon-
ger with DCF treatment compared with CF
treatment (37% vs. 25%, p = 0.01). However,
DCF was associated with increased hematologic
and digestive toxicity of grade 3 or 4. Numerous
modifications of the DCF regimen are currently
undergoing clinical trials to improve the tolera-
bility of this treatment regimen. A randomized
phase II trial of docetaxel plus oxaliplatin with or
without fluorouracil or capecitabine showed that
docetaxel, oxaliplatin, and fluorouracil were
associated with improved TTP, ORR, and OS,
with an improved safety profile compared with
that of docetaxel and oxaliplatin and docetaxel,
oxaliplatin, and capecitabine treatment in
advanced GC [12].

Another oral fluoropyrimidine S-1 has also
demonstrated promising effects in the treatment
of advanced gastric cancer when used alone or in
combination with cisplatin. The phase III
SPIRITS trial randomized advanced gastric can-
cer patients to S-1 and S-1 plus cisplatin (CS)
groups. The median OS (13 months vs.
11 months) and PES (6.0 months vs. 4 months)
were significantly longer for the S-1 plus cispla-
tin group compared to the S-1 alone group [13].
The following phase III FLAGS trial demon-
strated similar median OS in CS and cisplatin
plus fluorouracil (CF) arms of the study
(8.6 months vs. 7.9 months) [14]. However, CS
was associated with a significantly improved
safety profile and better survival in patients with
a diffuse type of histology. However, there is
doubt surrounding the conclusions from these
studies due to the fact that the dose of cisplatin
and S-1 was lower than that which is recom-
mended by the Japanese study.

The phase III V-306 trial demonstrated that
irinotecan, fluorouracil, and folinic acid (IF)
treatments were non-inferior to CF treatment in
terms of PFS, but not for OS and TTP. However,
IF was associated with a more favorable toxicity
profile [15]. Therefore, IF treatment may provide
a viable, platinum-free, front-line treatment alter-
native for metastatic gastric cancer patients.
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Another recent French phase III trial compared
fluorouracil, leucovorin, and  irinotecan
(FOLFIRI) treatment with epirubicin, cisplatin,
and capecitabine (ECX) treatment. FOLFIRI
treatment was found to be better tolerated by
patients and was associated with a longer time to
treatment failure (5.1 months vs. 4.2 months,
p =0.008). However, there was no significant dif-
ference observed in PFS and OS [16]. Irinotecan
used alone or in combination with other cytotoxic
agents has not produced high-level evidence for
the prolongation of survival in patients with
advanced gastric cancer and was thus not recom-
mended as a second-line treatment.

For advanced gastric cancer patients, only
three targeted therapies, trastuzumab, ramuci-
rumab, and apatinib, have demonstrated positive
results in prospective phase III trials, leaving
these as the main chemotherapy treatment options
for gastric cancer patients. With recent develop-
ments in molecular biology, cancer treatment is
beginning to move from the traditional “trial-
and-error” approach to a position which involves
a personalized approach. The aim of this chapter
is to review how advances in prognostic, predic-
tive, and toxicity markers are leading to a person-
alized approach for cancer management.

4.3 Customized Chemotherapy
in Advanced Gastric Cancer
4.3.1 Platinum

DNA repair systems enable cells to identify and
correct damage to DNA molecules, including
those induced by chemotherapeutic agents. The
activation of repair mechanisms is a common
player in the acquired drug resistance. Thus, the
identification of biomarkers involved in repair
pathways could be useful for the stratification of
patients according to prognosis and the likeli-
hood of response to a chemotherapy treatment.
Cisplatin-induced DNA adducts in S. cerevi-
siae are processed by components of the nucleo-
tide excision repair, recombination repair, and
translesion synthesis pathways. The excision
repair cross-complementing 1 (ERCCI) is a

single-strand DNA endonuclease that functions
to repair bulky lesions, such as those produced by
platinum adducts, and thus contributes to plati-
num resistance. The expression of ERCC1, mea-
sured at either the mRNA or protein level, has
been negatively correlated with patient survival
and response to cisplatin- or oxaliplatin-based
chemotherapy [17-20]. Breast cancer suscepti-
bility gene 1 (BRCAI), which is involved in
recombination repair mechanisms [21, 22], could
act as a stronger predictive marker than ERCCI.
BRCALI functions as a differential modulator of
survival with cisplatin and anti-microtubule
drugs. This clinical effect is based on preclinical
findings, which show that BRCA1 induces a 10-
to 1000-fold increase in resistance to DNA-
damaging agents and, in contrast, an 800- to
greater than 1000-fold increase in sensitivity to
anti-microtubule drugs [23, 24]. In our previous
study [25], we demonstrated that BRCA1 mRNA
levels were negatively associated (R = —0.624;
p =0.002) with cisplatin sensitivity but positively
associated (R = 0.468; p = 0.032) with docetaxel
sensitivity in gastric cancer patients [25].

Recent studies have demonstrated a more
complex network involved in the response to
DNA damage. In the process of DNA damage
repair, mediator of DNA damage checkpoint pro-
tein 1 (MDC1) has been shown to serve as an
upstream molecule which promotes H2AX phos-
phorylation. This results in the amplification of
ataxia-telangiectasia mutated (ATM) signaling
through sequential assembly of repair proteins,
including BRCA1 and p53 binding protein 1
(53BP1). This process controls damage-induced
cell cycle arrest checkpoints [26, 27]. The func-
tion of 53BP1 in DNA repair is abrogated upon
BRCAT1 depletion [28, 29]. Impaired accumula-
tion of 53BP1 at DNA damage sites was also
observed, along with depletion of PIAS4, and
ubiquitin conjugating enzyme 9 (UBC9), the E3
and E2 ubiquitin ligases that function in the small
ubiquitin-related modifier (SUMO)-conjugation
system [30]. UBC9 functions to transport BRCA1
protein into the nucleus. Knockdown of UBC9
resulted in the cytoplasmic localization of
BRCALI proteins, which impaired their capacity
to inhibit ovarian cancer cells growth [31]. The
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methyltransferase multiple myeloma SET
domain (MMSET) plays a central role in the
recruitment of 53BP1 to DNA damage sites [32].
Depletion of MMSET has been shown to confer
hypersensitivity to ionizing radiation [32].
MMSET is highly expressed in several tumor
types relative to normal tissue [33, 34]. Because
high MMSET expression contributes to increased
cell viability and growth, it is correlated with
poor prognosis [35]. In addition, MMSET knock-
down resulted in a decrease in transcript levels of
several cell cycle genes, including BRCA1 [36].
MMSET has been shown to interact with
MDC1 in a DNA-damage-inducible manner,
with the downregulation of MMSET resulting in
a significant decrease in histone methylation and
the subsequent accumulation of 53BP1 [32]. A
similar effect of MMSET was also observed in
class switch recombination [37]. Downregulation
of MMSET has been shown to confer hypersensi-
tivity to DNA damage [32].

In addition, there are some components that
are thought to interact with BRCA1 to modulate
its function. For example, receptor-associated
protein 80 (RAP80), also known as ubiquitin
interaction motif containing 1 (UIMC1), is a
ubiquitin-binding protein that has been shown to
be essential for BRCA1’s activity [38, 39]. In
addition, BRCA1 is also modified by small
ubiquitin-related modifier (SUMO) in response to
genotoxic damage. Protein inhibitor of activated
STAT (PIAS) SUMO ligase activity is required
for proficient double-strand break repair mecha-
nisms [30]. Following chemotherapy-induced
DNA damage, PIAS1 and PIAS4 are needed for
the accumulation of DNA repair proteins, includ-
ing BRCAL, to the DNA damage site [30, 38].
PIAS1 has been shown to be required for the com-
plete recruitment of BRCALI to the DNA damage
site, potentially through interaction with BRCA1
and RAP80, while PIAS4 is required earlier in the
DNA damage repair cascade to recruit other DNA
repair proteins [40], as depicted in Fig. 4.1.

In previous studies, we have analyzed mRNA
expression levels of BRCAI, RAP80, PIASI,
PIAS4, MDCI1, UBC9, 53BP1, and MMSET in
advanced gastric cancer patients [41, 42]. All
patients received first-line FOLFOX chemother-
apy treatment and exhibited disease progression,
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Fig. 4.1 The BRCAl pathway in response to DNA
double-stand breaks. SU: SUMOylation; P: Phos-
phorylation (Adapted from Differential effect of MMSET
mRNA levels on survival to first-line FOLFOX
and second-line docetaxel in gastric cancer (2014),
Wei J et al. [42])

with 59 patients treated with second-line docetaxel-
based chemotherapy. Among those patients that
received only first-line oxaliplatin-based chemo-
therapy, the median survival was determined to be
12.3 months for those with low levels of MMSET,
compared to 8.8 months for those with high levels
of MMSET (p = 0.04). The median survival time
was found to be 12.4 months for patients with low
levels of UBC9 and 8.8 months for patients with
high levels of UBC9 (p = 0.01). Longer survival
was also observed in patients with low levels of
BRCAT1 (p =0.20), MDCI1 (p = 0.49), and 53BP1
(p = 0.09). However, the differences were not
found to be significant. Among patients with low
MMSET expression levels, the median survival
time was 19.9 months for patients with low 53BP1
levels and 5.9 months for those with high 53BP1
levels (p = 0.02). Multivariable analyses were car-
ried out in patients that received only first-line
treatment. A decreased mortality risk was observed
in patients with low MMSET levels (HR, 0.59;
95% CI, 0.35-0.98; p = 0.04) and in patients with
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low UBC9 levels (HR, 0.52; 95% CI, 0.31-0.88;
p =0.01). Differential modulators of survival were
observed in several genes and gene combinations,
an observation which will be discussed in the sec-
tion regarding taxanes.

In addition to DNA repair genes, certain miR-
NAs impact the sensitivity of a patient toward che-
motherapy treatment if their levels are artificially
upregulated. This is similar to the data regarding
miRNAs with diagnostic potential. An upregula-
tion of miR-21 or miR-106a was demonstrated to
result in an increase in cisplatin resistance of GC
cells [43, 44]. However, the upregulation of miR-
449 was demonstrated to have a positive impact
on sensitivity toward cisplatin [45].

4.3.2 5-Fluorouracil (5-FU)/
Capecitabine/S-1

5-FU and its oral forms are the primary chemo-
therapeutic drugs used in the treatment of gastric
cancer patients. Capecitabine is hepatically metab-
olized and thus ultimately converted into 5-FU at
the tissue level [46]. Another oral fluoropyrimi-
dine, notably S-1, possesses tegafur as the active
moiety. This is transformed to 5-FU by cyto-
chrome p450 in the liver [47]. 5-FU is an S phase-
specific agent which exhibits cytotoxicity through
the incorporation of fluoronucleotides into RNA
and DNA molecules. 5-FU is converted into its
active metabolite, fluorodeoxyuridine monophos-
phate (FAUMP), by thymidine phosphorylase (TP)
and orotate phosphoribosyltransferase (OPRT).
FAUMP exhibits a high affinity for thymidylate
synthase (TS), the primary target of fluoropyrimi-
dines.  Methylenetetrahydrofolate ~ reductase
(MTHFR) plays a critical role in both fluoropy-
rimidine synthesis and the regulation of folate
intracellular flow. In addition, 5-FU is phosphory-
lated by orotate phosphoribosyl transferase, result-
ing in the inhibition of RNA synthesis. The
rate-limiting enzyme in 5-FU catabolism is dihy-
dropyrimidine dehydrogenase (DYPD). DYPD is
also involved in the conversion of the oral pro-
drug capecitabine to 5-FU at the cellular level. TP
activity in cancer cells has been correlated with the
intra-tumoral  5-FU  concentration ~ following
capecitabine administration [48]. Research studies

related to 5-FU pharmacogenetics and pharma-
cogenomics primarily focused on several genes,
including TS, TP, MTHFR, OPRT, and DYPD.

TS is the most extensively studied enzyme. A
seminal study carried out in 1996 demonstrated
that TS mRNA levels influence the response to
5-FU-based chemotherapy, and thus survival, in a
cohort of patients with primary gastric cancer
[49]. Numerous following studies validated this
negative predictive role for TS expression in
response to fluoropyrimidines [48]. However, in
nonmetastatic cases, some studies have not iden-
tified any correlation between low TS expression
and a response to 5-FU. This has been explained
by a possible prognostic role of TS, which could
be involved in tumor progression rather than the
chemotherapy response in the case of these nega-
tive studies [50-52].

A meta-analysis demonstrated that polymor-
phisms in TS and MTHFR were closely associ-
ated with the clinical outcomes of GC patients
treated with 5-FU-based chemotherapy [53].
However, the effect of TS polymorphisms could
vary through ethnicity stratification due to differ-
ent allelic distributions [54].

The biomarker study carried out in the
SPIRITS trial demonstrated the effect of
fluorouracil-metabolizing enzymes on the out-
comes of patients treated with S-1 alone or S-1
plus cisplatin (CS) as the first-line treatment in
advanced gastric cancer. The mRNA levels of TS,
TP, OPRT, DYPD, vascular endothelial growth
factor-A (VEGFRA), and epidermal growth fac-
tor receptor (EGFR) were studied in paraffin-
embedded specimens isolated from primary
tumors. Multivariate survival analysis in patients
that received S-1 monotherapy demonstrated that
low TP expression, low TS, and high OPRT were
significant predictors of long overall survival. In
patients with lower expression levels of both TP
and TS, the S-1 alone group demonstrated longer
overall survival compared to the CS group.
However, the frequency of overall adverse events
in the S-1 treatment alone group tended to be
lower than that in CS treatment group [55].

Another study which examined biomarkers
related to capecitabine, platinum, and taxane ther-
apy has demonstrated the role of four key target or
metabolic enzymes: class III B-tubulin (TUBB3),
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TS, TP, and ERCC1. As described earlier, both TS
and TP are key metabolic enzymes of capecitabine.
TUBB3 and ERCCI overexpression was shown
to indicate a resistance to taxanes and platinum,
respectively. The response rates of patients to
capecitabine plus paclitaxel or capecitabine plus
cisplatin treatment were observed to be markedly
different between patients exhibiting low TUBB3/
high TP expression levels (87.5%) compared with
those exhibiting high TUBB3/low TP expression
levels (14.3%) (p = 0.01). Similarly, the response
rate was determined to be 57.9% for the low TS/
high TP subgroup and 15.8% for the high TS/low
TP subgroup (p = 0.007) [56].

In addition to 5-FU metabolic enzymes, the
regenerating gene family (REG) was reported to
play a role in chemosensitivity. In vitro studies
have demonstrated that induction of REG Ia gene
expression confers resistance to 5-FU or CDDP
treatment in GC cells. In patients with stage IV
GC, REG Iua could be a potential biomarker for
predicting resistance to S-1/CDDP treatment
[57]. In addition, high REG IV serum levels in
gastric cancer patients was identified as predic-
tive measure for the resistance to 5-fluorouracil-
based chemotherapy [58].

4.3.3 Taxanes

Taxanes, as its name indicates, were first
derived from the plants, Taxus. Taxane agents
bind and stabilize microtubule, leading to tumor
cell cycle arrest at the G2-M phase [59].
Taxanes have achieved definitive curative
effects either alone or in combination with
other chemotherapy drugs as both first- and
second-line therapy in the treatment of gastric
cancer. There are four primary types of taxane
agents, including paclitaxel, docetaxel,
nanoparticle albumin-bound paclitaxel (nab-
paclitaxel), and cabazitaxel. Paclitaxel and
docetaxel belong to the taxane family, as their
chemical structures contain a common three-
phenol ring. Nab-paclitaxel is a novel drug that
is a biologically interactive form of paclitaxel.
Cabazitaxel is second-generation taxane which
is currently being used in ongoing phase II tri-

als (NCTO1757171, NCT01956149) to illus-
trate its role in the treatment of gastric cancer.

According to published reports, sensitivity to
taxanes involves multiple mechanisms, including
drug efflux, mutations in tubulin, altered micro-
tubule dynamics, and impaired cell death signal-
ing [60].

Overexpression of the multidrug resistance
(MDR) gene like MDRI, which encodes
P-glycoprotein, resulted in taxane efflux, decreas-
ing drug retention and thus causing taxane resis-
tance [61].

Because taxane targets microtubules, attention
has been directed toward the study of tubulin and
microtubule-associated proteins. Mutations [62]
and polymorphisms [63, 64] in B-tubulin have
been shown to be associated with taxane resis-
tance. The overexpression of pB-tubulin isotypes
was identified as another mechanism of resis-
tance [65]. Numerous studies have validated the
fact that taxane treatment is inversely correlated
with mRNA and protein expression levels of BIII-
tubulin in gastric cancer [66—68]. Furthermore, a
recent report suggested that the interaction of
vascular endothelial growth factor (VEGF) with
BIII-tubulin through hypoxia-inducible factor
(HIF-alpha) was associated with taxane sensitiv-
ity.  VEGF inhibition, which blocks both
VEGFR-1 and VEGFR-2, has been demonstrated
to reverse paclitaxel sensitivity in gastric cancer
cells [69]. In addition, the sensitivity of gastric
cancer patients to paclitaxel treatment was found
to be inversely correlated with mRNA and pro-
tein expression levels of the microtubule-
associated protein, tau (MAPT) [66, 70].
Chemokine receptor-4 (CXCR4) was identified
to play a role in microtubule dynamics. CXCR4
mRNA levels in gastric cancer tissues were also
found to correlate with docetaxel sensitivity [71].

The induction of apoptosis by taxanes has
been shown to be mediated through the mito-
chondrial apoptotic pathway, typically by mem-
bers of the Bcl2 family [72]. The pro-apoptotic
protein, BIM, has been demonstrated to translo-
cate from microtubules to mitochondria follow-
ing taxane treatment [73]. Thus, cancer cell lines
with higher BIM expression levels were found to
be more sensitive to taxanes compared to cells



4 Customized Chemotherapy in Advanced Gastric Cancer 51

that expressed lower levels of BIM [60]. In addi-
tion to antiapoptotic properties, glucose-regulated
protein 78(GRP78) overexpression was found to
be a predictive marker for the development of
taxane-based therapeutic  resistance  [74].
Survivin is a member of the family of inhibitor of
apoptosis proteins (IAPs), and its expression lev-
els have been demonstrated to be inversely cor-
related with taxane treatment [66].

Numerous studies have shown that Forkhead
box protein M1 (FOXM1), which plays an impor-
tant role in cell cycle regulation, mediates
docetaxel resistance in gastric cancer patients
[75, 76]. In addition, docetaxel resistance was
shown to be reversed upon inhibition of FOXM1
[77]. Furthermore, genes that play a role in the
DNA damage response pathway, including
BRCALI, have been shown to also play a critical
role in a patient’s response to taxane agents.
Tumors exhibiting high BRCA1 expression were
found to exhibit an increased susceptibility to
docetaxel [23]. As discussed earlier in the section
regarding platinum, our study found that of 59
patients who received first-line FOLFOX and
second-line docetaxel-based chemotherapy, the
median overall survival was 25.8 months for
patients with high BRCA1 expression levels,
19.1 months for patients with intermediate
BRCAI1 expression levels, and 9.5 months for
those with low BRCAI expression levels
(p =0.0062) [78].

In addition, previous studies have demon-
strated that ErbB3 overexpression and AKT/
ERK activation can induce gastric cancer cell
resistance to  paclitaxel treatment [79].
Homomeric a7-nicotinic acetylcholine receptor
(A7-nAChR) was found to be a key modulator of
smoking-induced gastric cancer metastasis.
Interestingly, A7-nAChR knockdown cells were
shown to exhibit higher sensitivity to paclitaxel
treatment in gastric cancer cells [80].

4.3.4 Irinotecan(CPT-11)

Irinotecan (CPT-11)-based treatment regimens
were commonly used for the treatment of gas-
tric cancer. This treatment exhibited a good

response rate in patients, varying from 14-70%
when used as a single or combination treatment
agent [81].

Irinotecan is a semisynthetic, water-soluble
derivative of the plant alkaloid camptothecin.
This compound belongs to the class of topoi-
somerase I inhibitors. Addition of irinotecan to
the topoisomerase I (Topo I)-DNA complex
obstructs the ligation of double-stranded DNA
during the process of DNA replication. This
causes Topo I to be trapped on a nicked DNA
intermediate in replicating cells, resulting in cell
death [82]. A variety of DNA repair genes,
including aprataxin (APTX), BRCA1, ERCCI,
and ATM, are involved in the repair of irinote-
can-associated DNA damage. Studies have
reported that high gene expression levels of Topo
I are associated with irinotecan sensitivity in
gastric cancer [83]. Interestingly, significantly
lower gene expression levels of APTX, BRCAI,
and ERCC1 have been reported to be associated
with irinotecan-sensitive gastric cancer samples,
compared with that of irinotecan-resistant sam-
ples [84]. Furthermore, low expression levels of
the DNA repair gene, ATM kinase, were also
found to be associated with increased irinotecan
drug sensitivity in gastric cancer cell lines [85].
Consistent results were observed in the molecu-
lar biomarker study of GC0301/TOP-002 phase
IIT trials in gastric cancer. The results of these
trials show that low TS, low ERCCI, and high
TP mRNA levels function as biomarkers for iri-
notecan treatment [83].

Recently, gene hyper-methylation has been
demonstrated to be an important epigenetic
mechanism of drug response in gastric cancer
[86]. Methylation of the oncogene, heparan sul-
fate 6-O-endosulfatase (SULF2), and methyla-
tion of the tumor-suppressor gene, WRN, were
both reported to render gastric cancer sensitive to
irinotecan treatment [87].

Recent studies regarding cell signaling
revealed that irinotecan resistance was accompa-
nied by an activation of EGFR and Src signaling
in human cancer models [88]. Furthermore, gene
XB130 knockdown demonstrated an improved
response to irinotecan treatment in gastric cancer
cells [89].
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4.3.5 Pemetrexed

Pemetrexed is a new antifolate drug that has been
shown to target multiple components within the
folate pathway, including thymidylate synthase
(TS), dihydrofolate reductase (DHFR), and glyc-
inamide  ribonucleotide = formyltransferase
(GARFT) [90]. Pemetrexed was demonstrated to
mediate its antitumor effect by impeding both
DNA synthesis and folate metabolism [91].
Clinical antitumor activity of pemetrexed in gas-
tric cancer has also been observed in several clin-
ical trials where it has been used either as a single
agent or in combination with another chemother-
apy agent. The response rate in these trials was
found to range from 23-36% [92-95].
Thymidylate synthase (TS) is a critical enzyme
that plays arole in the synthesis of DNA. Research
from our group indicates that low expression lev-
els of TS in the plasma and tumor were negatively
correlated with pemetrexed sensitivity in gastric
cancer patients (p < 0.001) [96]. TS levels in
plasma and tumor were found to be lower in the
pemetrexed-sensitive group compared to the
pemetrexed-resistant group. Previous study also
confirmed that low DHFR and GARFT gene
expression levels exhibited a significant correla-
tion with chemosensitivity to pemetrexed in
freshly explanted tumor cells in vitro [97].

4.3.6 OtherRegimens

Other regimens, such as doxorubicin, epirubicin,
and mitomycin, could also function as effective
treatments in gastric cancer patients.
Doxorubicin is a member of the anthracycline
group of compounds and is known to exhibit activ-
ity against a wide range of tumors. The primary
mechanism of action of this compound appears to
be through inhibition of topoisomerase II. In addi-
tion, it has also been shown to be capable of form-
ing adducts with DNA in order to induce cell death
[98]. Studies have shown that high expression levels
of the apoptosis repressor with caspase recruitment
domain (ARC) in gastric cancer cell lines contribute
to doxorubicin chemotherapy resistance [99].
Recent microarray data has enabled researchers to

identify novel genes including ADAM?22, CYRG6I,
FNI1, SPHK1, and GNAI1 as predictive markers of
doxorubicin sensitivity in gastric cancer [100].

Epirubicin is another example of an antitumor
agent of anthracyclines. This specific compound is
thought to enter tumor cells more efficiently in order
to exert its antitumor effects though the inhibition of
nucleic acid synthesis and mitosis, both leading to
cell death [101]. Studies have reported that high
expression levels of MDR genes, including MDRI1,
MRP1, and ABCG2, in gastric cancer patients cor-
related with the development of resistance to epiru-
bicin [102]. Gastric cancer patients with high
expression levels of DNA synthesis-related genes,
such as topoisomerase IIA (TOP2A), have been
shown to benefit from epirubicin therapy [20].
Furthermore, amplification of human epidermal
growth factor receptor-2 (HER-2) or HER-2 overex-
pression was identified as a potential biomarker to
flag those patients who benefited from either periop-
erative or postoperative epirubicin-based therapy in
gastroesophageal adenocarcinoma [103].

Mitomycin is a cell cycle nonspecific agent, an
anticancer drug that is commonly used to treat
numerous cancer types, including stomach, anal,
and lung cancer [104]. Studies investigating the anti-
tumor mechanism of mitomycin revealed that this
drug induced DNA damage via DNA alkylation.
This was found to result in the production of DNA
mono-adducts, intrastrand cross-links, and inter-
strand cross-links (ICLs) [105, 106]. However, the
specific mechanism underlying mitomycin resis-
tance has not been fully understood. In vitro studies
have revealed that TCF transcription factor 3 played
a role in mitomycin resistance in gastric cancer
patients [107]. AKT activation and loss of heterozy-
gosity (LOH) of phosphatase and tensin homolog on
chromosome ten (PTEN) were also found to be
associated with mitomycin-related chemoresistance
in GC patients [108]. Both normal and cancer cells
that were found to lack the suppressor gene, FHIT,
exhibited mitomycin C resistance [109].

4.3.7 Markers for Toxicity

Common adverse drug events of chemotherapy
treatment for gastric cancer include nausea and
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vomiting, fatigue, diarrhea, liver and kidney dys-
function, blennophlogisma, and hematopoietic
disorders such as granulocytopenia, thrombocy-
topenia, and anemia. Numerous studies have
been carried out in an effort to discover the bio-
markers that can be used to predict drug toxicity
in chemotherapy treatments for gastric cancer
[110].

Genetic polymorphisms were found to play a
critical role in the pharmacologic activity of com-
monly utilized medications, which was found to
contribute to the different responses observed to
chemical agents. Polymorphisms in key compo-
nents of the nucleotide excision repair (NER)
pathway or drug metabolic pathways were found
to be significantly associated with a higher drug
toxicity incidence with platinum or S-1 treatment
[111-114]. Polymorphic abnormalities in the
human TS gene was also identified as a risk fac-
tor for serious adverse reactions to 5-FU-based
therapy [115]. In addition, studies focused on
polymorphisms in gene UGT1A1 revealed that
patients who carry the UGT1A1%6 A/A allele or
UGT1AI1*28 variants experienced increased
diarrhea and were more prone to developing
hematopoietic disorders upon treatment with iri-
notecan [116-119]. DHFR F/S-TS G528, which
is a fusion gene of both mutant enzymes, dihy-
drofolate reductase (DHFR F/S) and thymidylate
synthase (TS G528S), has recently been shown to
possess the ability to confer resistance to
pemetrexed-induced toxicity. Retroviral trans-
duction to express this fusion gene in cells was
found to result in a significantly higher peme-
trexed IC50 and increased survival of CFU-GM
colonies compared with those transduced with
either of the mutants alone [120].

In addition to the genetic indicators, biochem-
ical indicators in serum or urine could also func-
tion as valuable markers for predicting side
effects from anticancer drugs. Serum diamine
oxidase (DAOQ) activity, which reflects the integ-
rity and maturity of the small mucosa, has been
shown to function as an indicator of gastrointesti-
nal damage prior to symptom onset in patients
undergoing chemotherapy treatment [121]. Large
clinical studies have shown that elevated baseline
concentrations of both homocysteine and methyl-

malonic acid indicate severe hematological tox-
icity, as a result of pemetrexed treatment [122].
The presence of neutrophil gelatinase-associated
lipocalin (NGAL) in urine is also widely accepted
as an assessment of renal injury in patients receiv-
ing cisplatin treatment [123].

Conclusions

Biomarkers can be investigated at various lev-
els. These include genetic analyses that iden-
tify  polymorphisms, DNA sequencing,
transcriptional assays such as reverse tran-
scriptional-polymerase chain reaction
(RT-PCR) that measure mRNA levels, and
transductional tests, such as immunohisto-
chemistry, that measure protein expression
levels. However, having such a variety of
available tools to identify biomarkers is not
always advantageous. While this number of
tools is advantageous in that it allows for a
wider comprehension of biomarkers, it can
also be misleading due to discrepancies
obtained between different techniques. With
the exception of HER-2 status for trastu-
zumab-based targeted treatment, no other
molecular markers have entered the main-
stream of clinical practice. The primary obsta-
cle toward the identification of reliable
markers lies in technical difficulties that arise
in the ability to quantitatively assess molecu-
lar alterations. In addition, the use of a single
biomarker allows only limited power toward
predicting the prognosis or response to spe-
cific chemotherapy treatments. Thus, the most
promising approach would entail the evalua-
tion of a combination of variables in order to
achieve a more reliable predictive value than
using a single biomarker.
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Targeted Therapy
in Advanced Gastric Cancer

Li Xie, Jia Wei, Lijing Zhu, and Wenjing Hu

Despite the fact that numerous advances have
been made toward the development of new tumor
screening methods, as well as surgical skills and
systematic chemotherapy regimens, the overall
prognosis for advanced gastric cancer patients
remains dismal. This is especially true for
patients with late-stage disease. The 5-year sur-
vival rate for patients with metastatic gastric can-
cer remains around 10%. Thus, improvements
in the management of gastric cancer, specifi-
cally through treatment with targeted therapeutic
agents, are urgently required. With advances in
our understanding of the biology of malignancy
and the molecular evolution of gastric cancer,
the potential for targeted therapy has begun to
emerge [1]. However, only a limited number of
molecular-targeted drugs have been approved at
this point in time. Tumor cells possess unique
characteristics that enable them to drive the dis-
ease to the malignancy stage, including immor-
tality, the ability to infiltrate other tissues, and
promote changes in the tumor microenviron-
ment. Thus, the molecular targets of gastric can-
cer should include not only genetic mutations of
the tumor cells but also the factors that enable
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the alteration of the tumor stroma, such as tumor
angiogenesis, inflammatory cell infiltration,
extracellular matrix, and others [2].

5.1 Novel Comprehensive
Classification of Gastric

Cancer

Different types of gastric cancer are traditionally
subdivided by histologic subtype via the World
Health Organization (WHO) or Lauren classifi-
cations [3], with each subtype having distinct
clinical and epidemiologic features. In the case of
Lauren classifications, intestinal gastric cancer
tends to be associated with Helicobacter pylori
infection, tends to occur in the antrum, and is
found to often develop from intestinal metapla-
sia. Diffuse gastric cancers, on the other hand, are
more poorly differentiated. These cancers tend to
be found in younger patients and are associated
with a poorer prognosis. The WHO classification
divides gastric cancers based on their resem-
blance to a metaplastic intestinal tissue [4]. While
these classifications are different, both help little
in the selection for the most appropriate treat-
ment for advanced gastric cancer patients.
Genetic alterations are the main typical feature of
cancer cells, playing crucial roles in carcinogenesis
and tumor progression [5]. Current research is still
being carried out to understand the detailed mecha-
nisms of tumor development associated with gene
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amplification, mutation, or translocation. However,
quite a few aberrant genes have been identified as
valid targets for the treatment of cancer in the clinic.
Distinguishing driver oncogenes from other coex-
isting passenger gene alterations and subsequently
blocking the activated signaling transduction have
been a critical strategy for the development of
molecular-targeted therapeutics. In order to facili-
tate the discovery and validation of “driver” genes,
patient-derived specimen-based molecular analysis
techniques and in vivo disease models have been
widely used. Deng et al. [6] screened 233 gastric
cancer patients and identified five distinct gastric
cancer patient subgroups. These subgroups were
defined by the signature genomic alterations of
FGFR2 (9% of tumors), KRAS (9%), EGFR (8%),
ERBB?2 (7%), and MET (4%). They proposed that
at least 37% of gastric cancer patients could be
potentially treated with receptor tyrosine kinase-
directed therapies. This was considered to be the
first detailed molecular map of genomic alterations
in gastric cancer, a step bringing the field closer
to the development of targeted treatment. The
development of high-throughput, multi-platform
sequencing has led to increased efficacy and acces-
sibility of genomic sequencing, in turn driving
the development of classification systems based
not only on histopathology but also on molecular
features. Currently, several studies have provided
insight into the molecular basis of gastric cancer,
enabling improved molecular classification of gas-
tric cancers. In 2014, a comprehensive molecular
classification of gastric cancer was carried out by
the Cancer Genome Atlas (TCGA) project, and
they identified a series of genomic alterations
which were expected to provide insight into poten-
tially novel therapeutic targets [7]. This study car-
ried out sequencing of 295 gastric cancer patients
and resulted in the patients being clustered into four
groups, which included Epstein-Barr virus (EBV)-
positive tumors (9%), tumors with microsatellite
instability (MSI) (22%), genomically stable tumors
(20%), and those with chromosomal instability
(50%). A similar research study carried out by the
Asian Cancer Research Group (ACRG) analyzed a
panel of 300 gastric tumor tissues. For each tumor,
gene expression profiling, targeted gene sequenc-
ing, and genomic copy number microarrays were

carried out [8]. Following the profiling of 251 gas-
tric cancer tissues, the authors then further divided
gastric cancers into four groups, MSS/EMT (mic-
rosatellite stable/epithelial-to-mesenchymal transi-
tion), which encompassed the outliers on the EMT
distribution, MSI, MSS/TP53+, and MSS/TP53—.
TCGA and ACRG classifications showed both
similarities and differences. In the two classifica-
tion systems, a MSI subtype with high mutation
frequency shared similar genomic characteristics
and the best prognosis. TCGA that is genomically
stable, EBV+, and CIN subtypes were enriched
in but not identical to ACRG MSS/EMT, MSS/
TP53+, and TP53—, respectively. Due to the differ-
ent frequency of CDH1 and RHOA mutations, the
TCGA GS subtype was found to not be equivalent
to the ACRG MSS/EMT subtype. Besides, MSS/
TP53 was not found to cover TCGA EBV subtype,
as only 12/18 EBV+ tumors were present in the
MSS/TP53+ group [9]. Once trastuzumab, a drug
that targets overexpressed HER2, was approved
as the first targeted drug against advanced/meta-
static gastric cancer in 2010, research efforts have
almost failed on the development of other promis-
ing targets, including c-Met, EGFR, IGFR, PI3K,
mTOR, and others. Clinical trials were carried out
to identify promising therapeutics, while abortive
attempts find a number of candidates not so satis-
factory (Table 5.1). While the molecular classifi-
cation of gastric cancer greatly helped to provide
insight into the carcinogenesis and progression of
gastric cancer and identify patients having differ-
ent genetic and epigenetic alterations resulting in
a different prognosis, few remarkable treatment
targets have been identified for molecular-targeted
therapy.

The tumor microenvironment, which is com-
prised of immune cells, tumor cells, stromal cells,
and extracellular matrix, is considered to be the pri-
mary battleground during the neoplastic process,
fostering the proliferation, survival, and migration
of tumor cells. Current classification of malignancy
relies highly on not only the information of tumor
cells but also the tumor microenvironment, includ-
ing tumor vessels and the tumor immunity status
[10]. Following years of research efforts, it was dis-
covered that tumors can not only survive and dis-
seminate but can more importantly mimic certain
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Table 5.1 Completed phase III clinical trials of targeted therapies in gastroesophageal adenocarcinoma
Agents Targets Type Chemotherapy Study OS PFS
Trastuzumab | HER2 Recombinant | Capecitabine/ ToGA 13.8 vs. 11.1 | 6.5vs. 5.5
humanized fluorouracil + cisplatin
mAb
Lapatinib EGFR, Tyrosine Capecitabin TRIO-013/ 12.2vs. 10.5 |6.0vs.54
HER2 kinase e + oxaliplatin LOGIC
inhibitor
Lapatinib EGFR, Tyrosine Paclitaxel TyTAN 11 vs. 8.9 54vs. 4.4
HER2 kinase
inhibitor
Cetuximab EFGR Humanized Cisplatin + capecitabine | EXPAND 9.4 vs. 10.7 4.4vs.5.6
mAb
Panitumumab | EFGR Humanized Epirubicin + oxaliplatin | REAL-3 8.8vs. 11.3 6.0vs. 7.4
mAb + capecitabine
Rilotumumab | HGF Humanized Epirubicin + cisplatin + | RILOMET-1 9.7vs. 11.1 5.1vs.4.2
mADb capecitabine
Onartuzumab | c-Met Humanized mFOLFOX6 METGastric 11 vs.9.7 -
mAb
Ramucirumab | VEGFR2 | Humanized Paclitaxel RAINBOW 9.6 vs. 7.4 4.4vs.29
mAb
Bevacizumab | VEGF Humanized Capecitabine AVAGAST 12.1vs. 10.1 | 5.3 vs. 6.7
mADb + Cisplatin
Apatinib VEGFR2 | Tyrosine - Phase I1I study | 6.5 vs. 4.7 -
kinase of apatinib
inhibitor tablets in the
treatment of
advanced or
metastatic
gastric cancer
Everolimus mTOR Inhibitor - GRANITE 54vs. 43 1.7vs. 1.4

signaling pathways of the immune system to prop-
agate conditions that favor tumor immune toler-
ance. In addition, focused anti-angiogenesis was
found to fail as a treatment, demonstrating the sus-
tained anticancer effect. Thus, multiple pathways
within the tumor microenvironment must be co-
targeted in order to release the full effector function
of tumor-specific immune cells.

5.2  Targeting the Driver
Oncogenes of Tumor Cells
5.2.1 HER2

HER?2, also known as ERBB2 (ErbB2 receptor tyro-
sine kinase 2), is a member of the human epidermal
growth factor receptor family, and almost 15-20%
of gastric adenocarcinomas have shown HER2

amplification [11]. Clinically, HER2-positive gastric
cancer is termed with a score of 3+ using immuno-
histochemistry (IHC) method or positive fluores-
cence in situ hybridization (FISH) (HER2 to CEP17
ratio, 2:2). In contrast to breast cancer, using HER2
as a predictor for prognosis in gastroesophageal can-
cer is contradictory, with some studies showing an
association between HER?2 overexpression and poor
overall survival (OS) and other studies showing no
significant relationship with OS [12, 13].
Trastuzumab (Herceptin), a recombinant
humanized IgG1 monoclonal antibody, binds to
the HER2 receptor, resulting in an elimination
or reduction in receptor activity. This weakens
subsequent signaling events involving proteins
such as protein kinase B (PKB) and signal trans-
ducer and activator of transcription 3 (STAT3).
In another way, trastuzumab has been shown to
induce antibody-dependent cytotoxicity (ADCC)



64

L. Xie et al.

which resulted in cell cycle disorders [14].
Trastuzumab was initially approved in HER2-
overexpressing metastatic breast cancer patients
and, later, in the postoperation adjuvant treatment
of breast cancer. When combined with chemo-
therapy, it was shown to significantly prolong OS
compared with chemotherapy treatment alone.
Based on the positive results seen with breast
cancer patients and the high prevalence of HER2
amplification and overexpression associated with
gastroesophageal cancer, a study using trastu-
zumab for the treatment of gastric cancer patients
was carried out. The ToGA (Trastuzumab for
Gastric Cancer) trial was a multicenter, phase
IIT trial which assigned advanced or metastatic
gastroesophageal cancer patients with positive
HER2 in tumor cells to receive 5-fluorouracil
or capecitabine and cisplatin treatments, with or
without trastuzumab, randomly as the first-line
treatment [15]. After a primary screening, a total
of 594 patients were randomly assigned to the
two different groups. The patients who received
trastuzumab were found to have a higher over-
all response rate (47% vs. 35%; p = 0.0017)
and a longer median PFS (6.7 vs. 5.5 months;
p=0.0002) and median OS (13.8 vs. 11.1 months;
p = 0.0046). Based on the results from the above
study of ToGA, trastuzumab treatment with fluo-
ropyrimidine and cisplatin was considered as the
standard first-line treatment for HER2-positive
gastric cancer patients.

Following the established paradigm for
HER2-positive breast cancer treatment, small
molecule inhibitors of HER2 were subse-
quently analyzed in advanced gastric cancer.
Lapatinib (Tykerb) is known to bind the intra-
cellular tyrosine kinase domains of epidermal
growth factor receptor (EGFR) and HER2,
subsequently blocking autophosphorylation
and downstream signaling. Similar with what
was observed with metastatic breast cancer,
lapatinib treatment appeared to be less effec-
tive than trastuzumab treatment in gastric can-
cer patients. Based on the preclinical data and
a 9% response rate in a phase II trial of single-
agent lapatinib in advanced gastroesophageal
adenocarcinoma [16], two phase III trials of
lapatinib treatment for HER2-positive gastric

cancer patents were launched. These two tri-
als differed in the status of the previous treat-
ment. The TRIO-013 (Translational Research
in Oncology)/LOGIiC (Lapatinib Optimization
Study in the HER2-Positive Gastric Cancer)
trial was a multicenter, double-blinded, phase
I trial which randomly assigned patients
with previously untreated HER2-positive
advanced gastroesophageal cancers to groups
that received Xelox chemotherapy plus either
lapatinib treatment or a placebo control [17].
While patients in the lapatinib treatment arm
of the study were observed to have a signifi-
cantly higher response rate compared with the
control group (53% vs. 39%; p = 0.0031), this
study did not reach its primary endpoint, as
there was no significant improvement in OS
detected (median OS 12.2 vs. 10.5 months;
HR = 0.91; p = 0.3492). The subgroup analy-
ses revealed an OS improvement of lapatinib
treatment in both younger patients (12.9 vs.
9.0 months, HR = 0.69; 95% CI, 0.51-0.94,
p = 0.0141) and Asian patients (16.5 vs.
10.9 months, HR = 0.68; 95% CI, 0.48-0.96,
p =0.0261). It should be noted that there was
no correlation observed between the IHC status
of HER2 and survival. The TyTAN (Lapatinib
[Tykerb] with Paclitaxel [Taxol] in Asian
ErbB2+ [HER2+] Gastric Cancer Study) study
was a phase III clinical trial where paclitaxel
was given as a treatment with or without lapa-
tinib as the second-line treatment of advanced
HER2-positive gastric cancer in Asian popula-
tion [18]. The median OS was not found to be
different between the two arms of the study
(11.0 vs. 8.9 months; HR = 0.84; p = 0.1044).
Subgroup analyses identified a significant
OS benefit for patients with HER2 THC 3+
(14 vs. 7.6 months; HR = 0.59; p = 0.0176).
Specifically, the biomarker for determining
enrollment in the two trials was the presence
of HER2 amplification, as identified with
FISH-positive samples, regardless of HER2
expression levels observed with IHC. Gastric
cancer patients exhibiting more amplification
of HER2 were found to be more likely to bene-
fit from anti-HER?2 treatment. Interestingly, in
a recent series of patients with metastatic gas-
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tric cancer that were treated with trastuzumab
alongside chemotherapy, a higher HER2 to
CEP17 ratio (> 4.7) in FISH detection was
identified to be the optimal cutoff as a predic-
tion response for HER2-directed therapy [19].
Given the successful results observed with
trastuzumab, novel HER2-targeted therapeu-
tics are currently being evaluated in both of
the first- and second-line settings. Pertuzumab,
which is a monoclonal antibody that block
the heterodimerization of HER2 and other
HER proteins, is currently being investigated
in a first-line therapy to be used in conjunc-
tion with trastuzumab and chemotherapy in
the phase III trial, JACOB (A Study of Perjeta
[Pertuzumab] in Combination with Herceptin
and Chemotherapy in Patients with HER2-
Positive Metastatic Gastroesophageal Junction
or Gastric Cancer) trial (ClinicalTrials.gov ID:
NCTO01774786) [20]. Pertuzumab was shown
to inhibit the ligand-induced dimerization of
HER?2. This suggests that a broader range of
individuals would benefit from pertuzumab,
which needs further verification. Trastuzumab
emtansine (T-DM1) is an antibody drug conju-
gate that combines trastuzumab with emtansine,
a cytotoxic agent similar to taxane. Recently,
T-DM1 was evaluated in HER2-positive gas-
tric cancer since it has been approved in the
treatment of trastuzumab-refractory metastatic
breast cancer. In addition, phase II/III adaptive
trial (A Study of Trastuzumab Emtansine Versus
Taxane in Patients With Advanced Gastric
Cancer) examined the efficacy of T-DM1 com-
pared to taxane treatment as the second-line
therapy for advanced HER2-positive gastro-
esophageal cancer patients (ClinicalTrials.
gov ID: NCT01641939) [21]. The final results
of this trial indicated a possible benefit from
higher dose of T-DM1 (3.6 mg/kg). Afatinib
is a second-generation irreversible tyrosine
kinase inhibitor, both of EGFR and HER2, and
is thought to potentially show greater efficacy
over lapatinib. A phase II study of afatinib com-
paring to paclitaxel monotherapy in patients
with  trastuzumab-refractory HER2-positive
advanced gastric cancer is currently underway
(ClinicalTrials.gov ID: NCT01522768).

5.2.2 EGFR

The epidermal growth factor receptor (EGFR) is
areceptor tyrosine kinase within the HER family.
EGFR has been demonstrated to be amplified in
10-15% of gastric cancer patients. However, a
higher proportion (27-55%) of gastric cancer
patients have been shown to overexpress EGFR
[22]. To date, few trials of EGFR-directed agents
of monotherapy or in combination with chemo-
therapy have shown an improvement in out-
comes. A few of phase III studies have focused
primarily on the use of monoclonal antibodies
targeting EGFR (such as cetuximab and panitu-
mumab), while some smaller phase II trials have
focused on studying the activity and efficacy of
EGFR tyrosine kinase inhibitors (such as
gefitinib).

Cetuximab (C225) is a humanized IgGl
monoclonal antibody that has been shown to bind
specifically to the extracellular domain of EGFR
and competitively inhibits the binding of natural
ligands to EGFR, thereby blocking the ligand-
induced phosphorylation of the tyrosine kinase
domain of EGFR. Cetuximab has been shown to
downregulate the expression of cell surface recep-
tors, weaken receptor-mediated signaling, and kill
tumor cells via an ADCC effect. The EXPAND (
Erbitux (cetuximab) in combination with Xeloda
(capecitabine) and cisplatin in advanced esopha-
gogastric cancer) study was a multicenter, phase
IIT trial which treated subjects with cisplatin and
capecitabine, with or without cetuximab among
patients with previously untreated advanced or
metastatic gastroesophageal adenocarcinomas
[23]. This study showed no differences in OS
or PFS between the two arms (median OS 9.4
vs. 10.7 months; HR = 1.0; p = 0.95 median
PFS 4.4 vs. 5.6 months; HR = 1.09; p = 0.32).
Exploratory analysis showed a tendency toward
survival benefit for patients that received a com-
bination treatment of both cetuximab and che-
motherapy in the EGFR-overexpressing group.
Multivariate analysis indicated that mutations
in the KRAS and PIK3CA act as poor progno-
sis factors. Similarly disappointing results were
reported from the REAL-3 (Randomized Trial
of EOC + Panitumumab for Advanced and
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Locally Advanced Esophagogastric Cancer)
trial. This trial randomly assigned patients with
previously untreated advanced gastroesophageal
cancer to receive a EOC (epirubicin, oxaliplatin
and capecitabine) chemotherapy with or without
panitumumab, a fully human monoclonal anti-
body targeted against EGFR. The addition of
panitumumab treatment to EOC not only failed to
improve outcomes but was also observed to result
in a detrimental effect on OS (8.8 vs. 11.3 months;
HR = 1.37; 95% CI, 1.07-1.76; p = 0.013) [24].
The tendency toward shorter survival could be
attributed to inadequate chemotherapy drug dos-
ages and an accelerated cancer progression fol-
lowing drug withdrawal. An additional phase
IIT trial comparing nimotuzumab + irinotecan
vs. placebo + irinotecan, ENRICH, is currently
ongoing. The aim of this study is to assess the
activity of these treatment regimens in advanced
gastric cancer patients with EGFR THC 2+ or
3+(ClinicalTrials.gov ID: NCT01813253).

Trials that have studied the efficacy of EGFR
tyrosine kinase inhibitors have also shown mod-
est results. The objective response rates ranged
only from O to 11% [25]. The fact that these trials
failed in the end suggests that EGFR may not be
the primary oncogenic driver in advanced gastric
cancer. It should be noted that all EGFR-directed
trials were performed using unselected patient
populations, which could explain some of the
disappointing results. Therefore, the identifica-
tion of predictive markers of anti-EGFR treat-
ment outcomes in order to determine a population
that would be the most likely to benefit from this
therapy is crucial for understanding the true ther-
apeutic efficacy of these treatments. Further eval-
uation of EGFR inhibitors should therefore be
warranted in a carefully selected patient popula-
tion, primarily choosing patients with EGFR-
amplified gastric cancer.

5.2.3 HGF Pathway

Over activation of the MET oncogene and hepa-
tocyte growth factor (HGF) pathways has been
demonstrated to promote tumor growth and
metastasis in gastric cancer patients. While MET

amplification is identified only in approximately
4—-6% of gastric cancer patients, MET expression
has been reported in almost more than a half of
gastric cancers. Trials evaluating the clinical effi-
cacy of monoclonal antibodies against HGF
(rilotumumab) and the MET receptor (onartu-
zumab) were carried out recently without impres-
sive results.

The phase III trials RILOMET-1 (phase
III, randomized, double-blinded, multicenter,
placebo-controlled trial of rilotumumab plus epi-
rubicin, cisplatin, and capecitabine as first-line
therapy in patients with advanced MET-positive
gastric or gastroesophageal junction cancer)
and RILOMET-2 for Asian patients only were
initiated based on the positive results stemming
from a randomized phase II trial of rilotumumab
treatment in patients with MET-overexpressing
gastroesophageal cancer [26-28]. However, both
studies are closed due to toxicity concerns. The
RILOMET-1 trial randomly assigned untreated
advanced MET-positive gastroesophageal can-
cer patients to receive ECX with or without
rilotumumab treatment. There were 600 patients
that were randomly assigned after screening
approximately 1500 patients and identifying
1043 patients as MET-positive by THC meth-
ods. Similar to the clinical trial assessing pani-
tumumab, RILOMET-1 identified a detrimental
effect on OS at the addition of rilotumumab treat-
ment to chemotherapy (OS 9.6 vs. 11.5 months;
HR =1.37; p =0.0016), resulting in an early ter-
mination of the trial. Correlative biomarker stud-
ies are currently still underway. However, neither
MET overexpression, as determined by IHC, nor
MET amplification, as determined by FISH, was
associated with more positive outcomes in the
rilotumumab arm, surprisingly. The METGastric
(A Study of Onartuzumab in Combination
With mFOLFOX6 in Participants with
Metastatic HER2-Negative and MET-Positive
Gastroesophageal Cancer) trial studied the effi-
cacy of onartuzumab, a monoclonal antibody
targeted against the MET receptor, in patients
with untreated, advanced MET-positive gastro-
esophageal cancer. The study was designed such
that 800 patients would be randomly assigned to
receive FOLFOX plus onartuzumab or a placebo
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treatment. In this trial, the addition of onartu-
zumab to first-line mFOLFOX6 chemotherapy
in the intent to treat or MET 2+/3+ populations
did not significantly improve clinical benefits
[29]. A total of 562 patients were enrolled prior
to the closure of the METGastric study due to
the sponsor decision. For the entire study popu-
lation, onartuzumab was found to fail to improve
outcomes (median OS 11.3 vs. 11.0 months;
HR = 0.82; p = 0.244). In the case of patients
that possessed MET-overexpressing tumors, as
determined by IHC (2+ and 3+), there was a
trend observed toward improved OS in the onar-
tuzumab arm of the study (11.0 vs. 9.7 months;
HR = 0.64; p = 0.062) [30]. Biomarker-based
analyses should focus on both the reason under-
lying these negative results and the method to
identify subgroups that may respond to MET
inhibition.

Unlike monoclonal antibody treatments,
potentially promising results were recently
achieved using a highly selective MET small
molecule inhibitor, AMG 337. A pilot trial was
described that a dramatic response for AMG337
was observed inl3 patients with MET-amplified
gastroesophageal cancer at the 2015 American
Society of Clinical Oncology Gastrointestinal
Cancers Symposium. AMG 337 monotherapy
made eight patients (62%) achieve either a partial
or complete response. Given these encouraging
results, a phase II study of AMG 337 in MET-
amplified gastroesophageal cancer patients and
patients with other solid tumors is currently in
process (ClinicalTrials.gov ID: NCT02016534).

5.2.4 FGFR2

Fibroblast growth factor receptor 2 (FGFR2) is a
receptor tyrosine kinase that plays pivotal roles
in cell proliferation, differentiation, and migra-
tion. FGFR2 amplification has been shown to
occur in less than 10% of gastric adenocarci-
nomas and is associated with lymphatic inva-
sion and a poor clinical prognosis [31, 32]. A
biomarker-driven clinical trial that investigated
the efficacy of FGFR2 inhibition was carried out
recently. The SHINE study was a randomized

phase 1II trial that compared the FGFR inhibitor,
AZDA4547, to paclitaxel in a second-line setting
in FGFR2-amplified advanced gastric cancer
patients (ClinicalTrials.gov ID: NCT01457846).
A total of 71 patients with FGFR2 polysomy or
gene amplification were randomized to receive
either AZD4547 or paclitaxel treatment. The
median PFS was 1.8 months for patients treated
with AZD4547 vs. 3.5 months for patients treated
with paclitaxel. Subsequently, exploratory bio-
marker analysis revealed marked intra-tumor
heterogeneity of FGFR2 amplification, with four
out of seven tumors tested showing amplification
in 20% of the tumor section. Furthermore, only
21% of FGFR2-amplified tumors were found to
possess high FGFR2 expression levels. While
the correlation of heterogeneity and FGFR2
expression with response to AZD4547 were not
reported in this study, both of these reasons could
explain part of the lack of efficacy observed with
FGFR?2 inhibition. Another phase II clinical trial
to explore the activity of the FGFR2 inhibitor,
dovitinib, in the second- and third-line setting
is still recruiting patients (ClinicalTrials.gov ID:
NCTO01719549). Further biomarker studies to
identify biomarkers that could better predict the
response or resistance to FGFR inhibition will be
essential in future studies.

5.2.5 mTOR

mTOR is an important member of the PI3K-
related kinase family, which is primarily respon-
sible for the regulation of cell growth, cell
proliferation, cell cycle, and other physiologi-
cal functions via the PI3K/Akt/mTOR signal-
ing pathway. Phosphorylated mTOR expression
is a prognosis factor used for gastric cancer, a
factor that is found to negatively correlate with
cancer prognosis. Everolimus has been shown
to prevent the phosphorylation of p70S6K and
4E-BP1, which is mediated by mTOR and
results in GO/G1 cell cycle arrest [33]. A phase
IT trial of everolimus monotherapy showed a
disease control rate of 56% in patients who had
exhibited failure with previous chemotherapy
(without CR and PR cases) [34]. However, an
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international multicenter, double-blinded, ran-
domized phase III GRANITE-1 study of evero-
limus demonstrated that there was no significant
efficacy of everolimus in the palliative treatment
of advanced gastric cancer patients who failed
the first line of chemotherapy treatment [35].
The median OS was 5.4 months with everolimus
treatment, compared to 4.3 months with placebo
(HR =0.90; 95% CI, 0.75-1.08; p = 0.124). The
median PFS was 1.7 months in the everolimus
arm comparing to and 1.4 months in the placebo
treatment arm, respectively (HR = 0.66; 95% CI,
0.56-0.78). A combination of everolimus and
chemotherapy was further evaluated in the clini-
cal trial (ClinicalTrials.gov ID:NCT01248403).

5.2.6 CellCycle

Disorder of cell cycle regulatory mechanisms is
one of the primary hallmarks of cancer. There
are three main types of proteins involved in
cell cycle regulation: cyclins, CDKs (cyclin-
dependent kinase), and CDK inhibitors (CKIs).
CDKs bind to cyclins, an initial event that facili-
tates the crossing of restriction points during
cell cycle progression. CDKs also work with
CKIs to inhibit cell cycle progression or induce
apoptosis. Therefore, CKIs are likely to induce
cell cycle arrest at certain phases within the cell
cycle. Flavopiridol is a semisynthetic flavonoid
CKI and has been evaluated as the first cell cycle
inhibitor in a clinical trial. Flavopiridol has been
demonstrated to extensively suppress messenger
RNA translation by blocking the transport of
transcripts to ribosomes, halting the expression of
cell proliferation-related proteins [36]. However,
flavopiridol was found to fail to exert the desired
effect in the case of gastric cancer patients with a
serious adverse reaction [37].

5.3 Targeting Angiogenesis

Angiogenesis is a process that results in the gen-
eration of new blood vessels as a mechanism to
provide oxygen and nutrients to peripheral tis-
sues and maintain appropriate levels of perfu-

sion. However, the uncontrolled formation of new
blood vessels is known to dramatically worsen a
cancer patients’ clinical outcome. Angiogenesis
and the vascular endothelial growth factor
(VEGF) pathway play key roles in the patho-
genesis of gastroesophageal cancer (Fig. 5.1).
A meta-analysis published in 2015 reported the
benefit of antiangiogenic agents in terms of over-
all survival of advanced gastric cancer patients
(HR = 0.759; 95% CI, 0.655-0.880; p < 0.001)
[38]. Current available strategies developed to
inhibit the VEGF pathway are shown in Fig. 5.1
and include anti-VEGF antibody therapy (e.g.,
bevacizumab), inhibitors of angiogenic recep-
tor tyrosine kinases (e.g., sunitinib, pazopanib,
sorafenib, regorafenib), inhibitors of VEGFR-2
tyrosine kinases (apatinib), and anti-VEGFR
antibody therapy (ramucirumab).

5.3.1 Anti-VEGF Antibody

(Bevacizumab)

Following the success seen with bevacizumab, a
monoclonal antibody targeted against VEGF-A,
which was used to treat patients with metastatic
colorectal cancer, the AVAGAST (Avastin in
Gastric Cancer) study, was initiated. The pur-
pose of this study was to evaluate bevacizumab
activity in advanced gastroesophageal cancer
patients. In this multicenter, phase III clini-
cal trial, a total of 774 patients were randomly
assigned to treatment groups that received cis-
platin and capecitabine with or without bevaci-
zumab. In this trial, both of the median PFS (6.7
vs. 5.3 months; HR = 0.8; 95% CI, 0.68-0.93;
p = 0.0037) and overall response rates (46% vs.
37.4%, p = 0.0315) were found to be improved
with bevacizumab comparing to placebo treat-
ment. However, the median OS was not found to
be significantly different between the two arms
of the study (12.1 vs. 10.1 months; HR = 0.87,;
95% CI, 0.73-1.03; p = 0.1002), preventing
the application of bevacizumab in clinic [39].
Patients with high plasma levels of VEGF-A and
low neuropilin levels, a co-receptor of VEGF-A,
were found to have obtained the greatest benefit
from the combination treatment of bevacizumab
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Apatinib

Fig.5.1 VEGEF pathway and the inhibitors

with chemotherapy [40, 41]. However, in the case
of both biomarkers, subgroup analyses demon-
strated significance only in patients originating
from non-Asian regions.

5.3.2 Anti-VEGFR-2 Antibody
(Ramucirumab)

VEGFR-2 is typically expressed on circulating
bone marrow-derived endothelial progenitor cells
and on vascular endothelial cells. This receptor is
thought to be one of the primary factors respon-
sible for tumor angiogenesis. The VEGFR-2 anti-
body, ramucirumab, has been shown to be more
effective as a treatment in patients compared to
bevacizumab. Two different phase III trials have
evaluated the efficacy of ramucirumab in the
second-line setting. In the first study, ramuci-
rumab was used as a monotherapy, whereas it was
used in combination with paclitaxel in the second

PISK/AKT

VEGFR2

Endothelial cell
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study. In the REGARD (ramucirumab mono-
therapy for previously treated advanced gastric
or gastroesophageal junction adenocarcinoma)
trial, patients who failed in the first-line chemo-
therapy for advanced gastroesophageal adeno-
carcinoma were randomly assigned to treatment
groups to receive either ramucirumab or placebo.
The median OS was found to be 5.2 months for
the ramucirumab treatment group and 3.8 months
for the placebo group (HR = 0.776; 95% ClI,
0.603-0.998; p = 0.047) [42]. A subsequent
study went on to compare the combinatorial treat-
ment of ramucirumab + paclitaxel and single
agent of paclitaxel as the second-line treatment
of advanced gastroesophageal adenocarcinoma.
The RAINBOW (A Study of Paclitaxel With
or Without Ramucirumab in Metastatic Gastric
Adenocarcinoma) study achieved its primary end
point, with a median OS of 9.6 months for the
ramucirumab arm of the study versus 7.4 months
for the control arm (HR = 0.807; 95% CI, 0.678—
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0.962; p = 0.0017). Based on the results from
these studies, ramucirumab is currently consid-
ered to be a new standard therapy for patients with
advanced gastroesophageal adenocarcinoma who
have failed a first-line treatment of platinum or
5-fluorouracil. Though ramucirumab is the second
antibody that has been approved for the treatment
of gastric cancer, the clinical benefit obtained
from VEGFR-2 therapy is relatively weak. Thus,
it is critical to identify biomarkers that will enable
researchers to enrich the patients who are likely to
show respond to ramucirumab treatment. Given
the positive results identified in the REGARD
and RAINBOW trials, new trials investigating
ramucirumab efficacy in the first-line setting were
launched. A phase II trial comparing the combi-
nation of FOLFOX with ramucirumab treatment
to FOLFOX treatment alone in advanced gas-
troesophageal adenocarcinoma patients as the
first-line treatment failed to improve outcomes
(median PFS 6.4 vs. 6.7 months; HR = 0.98; 95%
CI, 0.69-1.37; p = 0.89; and median OS 11.7 vs.
11.5 months; HR = 1.08; 95% CI, 0.73-1.58). It
should be paid particular attention that the high
discontinuation rate in the ramucirumab arm of
48% could have affected the results of this trial.
Additional clinical trials aimed at exploring other
combination treatments with ramucirumab are
currently underway.

5.3.3 Anti-VEGFR-2 Receptor
Tyrosine Kinases (Apatinib)

Apatinib mesylate, a compound derived from
valatinib, has been demonstrated to exhibit a par-
ticularly intriguing antitumor efficacy. This com-
pound, formerly referred to as YN968DI1
(N-[4-(1-cyano-cyclopentyl) phenyl]-2-(4-
pyridylmethyl)  amino-3-pyridinecarboxamide
mesylate), is a novel inhibitor of VEGFR-2 tyro-
sine kinase which targets the intracellular ATP-
binding site of the receptor, preventing
phosphorylation and subsequent downstream sig-
naling. Apatinib was shown to elicit suppressed
kinase activities of VEGFR-2, c-kit and c-Src. In
addition, this compound was found to inhibit the
intracellular phosphorylation of VEGFR-2, c-kit,

and PDGFR@. Preliminary results from this study
were reported at the ASCO annual meeting in
2014. The authors of the phase III study of apa-
tinib in advanced gastric cancer reported a
median OS that was significantly longer in the
apatinib group compared with that observed in
the placebo group (195 days vs. 140 days;
HR = 0.71; 95% CI, 0.54-0.94; p < 0.016). In
regard to the secondary endpoint, apatinib group
exhibited a longer PFS compared with what was
observed in the placebo group (78 days vs.
53 days, HR = 0.44, 95% CI, 0.33-0.61;
p < 0.0001), along with an improved response
rate of 2.84% vs. 0.00%, in favor of apatinib [43,
44] (ClinicalTrials.gov ID: NCTO01512745).
Apatinib was approved by the China Food and
Drug Administration in 2014.

The most common adverse events of apatinib
were identical to those typical of other antiangio-
genic agents. These adverse events include
hypertension in approximately 70% of patients,
proteinuria in approximately 50% of patients,
and hand-foot syndrome in 46% of patients.
Both hypertension and the hand—foot syndrome
were generally easily managed with the use of
corresponding drugs.

5.3.4 Angiogenic Receptor
Tyrosine Kinases
(Sunitinib, Sorafenib, Etc.)

Both sunitinib and sorafenib are small molecule,
multi-targeted, tyrosine kinase inhibitors that
have been demonstrated to inhibit VEGFR. In a
second-line phase II trial for the treatment of
advanced gastric cancer, patients were random-
ized to groups for treatment with docetaxel, with
or without sunitinib treatment. This study showed
a higher objective response rate (41.1% vs.
14.3%, p = 0.002). However, there were no sig-
nificant differences observed in the median time
to progression (3.9 vs. 2.6 months, p = 0.206) and
median OS (8.0 vs. 6.6 months, p = 0.802) [45].
Sorafenib has been studied as a treatment in com-
bination with docetaxel and cisplatin a first-line,
phase II study for advanced gastric cancer
patients. In this study, a median survival of
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13.6 months was observed, and an objective
tumor response was seen in 41% of the patients,
with the main grade 3/4 adverse event being neu-
tropenia [46]. However, in another phase II study,
where sorafenib was included in the second line
of treatment of gastric cancer patients, a median
PFES of 3 months (95% CI, 2.3-4.1) and a median
OS of 6.5 months (95% CI, 5.2-9.6) was achieved
when sorafenib was combined with oxaliplatin
treatment following failure of first-line cisplatin
and fluoropyrimidine treatment. No further phase
III trials were launched [47]. Regorafenib is an
orally available, small molecule multikinase
inhibitor that targets signaling pathways impli-
cated in tumor angiogenesis (VEGF receptors
1-3 and TIE2), oncogenesis (KIT, RET, RAFI,
and BRAF), and tumor microenvironment
(platelet-derived growth factor receptor and
fibroblast growth factor receptor) [48].
Regorafenib has been shown to exhibit sufficient
activity and safety in a randomized, placebo-
controlled, phase II trial INTEGRATE). In this
trial, the regorafenib arm had a longer PFS (11.1
vs. 3.9 weeks; HR =0.41, p < 0.001), warranting
this drug for consideration for further phase III
evaluation [49]. Foretinib (GSK1363089) is also
an oral multi-kinase inhibitor, inhibiting multiple
targets, including MET, VEGFR-2, RON, and
AXL. Preclinical studies demonstrated that
foretinib treatment could effectively inhibit the
growth of gastric cancer cells through inhibition
of the signal transduction pathway of tyrosine
kinase [50]. A phase II clinical study showed
foretinib, the cMET/VEGFR-2 inhibitor, was
insufficient to improve the survival of patients
with advanced gastric cancer who had not
received previous chemotherapy treatment [51].
Further studies are needed in order to understand
the effect of foretinib on gastric cancer patients.

54 Immune-Checkpoint

Blockade

Immunotherapy holds potential promise for the
treatment of two different subgroups, specifi-
cally EBV+ and MSI + tumors. This is due to
the fact that there are a high number of muta-

tions present in MSI+ tumors, which in turn
results in the creation of neoantigens that affect
the patients’ response to immune-checkpoint
inhibitors [52]. In the case of EBV+ patients,
both the overexpression of PD-L1and activation
of the immune pathway provide strong motive
to justify the targeting of these molecules and
pathways via immunotherapy, as they are likely
to be good candidates of an immune response
reactivation [53].

The development of a monoclonal antibody
that targets immune-checkpoints has generated
great interest in recent years. These antibodies
have been shown to be able to induce sustained
tumor remission and demonstrated to be effec-
tive in the treatment of a variety of tumor types.
Immune-checkpoints are inhibitory signaling
pathways within the immune system that function
to regulate the sustainability and strength of the
immune response in the peripheral tissue in order
to prevent tissue damage. In addition, immune-
checkpoints also play a role in the maintenance of
the system’s tolerance to self-antigens. The abil-
ity to target these inhibitory signaling pathways
to result in the improvement of T cell activity is a
key mechanism in preventing the escape of tumors
from immunologic cytotoxicity. The use of mono-
clonal antibodies targeted against PD-1, PD-L1,
and CTLA-4 has been gradually implemented
in clinical research. In addition, the synergistic
effects of various immunosuppressors are thought
to represent an effective treatment mechanism.
In the near future, the development of antibod-
ies targeted against PD-1, PD-L1, and CTLA-4
is expected for the treatment of gastric cancer.
A phase Ib trial enrolled 39 patients with either
recurrent or metastatic PD-L1-positive adenocar-
cinoma of the stomach or gastroesophageal junc-
tion. Patients were treated with pembrolizumab,
with eight (22%, 95% CI 10-39%) patients
found to have had an overall response at central
review (ClinicalTrials.gov ID: NCTO01848834)
[54]. Avelumab, a fully human anti-PD-L1 IgGl
antibody (ClinicalTrials.gov ID: NCT01772004),
was assessed either as a second-line therapy or a
first-line maintenance treatment in patients with
advanced gastric cancer or gastroesophageal junc-
tion cancer. Disease control rates were found to
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be 29% and 57.3%, respectively [55]. A phase
I/IT trial was carried out to determine the safety
and activity of nivolumab, an antibody targeted
against PD-1, and ipilimumab, an antibody tar-
geted against CTLA-4 (ClinicalTrials.gov ID:
NCT01928394). Initial results from this study
are encouraging; however, further confirmation is
needed. A pilot study did not show any benefit of
ipilimumab treatment in advanced or metastatic
gastric cancer patients (ClinicalTrials.gov ID:
NCTO01585987).

5.5 Targeting Extracellular

Matrix (ECM)

MMPs (matrix metalloproteinases) comprise
a series of proteolytic enzymes that function to
degrade and destruct the extracellular matrix and
basement membrane. Abnormal expression of
MMPs has been shown to promote local tumor
invasion and tumor spread. High expression
levels of MMPs have been associated with the
progression and poor prognosis of gastric can-
cer. The MMP inhibitor, marimastat (BB-2516,
TA-2516), has been demonstrated to exhibit
antitumor activity in gastric cancer patients.
Advanced gastric cancer patients have also been
shown to benefit from marimastat treatment due
to its low hematological toxicity, in which the
clinical value of marimastat treatment in gastric
cancer patients needs further confirming [56].

5.6 Perspectives

Compared to lung cancer, breast cancer, and
colorectal cancer, targeted therapy for gastric
cancer is still in its infancy. While genomic stud-
ies have identified numerous potential therapeutic
targets in approximately 20% of gastroesopha-
geal cancer patients, the low frequency of these
events gives significant challenges for the design
of biomarker-driven trials. Several thousands of
patients must be screened in order to select a
population with the specific genomic alteration
of interest. A potential solution to this problem
is to conduct “basket” trials, where the effect of

targeted agents would be tested on patients that
possess the same genomic alterations but across
a variety of cancer types. However, recent data
exists which suggest that the disease-specific con-
text of a genomic alteration plays a key role in the
patient response to a targeted therapy. For exam-
ple, in contrast to the dramatic response observed
with BRAF inhibition treatment of BRAF-mutant
melanoma, BRAF-mutant colorectal cancers
were found to be refractory to these same agents.
Thus, histology-agnostic is a great limitation of
this kind of trial. Another type of trial design
that could prove useful for the assessment of tar-
geted therapies in a more efficient manner is an
“umbrella” trial. In this type of trial, patients with
one particular tumor type are assigned to differ-
ent targeted agent treatments according to their
tumors’ specific genomic alterations. This type
of trial design allows for the simultaneous test-
ing of a variety of targeted drugs in biomarker-
selected patient cohorts. One example of this
type of trial for gastroesophageal cancer patients,
the PANGEA (Personalized Antibodies for
Gastro-Esophageal Adenocarcinoma) trial, has
currently been in process (ClinicalTrials.gov ID:
NCT02213289) [57]. This study aims to utilize
molecular profiling, including both genomic and
proteomic information, to assign patients with
advanced gastroesophageal cancer with different
molecular characteristics to different treatment
arms. These treatment arms consist of chemo-
therapy group plus a targeted agent group. It is
important that the clinical trial design also takes
into account the genomic complexity and hetero-
geneity of gastroesophageal cancer.

From the achievements made in the molecular-
targeted therapy of gastric cancer, potential com-
panion biomarkers were also studied from a
therapeutic perspective. A consecutive series of
438 gastric cancer tissues were analyzed by ten
GC panels. These included EBER in situ hybrid-
ization, immunohistochemistry to visualize mis-
match repair (MMR) proteins (MLH1, PMS2,
MSH2, and MSH6), receptor tyrosine kinases
(RTKs, HER2, EGFR, and MET), PTEN, and
pS3 protein. These studies aim to facilitate the
development of successful future clinical trials
using molecular-targeted agents [58].
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Currently, targeted therapy for the treatment
of gastric cancer continues to face enormous
challenges. (1) While a large number of phase
IT clinical trials have been carried out, precise
phase III clinical trials are lacking. This could
potentially be explained by weak activity of
drugs observed. However, additional, in-depth
phase III clinical studies must be carried out in
order to obtain sufficient evidence to support
the use of targeted therapy in the treatment of
gastric cancer patients. (2) Oncogene addiction
promises a good therapeutic effect of molecular-
targeted therapy. However, in the area of gastric
cancer, there was no similar situation such as
EGFR mutation, as demonstrated in lung cancer
[59]. The approach of targeting a single molecule
is limited for the effective treatment of gastric
cancer, due to the complex pathogenesis of this
disease. Consequently, drugs that target a single
molecule will likely lose efficacy, as a compen-
satory mechanism will likely be activated soon
after treatment. In addition, it is difficult to target
the entire tumor, given the fact that subclones of
gastric cancer cells exhibit different biological
behaviors. This is just one of the primary reasons
that explain the failures observed with treatment
with a single agent as a broad treatment mecha-
nism for gastric cancer. Thus, the development
of multi-targeted drugs or the development of
combination therapies utilizing targeted drugs
with surgery, radiotherapy, and chemotherapy
could result in new, promising opportunities for
the treatment of this cancer. On the other hand,
efforts should be focused on identifying trunk
oncogenes during the clonal evolution of gastric
cancer. (3) Tumor heterogeneity creates great
challenges in the treatment of cancer in that not
all subclones will respond the same from a new
treatment. Liquid biopsies could provide insight
into the overall molecular makeup of the tumor
based on information from the blood of patients.
However, such analysis would rely greatly on
bioinformatics analysis [60]. (4) In addition, the
cost of targeted drugs remains one of the great-
est obstacles to their widespread use in clinical
practice. The cost of these drugs must decrease
in order to make these a viable treatment option.
(5) New challenges stem from understanding

the tumor microenvironment. Tumor microen-
vironments could become potential antitumor
targets. Despite these current challenges, we
strongly believe that an in-depth understanding
of the molecular mechanisms promoting clonal
evolution of malignancy will lead to essential
breakthroughs in the targeted treatment of gastric
cancer. Hopefully, a new chapter for the treat-
ment of advanced gastric cancer will be opened
in the very recent future.

Unlike in the case of lung adenocarcinoma,
no obvious addiction to an oncogene has been
confirmed through preclinical studies and clini-
cal trials for gastric cancer. This has limited the
discovery of molecular-targeted therapeutics for
this type of cancer. This also makes it difficult to
imagine that a breakthrough by a single treatment
of a molecular-targeted drug would prove effi-
cacious for gastric cancer treatment. However,
molecular-targeted therapeutics for the treatment
of gastric cancer could enable a mechanism not
only to block activated signaling pathways of
tumor cells but also to modulate the tumor micro-
environment. Such treatment would show great
prospect in the ability to prolong patient survival.
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Laparoscopic Surgery and Robotic

Surgery

Meng Wang and Wenxian Guan

6.1 Laparoscopic Surgery
for Gastric Cancer
6.1.1 Introduction

Laparoscopic surgery has become a standard
treatment for early-stage gastric cancer. Many
studies have demonstrated its safety, efficacy, and
the significant advantages resulting from its min-
imally invasive nature [1, 2]. As the technique
developed, laparoscopic surgery has also begun
to be widely used in local, advanced gastric can-
cer treatment [3]. In recent years, the type and
resection area in laparoscopic surgery have
changed significantly. Moreover, standard proce-
dures have developed from D2 lymph node dis-
section to digestive tract reconstruction [3].

6.1.2 Indications for Laparoscopic

Surgery in Gastric Cancer

The current Japanese gastric cancer treatment
guidelines confirm that distal laparoscopic gas-
trectomy is the standard procedure for Ic stage
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gastric cancer patients (level B) [4]. However, the
current guidelines do not accept laparoscopic
surgery as a valid approach for local, advanced
gastric cancer. Despite this, several recent studies
have reported promising outcomes when laparo-
scopic surgery was used in the treatment of
advanced gastric cancer [5, 6].

Thus, current guideline indications for the use
of laparoscopic surgery have been limited to Stage
I gastric cancer patients. Further studies in using
this approach in advanced gastric cancer will need
to be performed in some experienced centers.

6.1.3 Standard Laparoscopic
Surgical Procedure

Presently, standard gastrectomy with D2 lymph-
adenectomy is performed following both Japanese
and NCCN gastric cancer treatment guidelines.
To this end, D2 lymphadenectomy is a key feature
for laparoscopic radical gastrectomy [7, 8]. The
procedure for D2 lymphadenectomy in laparo-
scopic distal gastrectomy is as follows:

(a) A 12-mm trocar is inserted below the navel to
allow for laparoscope access. Three 5-mm
trocars are also inserted into the middle right,
upper right, and left abdomen. Finally, one
12-mm trocar is inserted into the middle left
abdomen. A total of five trocars are used in
this procedure (Fig. 6.1).
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Fig

(b)

(©)

.6.1 Trocar
locations for
laparoscopic
gastrectomy

A monitor is located over the patient’s head,
and the surgeon sits between patient’s legs for
the procedure. First, the greater omentum is cut
under a laparoscopic view. The right gastroepi-
ploic vessels were clipped and cut, and the
inflapyloric lymph nodes (No. 6) were dis-
sected. The ligament of spleen and stomach
was cut, and the No. 4 lymph nodes were dis-
sected. After lymph node dissection, the duode-
num is cut with a laparoscopic linear stapler.
The lesser omentum is then cut, the right crus
of the diaphragm is exposed, and the inflapy-
loric lymph nodes are dissected. The lymph
nodes beside the proper hepatic artery (No.
8) are dissected. The left gastric artery, com-
mon hepatic artery, and the splenic artery are
exposed. The left gastric vein is clipped and
cut. The left gastric artery is divided after
double clipping (Fig. 6.2). The lymph nodes
along these vessels (No. 7, No. 8, and No. 9)
are confirmed under excellent surgical view
and then removed. Finally, the stomach is cut
by the laparoscopic linear stapler.

Safe and effective digestive tract reconstruc-

tion is a crucial goal for laparoscopic radical gas-
trectomy. The basic principles for proper
digestive tract reconstruction after laparoscopic
gastric surgery include:

Fig. 6.2 The left gastric artery is divided after double
clipping

e To improve the quality of life for patients with
gastric cancer

e To maintain the continuity of the digestive
tract while simultaneously preserving its
physiological function

e To have reduced surgical complications

e To allow for safe, quick, and easy operating
procedures

At present, digestive tract reconstruction pro-
cedures for laparoscopic gastrectomy are divided
into three types: total laparoscopic surgery,
laparoscopic-assisted surgery, and hand-assisted
laparoscopic surgery.
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Fig. 6.3 (Leff) End-end esophago-jejunal anastomosis using an EST device. (Right) End-lateral esophago-jejunal
anastomosis using an OrVil device

Laparoscopic distal gastrectomy for digestive
tract reconstructive methods includes Billroth I,
Billroth II, and Roux-en-Y anastomosis. Billroth
I anastomosis is close to the normal physiologi-
cal state: food goes through the duodenal, where
mixing of duodenal juice, bile, and pancreatic
juice occurs, and there is a reduction or complete
avoidance of bile and/or pancreatic juice reflux
into the gastric remnant. This approach reduces
the occurrence of inflammation and/or cancer of
the gastric remnant. On the other hand, Billroth I
anastomosis can effectively stimulate cholecysto-
kinin secretion as well as reduce the incidence of
postoperative cholecystitis and cholelithiasis.
Therefore, Billroth I anastomosis is the recom-
mended method for the reconstruction of diges-
tive tract after laparoscopic distal gastrectomy
[9]. However, if the tumor is involved in the duo-
denum, Billroth II or Roux-en-Y anastomosis
should be performed in order to ensure the radi-
cal resection of the tumor.

According to the current literature, the gastric
digestive tract reconstruction after total gastrec-
tomy amounts to more than 70 methods [10].
Despite this vast amount of work, the best way for
digestive tract reconstruction is still unclear.
However, according to the principle of “simple,
safe, and effective,” more and more scholars rec-
ommend no pouch esophageal jejunal Roux-en-Y
anastomosis after total gastrectomy [11-14].
Common laparoscopic anastomosis techniques for

this approach include end-end esophago-jejunal
anastomosis using an EST device and termino-lat-
eral esophago-jejunal anastomosis using an OrVil
device (Fig. 6.3). To this end, a continuous single-
layer hand-sewn esophago-jejunal anastomosis
(3.0 Vyeril intracorporeal) could be performed.

6.1.4 Laparoscopic Surgery
Outcomes

Laparoscopic surgery has been a known technique
for more than 40 years. Within the past 20 years,
laparoscopic surgery has revolutionized the field
of gastric cancer surgery. It has shown to have sig-
nificant advantages when compared to more tradi-
tional approaches, including lower trauma,
reduced blood loss, quicker gut function recovery,
shorter hospital stay length, and reduced incisional
hernia rates [15-17].

Postoperative complications from laparoscopic
surgery are similar to open gastrectomy surgery
[16]. Exceptions include pneumoperitoneum-
related complications, such as incision infection,
intra-abdominal bleeding, duodenal stump leak-
age, and anastomosis leakage. Of these, the most
common are duodenal leakage, anastomosis
bleeding, and anastomosis leakage [18].

To evaluate long-term outcomes, a multicenter
study comprised of 491 patients in 25 units was per-
formed. Resulting statistical analyses showed that
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93% were in Stage IA, 5% were in Stage IB, and
2% were in Stage II of the disease [18]. There were
only six cancer recurrences (median follow-up
time, 23 months), and the 5-year survival rate was
99.4%. In addition, the 5-year disease-free survival
rates were 99.6% for Stage IA and 100% for Stage
1B, which were the same as open gastrectomy.

In a separate study, Sato and colleagues studied
332 patients from January 2001 through December
2010 [19]. Of these, 47.6% (158) underwent lapa-
roscopic surgery, while the remaining 52.4% (174)
underwent open gastrectomy [19]. When compar-
ing laparoscopic surgery to open gastrectomy with
DI and D1+ lymph node dissection, the mean
operation time was significantly longer for the for-
mer. The rate of postoperative complications, mor-
bidity, and recurrence was not significantly
different between the two methods. However, the
mean blood loss was significantly smaller with the
laparoscopic surgery, and the average number of
lymph nodes was significantly greater. Thus, lapa-
roscopic surgery with D1 and D1+ lymph node
dissection is as safe as open gastrectomy. To this
end, Lee et al. studied 211 patients, of whom 106
underwent laparoscopic surgery and the remaining
105 underwent open gastrectomy [15]. Their
report showed that the rate of postoperative com-
plications with laparoscopic surgery was smaller
than that of open gastrectomy. Additionally, post-
operative recovery was significantly faster for
patients who underwent laparoscopic surgery. To
this end, they started a liquid diet sooner, and their
postoperative  hospital stays were shorter.
Concerning long-term outcomes, the 5-year sur-
vival rate for laparoscopic surgery versus open
gastrectomy was 95.9% and 94.9%, with no sig-
nificant difference between the two. Collectively,
these data suggest that laparoscopic surgery for
EGC is feasible and safe. As a result, laparoscopic
surgery has been included as one of the standard
procedures in the Third edition of the Japanese
gastric cancer treatment guidelines for the treat-
ment of Stage I of the disease. Similarly, NCCN
guidelines also recommend that patients with early
gastric cancer undergo laparoscopic gastrectomy.

To further validate the laparoscopic approach,
Korean-funded and Japanese-funded researches
(KLASS and JCOGO0912, respectively) have

performed random control trials (RCTs) at multi-
ple centers to compare the outcomes of laparo-
scopic and open surgery in early-stage gastric
cancer patients [20, 21]. KLASS research demon-
strated that there were no significant differences
in complication rate and mortality of distal radical
operation between the two groups. However, they
were unable to draw any conclusions regarding
long-term outcomes. Similarly, Korean-funded
and Chinese-funded researches (KLASS II and
CLASS, respectively) are currently underway to
compare the outcomes of laparoscopic and open
surgery in advanced gastric cancer patients [22,
23]. We eagerly look forward to the final results
when they become available.

6.1.4.1 Limitations of Laparoscopic
Surgery

Despite its many advantages, laparoscopic gas-
trectomy for gastric cancer has some major dis-
advantages compared with the open gastrectomy.
First is the missing haptic perception, which is
important in some fields of gastrointestinal sur-
gery. Since neither the liver nor the small bowel
can be palpated during laparoscopy without hap-
tic perception. The second disadvantage is the
limited field of surgical vision. Some procedures
especially in the handling of intraoperative com-
plications (bleeding, hurting small bowel, and so
on) are more difficult in laparoscopic surgery
when compared to open surgery due to the lim-
ited intra-abdominal space [24].

6.1.4.2 Laparoscopic Sentinel Lymph
Node Navigation Surgery

Recently, large-scale prospective studies demon-
strated that laparoscopic sentinel lymph node map-
ping and biopsy was safe and beneficial for
early-stage gastric cancer patients [25, 26]. The
author also performed the sentinel lymph node
biopsy in early gastric cancer patients using ICG
(Fig. 6.4). This kind of surgery uses either ICG or
nanoparticles to assess the lymphatic drainage
from lymph channels to sentinel lymph node. The
sentinel lymph node navigation surgery (SNNS)
diagnostically identifies the sentinel lymph nodes
and resects them using a laparoscopic surgical
approach. A recent study reported that the detection
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Fig.6.4 Application of ICG in a gastric cancer patient to assess lymphatic drainage from lymphatic vessels to sentinel
lymph nodes (left, ICG accumulated in lymphatic vessels; right, ICG accumulated in sentinel lymph nodes)

rate, sensitivity, and accuracy for Stage I gastric
cancer was 97.5%, 93%, and 99%, respectively.
The false negative rate was only 1% [27].

However, some studies have reported that the
benefits of SLN navigation are limited [28, 29].
These studies reported that laparoscopic lymph-
adenectomy may not improve the patients’ post-
operative quality of life (QOL).

Some researchers have undertaken studies
related to sentinel lymph node tracing [25-27].
Although the Japan Clinical Oncology Group
trial (JCOGO0302) was terminated due to high
rates of false negatives, another clinical Phase 11
trial in Japan initially confirmed the feasibility of
sentinel lymph node tracing as applied to gastric
cancer [30, 31]. The Korea Phase III SENORITA
trial sought to determine the presence of lymph
node metastasis by endoscopic injection of
99TCm and subsequent ICG around the tumor
[32]. The results of this study will further aid in
determining whether sentinel lymph node tracing
is applicable for treatment of gastric cancer, thus
making surgical resection of early gastric cancer
more plausible, accurate, and individualized.

6.2  Robotic Surgery for Gastric
Cancer
6.2.1 Introduction

Robotic surgery has rapidly become one of the
standard treatments for early-stage gastric cancer.

Since robot-assisted gastrectomy was first
reported in 2003, many studies have demonstrated
its safety, efficacy, and significantly reduced inva-
siveness when compared to other approaches
[33-35]. Robotic gastric cancer surgery including
total gastrectomy with D2 lymph node dissection
and radical subtotal gastrectomy is technically
feasible and safe [35]. The indication for robotic
surgery for gastric cancer is similar to that for
laparoscopic surgery for Stage I gastric cancer.

6.2.2 Potential Advantages
of Robotic Surgery

Robotic surgery for gastric cancer has shown
increasing applications in experienced surgical
centers [36]. Robotic surgery offers the surgeon
the benefit of the freedom of free wrist function,
the superior 3D visualization, and the easy con-
trol of robotic arms. When compared to
laparoscopic surgery, the results of short-term
outcomes have been shown to be similar [37].
Due to the technical advantages, the robotic sur-
gical device may facilitate the expansion of
minimally invasive surgery over laparoscopy.
The potential advantages of robotic surgery
include performing an extended lymphadenec-
tomy to the lymph node (itself a difficult dissec-
tion) and performing an anastomosis under
excellent surgical view [36].

The da Vinci robot-assisted surgical system is
the most widely used robotic surgical platform
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Fig.6.5 Da Vinci robot-assisted surgical system

(Fig. 6.5). Its technical advantages include elimi-
nating hand tremor, setting the action scaling,
and indexing actions. The high-definition, 3D
stereo-images transferred by the system are high
resolution and have achieved real three-
dimensional depth of field. Three emulated
mechanical wrists have different types of free
activities, and the range of motion of each joint
exceeds 90°, making them more interactive than
human hands (Fig. 6.5). Therefore, this system
has greatly improved surgical stability, accuracy,
and safety. Currently, da Vinci robot-assisted sur-
gery within the realm of gastric cancer operations
is still confined to just a few countries.

To this end, Song et al. has performed 100
robot-assisted gastrectomy for early-stage gastric
cancer patients [38]. Of these, 33 were cases of
total gastrectomy, and 67 were partial gastrec-
tomy together with D1+ and D2 lymph node dis-
section. Operating times averaged from 231 min
to 150 min, respectively. On average, patients
were eating after 4.2 days and left the hospital
7.8 days post-op. Currently, da Vinci robot-
assisted surgeries have been applied in advanced-
stage gastric cancer patients in Japan, South

Korea, and China [39, 40]. For instance,
Kockerling et al. investigated and analyzed
robotic gastrectomy surgeries performed in
recent years. They found that robot-assisted sur-
gery is safer with a lower converting rate, reduced
rate of complications, and mortality rates compa-
rable with those found in traditional laparoscopic
surgery [41]. The aforementioned results revealed
that the da Vinci robot-assisted total gastrectomy
surgery is safe and effective, as measured by
short-time outcomes. However, its outcomes over
the long term remain to be seen.

A final potential benefit of robot-assisted sur-
gery deals with surgeon fatigue, which has been a
historically neglected measure. Surgeon fatigue
appears to be reduced in robotic pelvic proce-
dures when compared with standard laparoscopy
or open procedures. However, definitive data do
not currently exist.

6.2.3 Limitations of Robotic
Surgery

Despite its benefits, there are several limitations
of robotic surgery for gastric cancer. They are as
follows:

The high cost of robotic surgery is one of the
key limitations that must be overcome in the
future. The costs for patients are significantly
higher than for either laparoscopic or traditional
open surgical approaches. Some costs are diffi-
cult to calculate, including the cost of training
surgical staff and the time consumed in the dock-
ing process. As such, it is critical to consider the
balance of costs and benefits to this approach.

In some studies, there is a selection bias in
generating the comparative groups when com-
pared the outcomes of robotic with laparoscopic
surgeries [42]. Most studies do not clearly
indicate the specific method of anastomotic tech-
nique (e.g., intracorporeal versus extracorporeal
reconstruction). In some centers, the data of
intracorporeal anastomosis are often mixed with
those of extracorporeal anastomosis.

Some analyses of complications have revealed
that the anastomotic leak rate was twice higher in
laparoscopic and robotic group than open surgery
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group. However, the methods of digestive tract
reconstruction in these studies are not clear [43].
Almost all of the studies comparing laparoscopic
and robotic surgery reported little about digestive
tract reconstruction. More random case-control
clinical trials are needed to evaluate the safety
and potential advantages of robotic surgery for
gastric cancer patients.

6.3 Summary

Laparoscopic and robotic surgery provides us a
unique opportunity for gastric cancer treatment,
as they present a range of advantages including
vision expansion and precision operating and are
minimally invasive. We hope to promote the
application of laparoscopic and robotic surgery
both in the treatment of early- and advanced-
stage gastric cancers. Furthermore, the sentinel
lymph node navigation surgery (SNNS) is a key
feature for precise surgery in gastric cancer.
Through the development of laparoscopic and
robotic techniques as well as sentinel lymph node
tracing technology, it is extremely likely that we
will be able to improve the quality of life quality
for our patients in addition to achieving better
future outcomes for them.
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Radiotherapy in Gastric Cancer
with Peritoneal Carcinomatosis

Yang Yang, Ju Yang, and Jing Yan

7.1  Introduction

Peritoneal dissemination is one of the most
common metastatic methods of advanced gas-
tric cancer. Radiotherapy has a positive effect
for the prevention or treatment of peritoneal
metastasis of gastric cancer. Preoperative neo-
adjuvant radiochemotherapy and postoperative
adjuvant radiochemotherapy can effectively
reduce the risk of peritoneal metastasis for
patients with locally advanced gastric cancer.
For patients who already have peritoneal dis-
semination, local palliative radiotherapy can
effectively relieve the symptoms of local com-
pression and reduce pain. Over the past decade,
there are many developments for radiotherapy.
Helical tomography, proton radiotherapy, intra-
operative radiotherapy, and other new technolo-
gies have been used in clinical practice. These
clinical applications improved the response rate
and reduced adverse reactions for radiotherapy
and finally bring benefit to patients.
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7.2  Roles of Radiotherapy
in Gastric Cancer
with Peritoneal
Carcinomatosis

7.2.1 Symptoms of Gastric Cancer

with Peritoneal
Carcinomatosis

Dissemination to the peritoneal cavity—also
known as peritoneal carcinomatosis (PC)—is the
most frequent metastasis for gastric cancer. Data
gathered by our institute from 2006 to 2013
showed that 81.1% of 349 patients with locally
advanced or metastatic gastric cancer (stages
III-IV) developed PC (including metastases in
the peritoneum, ovary, liver, or retroperitoneal
adenopathy). A retrospective Korean study look-
ing at 382 patients with stage III gastric cancer
that underwent D2 resection yielded similar
results. The total incidence rates of local failure,
peritoneal failure (including the peritoneum,
colorectal, ovary, and ureter), and distant failure
as any component of first recurrence were 7.3%,
33.2%, and 19.9%, respectively, indicating that
peritoneal recurrence and metastasis are the
most common cause of treatment failure in gas-
tric cancer [1].

Metastatic gastric cancer symptoms vary
according to the affected body part as well as
the size and location of the metastases. For
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instance, metastatic adenopathy around the
porta hepatis is associated with obstructive
jaundice, while peritoneal metastasis causes
abdominal pain, bloating, ascites, and intestinal
obstruction. In contrast, retroperitoneal ade-
nopathy presents with back pain. Regional
metastases are rarely completely resected, and
patients with extensive metastases are always
too weak to tolerate the chemo-/radiotherapy.
The diagnosis for patients with PC is poor.
These are difficulties oncologists strive to
overcome.

7.2.2 Crucial Roles of Radiotherapy
for Gastric Cancer with PC

Platinum and fluorouracil are the most common
agents and have been in use for 30 years in
patients with gastric cancer undergoing chemo-
therapy. Although the new generations of plati-
num and oral fluorouracil compounds are
effective and well tolerated, they do not signifi-
cantly improve the overall survival of gastric
cancer patients. However, targeted agents also
have limitations. For example, the total expres-
sion rate of HER?2 is less than 25%, and half of
them cannot benefit from trastuzumab.
Crucially, in 2014 a phase III trial found that
ramucirumab, a monoclonal antibody VEGFR-2
antagonist, improved the median survival of
patients with previously treated advanced gas-
tric cancer from 3.8 months to 5.2 months [2].
In 2016, another phase I1I study found that apa-
tinib prolonged overall survival (OS) of patients
with chemotherapy-refractory advanced or
metastatic gastric cancer by 1.8 months [3].
These results highlight that local therapy is crit-
ical for those types of gastric cancer character-
ized by a high incidence of regional metastases.
On the other hand, radiotherapy improves the
radical resection rate for pre-therapeutic
patients with regional metastases, decreases the
risk of local recurrence in patients with high-
risk factors of PC after surgery, and controls
symptoms in patients with extensive peritoneal
spread.

7.2.2.1 Neoadjuvant

Chemoradiotherapy (NACRT)
Neoadjuvant chemoradiotherapy (NACRT) is
recommended in pre-therapeutic patients with
perigastric or other regional lymph node metasta-
ses and without distant metastasis to decrease the
tumor size and facilitate surgical resection.

In their study, Kim et al. retrospectively ana-
lyzed 29 patients with locally advanced gastric
disease (clinically T3 with distal esophagus inva-
sion/T4 or bulky regional node metastasis) which
received NACRT. Following NACRT interven-
tion, 20 patients (69%) had a resectable tumor,
and 18 patients (62.1%) underwent a D2 gastrec-
tomy. The RO resection rate was 94.4%, and two
patients (2/18, 11.1%) showed a complete
response. The 1l-year PFS and OS rates were
48.9% and 72.4%, respectively, and no grade 3—4
late treatment-related toxicities or postoperative
mortalities were observed [4].

In another study, Orditura et al. evaluated the
effect of NACRT on outcome of patients with
locally advanced esophagogastric junction ade-
nocarcinoma. A total of total 41 patients received
Folfox4 (leucovorin 5, fluorouracil, and oxalipla-
tin) for four cycles while concurrent three-
dimensional conformal radiotherapy was
delivered using five daily fractions of 1.8 Gy per
week for a total dose of 45 Gy. Following treat-
ment, resection surgery was performed.
Following NACRT treatment, 78% of the patients
showed a partial clinical response, 17% were
stable, and 5% experienced disease progression.
Pathological examination of surgical specimens
demonstrated a 10% complete response rate [5].

Sun et al. retrospectively analyzed 2764
patients with gastric cancer, of which 55 patients
received neoadjuvant radiotherapy (RT). At the
time of surgery, total (vs. partial) gastrectomy was
more common among patients who underwent
neoadjuvant RT (70.9% vs. 46.7%, p < 0.01). No
differences in overall complications (23.6% vs.
29.7%, p = 0.49) or 30-day mortality (3.6% vs.
3.6%, p = 0.99) were recorded [6].

RTOG 9904, released in 2006, was a phase II
trial to study preoperative chemoradiation in
patients with localized gastric adenocarcinoma.
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Among the 43 assessed patients, the pathCR and
RO resection rates were 26% and 77%, respec-
tively. After 1 year, the survival rate was higher in
patients with pathCR (82%) than in those with
less than pathCR (69%). The pathCR rate was
much higher than the estimated rate. A D2 dis-
section was performed in 50% of patients [7].
These findings were encouraging for the subse-
quent phase III trial.

Oppedijk et al. investigated the patterns of
recurrence in 422 patients with cancer of the
esophagus or gastroesophageal junction from the
CROSS trials after surgery alone compared to
combined preoperative chemoradiotherapy and
surgery. Preoperative CRT reduced locoregional
recurrence (LRR) from 34% to 14% (p < 0.001)
and peritoneal carcinomatosis from 14% to 4%
(» <0.001). LRR occurred in 5% within the tar-
get volume [8]. These data indicate that NACRT
decreases the risk of local recurrence.

A phase III clinical trial undertaken in
Germany compared preoperative chemotherapy
with chemoradiotherapy in patients with locally
advanced adenocarcinoma of the esophagogas-
tric junction. Patients in arm A received 15 weeks
of cisplatin/leucovorin/5-fluorouracil ~ (PLF)
induction chemotherapy followed by surgery,
while patients in arm B received 12 weeks of che-
motherapy (PLF) followed by 3 weeks of chemo-
radiotherapy (Dt: 30 Gy/15f/3w) followed by
surgery. In total, 119 eligible patients were evalu-
ated. Patients in arm B were significantly more
likely to show a pathologic complete response
(15.6% vs. 2.0%) at resection. Preoperative
radiotherapy also improved the 3-year survival
rate from 27.7% to 47.4% (log-rank p = 0.07).
Postoperative mortality was not significantly
increased in the chemoradiotherapy group
(10.2% vs. 3.8%, p = 0.26). Although statistical
significance was not achieved, results suggested
a survival advantage for preoperative chemora-
diotherapy compared with preoperative chemo-
therapy [9].

In summary, preoperative NACRT showed
superior results in patients with locally advanced
gastric cancer, with acceptable tolerance and
without an increased risk of postoperative mor-

tality or complications, compared to chemother-
apy or surgery alone. TOPGEAR, an ongoing
multicenter trial sponsored by the Australasian
Gastro-Intestinal Trials Group (AGITG) and con-
ducted in collaboration by the Trans-Tasman
Radiation Oncology Group (TROG), the
European Organization for Research and
Treatment of Cancer (EORTC), and the NCIC
Clinical Trials Group (NCIC CTG), was started
to investigate whether the addition of chemora-
diotherapy to chemotherapy is superior to che-
motherapy alone in the neoadjuvant setting by
improving pathological complete response rates
in the first instance and, subsequently overall sur-
vival, in patients with resectable gastric cancer.

7.2.2.2 Postoperative Adjuvant
Radiotherapy

Definitive surgery for gastric cancer includes D1
lymphadenectomy and D2 lymphadenectomy.
The choice of adjuvant therapy depends on the
different dissections. Compared to D1 lymphad-
enectomy, D2 lymphadenectomy does not show
superior results in the survival of patients with
resectable gastric cancer. A prospective random-
ized phase III trial published in Lancet in 1996
analyzed postoperative morbidity and mortality
after D1 and D2 resections in gastric cancer, with
200 patients enrolled in each arm. Both postop-
erative hospital mortality (13% vs. 6.5%; p =0.04
[95% Cl 9-18% for D2, 4-11% for D1]) and
overall postoperative morbidity (46% vs. 28%,
p < 0.001) were significantly increased in the D2
group. The increased postoperative morbidity
and mortality in the D2 group were linked to dis-
tal pancreaticosplenectomy and splenectomy. In
the whole group of 400 patients, survival beyond
3 years was only 30% in patients whose gastrec-
tomy included en bloc pancreatico-splenic resec-
tion versus 50% in the remainder. Therefore, D2
resection was not superior to D1 resection [10].
The study also found that the 5-year survival
rates were not significantly different between the
two arms, with 35% for the D1 resection group
and 33% for the D2 resection group (HR = 1.10,
95% CI 0.87-1.39). Similarly, survival based on
death from gastric cancer as the event was similar
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in the D1 and D2 groups (HR = 1.05, 95% CI
0.79-1.39), as was recurrence-free survival
(HR =1.03, 95% CI 0.82-1.29) [11]. A prospec-
tive study published in the Journal of Clinical
Oncology in 2004 observed the similar results.
After 11 years of follow-up, there was no overall
difference in survival (30% vs. 35%, p = 0.53)
between the D1 and D2 dissection groups.
Subgroup analysis showed that only patients with
N2 disease might benefit from a D2 dissection,
while the relative risk ratio for morbidity and
mortality is significantly higher in D1 than in D2
dissections [12].

Following the results of the INTO116 study,
adjuvant radiochemotherapy has become the stan-
dard treatment after complete resection of gastric
adenocarcinoma. In the INT0116 study, patients
with stage Ib-IV (MO) were enrolled and randomly
assigned to surgery alone versus postoperative
radiochemotherapy. Radiochemotherapy consisted
of bolus fluorouracil (FU) and leucovorin (LV)
before, during, and after radiotherapy. FU and LV
on days 1 through 5 began on day 1, and radiation
to a total of 45 Gy (1.8 Gy/d 5 days/week for
5 weeks) started on day 28. FU and LV were
administered for the first four and the last 3 days of
radiotherapy. One month after radiotherapy, two
additional cycles of FU+LV were given once every
28 days. Radiotherapy targeted common LRF sites
such as the tumor bed, regional nodes, and anasto-
moses. Of the enrolled patients, more than 2/3 had
stage T3 or T4 disease, and 85% had lymph node
metastases. Of the patients receiving chemoradio-
therapy, 182 (65%) completed the treatment course,
49 (17%) stopped treatment because of toxicity (23
of these 49 received > 40 Gy), 5% progressed dur-
ing treatment, 1% died during therapy, and 4% dis-
continued treatment for other reasons. Twelve
percent (8% assigned to treatment, 4% assigned to
observation) declined to continue the assigned
therapy. Compared to the surgery-alone group, the
3-year survival rate in the postoperative radioche-
motherapy group was increased from 30% to 41%,
and the median survival was prolonged by 9 months
(36 vs. 27 months). The median follow-up
was 10.3 years. The OS and RFS data demon-
strated acontinued strong benefit from postoperative
radiochemotherapy. HRs were virtually unchanged
since the original report. HR for OS was 1.32 (95%

CI, 1.10-1.60; p = 0.0046), and the HR for RFS
was 1.51 (95% CI, 1.25-1.83; p = 0.001). These
results showed the highly significant benefit of
radiochemotherapy. No treatment-related late tox-
icities were observed during the follow-up. In con-
clusion, postoperative adjuvant chemoradiotherapy
is superior to surgery alone for patients with locally
advanced gastric cancer [13, 14]. In this trial, most
patients (54%) received DO dissection, 35% D1
dissection, and only 10% received D2 dissection.
Thus, postoperative chemoradiotherapy could
improve the survival of patients with gastric cancer
receiving DO or D1 dissection.

However, the benefits of postoperative radio-
therapy in D2 dissection still remain unclear.

Kim et al. retrospectively analyzed the role
of adjuvant chemoradiotherapy (CRT) in
D2-resected gastric cancer patients from 1995
to 2001. In total, 544 patients received postop-
erative CRT after curative D2 resection, while
446 patients received surgery without further
adjuvant treatment. The median follow-up
period was 66 months (range 37-108 months).
Overall survival was significantly longer in the
CRT group than in the comparison group
(95.3 months vs. 62.6 months). The 5-year sur-
vival rate was 57.1% in the CRT group and
51.0% in the comparison group (p = 0.0198).
The 5-year survival rates were consistently
higher in the CRT group at stages II, IITA, IIIB,
and IV than those in the comparison group. In
conclusion, patients receiving D2 dissection
might benefit from postoperative chemoradio-
therapy [15].

The first study to investigating the role of
postoperative chemoradiotherapy in patients
with curatively resected gastric cancer with D2
lymph node dissection was ARTIST (Adjuvant
Chemoradiation Therapy in Stomach Cancer), a
Korean phase III trial. ARTIST was designed to
compare two postoperative treatment regimens,
capecitabine plus cisplatin (XP) versus XP plus
radiotherapy with capecitabine (XP/XRT/XP).
The XP group received six cycles of XP
(2000 mg/m? capecitabine per day on days 1-14
and 60 mg/m? cisplatin on day 1, repeated every
3 weeks) chemotherapy, while the XP/XRT/XP
group received two cycles of XP followed by
45 Gy XRT (1650 mg/m? capecitabine per day
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Fig. 7.1 Randomization scheme. R randomization, ECC
epirubicin, cisplatin, capecitabine (Adapted from Neo-
adjuvant chemotherapy followed by surgery and chemo-

for 5 weeks) and two cycles of XP. RT was tar-
geted to the tumor bed, regional lymph nodes,
duodenal stump, and anastomosis site and 2 cm
beyond the proximal and distal margins of resec-
tion. The RT dose was 45 Gy, with 1.8 Gy daily
fractions administered over the course of
5 weeks. The median follow-up was 53.2 months.
The 3-year DFS rates were not significantly dif-
ferent between treatments, with 78.2% in the XP/
XRT/XP arm compared to 74.2% in the XP arm
(p = 0.0862). In a subgroup analysis of 396
patients with positive pathologic lymph nodes,
DFS was significantly prolonged in the XP/XRT/
XP arm (estimated 3-year DFS rate of 77.5%)
compared to the XP-alone arm (3-year DFS,
72.3%; p = 0.0365) [16]. With 7 years of follow-
up, DFS remained similar between treatment
arms (hazard ratio [HR], 0.740; 95% CI, 0.520—
1.050; p = 0.0922). OS also was similar (HR,
1.130; 95% CI, 0.775-1.647; p = 0.5272).
Subgroup analysis demonstrated that patients
with lymph node metastatic or intestinal-type
gastric cancer would benefit from adjuvant
chemoradiotherapy [17].

The ongoing ARTIST II trial was started in
2013 to further investigate adjuvant chemotherapy
with S-1 versus S-1/oxaliplatin + radiotherapy for
completely resected gastric adenocarcinoma.

The CRITICS trial, a phase III multicenter
prospective study led by a Dutch group, sought
to investigate the impact of neoadjuvant chemo-
therapy followed either by surgery and chemo-
therapy or by surgery and chemoradiotherapy in
patients with resectable gastric cancer. The
enrollment started in December 2006 and ended
in August 2011, and follow-up is still undergo-

Gastrectomy +
D1+ Lymph node
dissection

Gastrectomy +
D1+ Lymph node

Postoperative
chemotherapy
3x ECC

Chemoradiotherapy
45 Gy/25 fractions +
capecitabine +
cisplatin

dissection

Within 4-12 weeks

therapy or by surgery and chemoradiotherapy for patients
with resectable gastric cancer (CRITICS). (2011), Dikken
JL etal. [18])

ing. In the CRITICS trial, patients with resect-
able gastric cancer were treated with three cycles
of preoperative ECC (epirubicin, cisplatin,
capecitabine) prior to surgery with adequate
lymph node dissection. Following surgery,
patients are further treated with three additional
cycles of ECC alone or with concurrent chemo-
radiation (45 Gy, cisplatin and capecitabine)
(Fig. 7.1). The primary end point is overall sur-
vival, while secondary end points are disease-
free survival (DFS), toxicity, and health-related
quality of life (HRQL) [18]. The results of this
study have yet to be released.

In conclusion, postoperative adjuvant chemo-
radiotherapy should be selectively recommended
for patients with resectable locally advanced gas-
tric cancer.

7.2.2.3 Palliative Radiotherapy

Patients with late-stage gastric cancer always
develop peritoneal carcinomatosis with symp-
toms of bleeding, pain, and intestinal obstruction,
severely affecting the quality of life. Systemic
chemotherapy is associated with low efficacy,
higher incidence of toxicities, and poor tolerance.
In contrast, local radiotherapy could alleviate
symptoms and improve quality of life.

Chaw et al. evaluated the outcomes of 52
patients with gastric cancer bleeding who had
been treated with palliative radiotherapy with
hemostatic intent. Thirty-nine patients (75%)
received single 8 Gy fraction, while 13 patients
(25%) received 20 Gy in five daily fractions. The
need for transfusion was evaluable in 44 patients,
and the response rate was 50%, with fewer
requirements for blood transfusions within
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4 weeks of radiotherapy. The overall median sur-
vival (from treatment end to death) was 160 days
(95% CI of 119-201 days), and the 1-year sur-
vival rate was 15% [19].

In a retrospective study, Tey et al. reviewed
115 patients that underwent palliative RT for
index symptoms of gastric bleeding, obstruction,
and pain. Dose fractionation regimens ranged
from an 8 Gy single fraction to 40 Gy in 16 frac-
tions. Response rates for bleeding, obstruction,
and pain were 80.6% (83/103), 52.9% (9/17), and
45.5% (5/11), respectively. Median survival was
significantly longer in patients who responded to
RT compared with patients who did not (113.5
vs. 47 days, p < 0.001) [20].

7.3  TheTechnology
of Radiotherapy for Gastric

Cancer

Many abdominal organs such as the small intes-
tine, liver, and kidneys are highly susceptible to
radiotherapy-induced damage. Moreover, gastric
cancer is associated with poor radiation sensitivity.

Table 7.1 The range of radiotherapy for gastric cancer

Thus, it is necessary to take precautions to reduce
radiation damage and to improve radiotherapy
response.

7.3.1 The Range of Radiotherapy
According to the 2016 version of the NCCN
Guidelines, the range of radiotherapy should be
determined based on the location of tumor lesions
both for neoadjuvant radiotherapy and postopera-
tive adjuvant radiotherapy (Table 7.1).

Surgery may change the original anatomy,
making it more difficult to sketch the postopera-
tive lymphatic drainage area. Haijun et al. per-
formed a phase II clinical study to determine
CTV of adjuvant radiotherapy after radical sur-
gery. The study demonstrated that the target area
should include residual stomach, anastomosis,
tumor bed, as well as the lymphatic drainage
area. As lymph nodes are often associated with
crucial blood vessels, the radiation target of the
regional lymphatic drainage area can be deter-
mined based on remaining gastric and perigastric
blood vessels. The most common grade 3—4

Tumor site Radiotherapy mode | CTV primary CTV node
Esophagogastric Neoadjuvant Primary tumor and 3-5 cm Perigastric, peritoneal, splenic,
junction and upper range of proximal esophageal hepatic portal lymph node area
1/3 gastric Adjuvant Tumor bed and 3-5 cm range of | Perigastric, peritoneal, splenic,
proximal esophageal hepatic portal lymph node area
Middle 1/3 gastric Neoadjuvant Primary tumor and peripheral Perigastric, pancreatic,
subclinical lesions peritoneal, splenic, hepatic
portal, and pancreaticoduodenal
lymph node area
Adjuvant Tumor bed (according to Perigastric, pancreatic,
preoperative imaging scan or peritoneal, splenic, hepatic
placement of the peptide clip), portal, and pancreaticoduodenal
residual stomach would be in the |lymph node area
CTV if the patient tolerate
Lower 1/3 gastric Neoadjuvant Primary tumor and peripheral Perigastric, pancreatic,
subclinical lesions (if the tumor | peritoneal, hepatic portal, and
invasion of the stomach— pancreaticoduodenal lymph node
duodenum—should include the | area
first and second part of the
duodenum)
Adjuvant Tumor bed and 3-5 cm range of | Perigastric, pancreatic,
duodenum peritoneal, hepatic portal, and
pancreaticoduodenal lymph node
area
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adverse event observed after adjuvant radiother-
apy for gastric cancer was neutropenia (14.8%),
while common grade 1-2 toxicities included neu-
tropenia, nausea, and anemia. No treatment-
related deaths occurred during the treatment
period. The 3-year local recurrence-free survival
rate was 91.1%, while the 3-year disease-free
survival and overall survival rates were 70.2%
and 81.6%, respectively. Eight patients devel-
oped peritoneal or distant metastasis [21].

7.3.2 The Dose of Radiotherapy

Due to the tolerable dose limit of abdominal
organs such as the small intestine, liver, and kid-
neys, the maximum dose of neoadjuvant and
postoperative adjuvant radiotherapy for gastric
cancer is limited to approximately 50 Gy. The
recommended dose is 1.8 Gy per fraction, with a
total dose of 45-50.4 Gy. In case of positive mar-
gins or significant residual lesions after surgery,
the radiation dose can be increased depending on
the tolerable dose of the organ at risk near the
target. Therefore, a radical effect of radiation
therapy is difficult to achieve in patients with sig-
nificant residual or intra-abdominal metastases.

7.3.3 The Tolerable Dose of Normal
Tissue (Table 7.2)

7.3.4 TheTechnique
of Radiotherapy

7.3.4.1 Three-Dimensional Conformal
Intensity-Modulated
Radiotherapy
Radiation therapy has developed from two-
dimensional to three-dimensional or even four-
dimensional. In a retrospective study, Lee et al.
investigated the dosimetric and clinical influence
of three-dimensional (3D, CT-based) simulation
versus conventional two-dimensional (2D)-based
simulation in postoperative chemoradiotherapy
in patients suffering from advanced gastric
cancer. The 3D group showed better dose-volume

Table 7.2 The tolerable dose of intra-abdominal organs

Organ Tolerable dose

Spinal cord | <40 Gy

Liver 60% of the liver volume <30 Gy

Kidney 33% of one side kidney volume
<22.5 Gy, 33% of the other side
kidney volume <45 Gy

Small <54 Gy

intestine

histogram profiles compared to the 2D group for
all dosimetric parameters, including the spinal
cord, liver, duodenum, kidneys, and bowel [22].

Three-dimensional conformal radiotherapy
(3DCRT) and intensity-modulated radiotherapy
(IMRT) were performed using multi-field irradia-
tion. The shape of each field was consistent with
tumor shape. Additionally, the radiation dose was
adjusted based on tumor cell density. For organs
with a limited tolerable dose of radiation such as
the spinal cord as well as abdominal organs
including the liver, kidneys, and small intestine,
the use of three-dimensional conformal intensity-
modulated radiotherapy, the cornerstone of radio-
therapy technology, is superior to two-dimensional
radiotherapy, with better protection of normal
abdominal tissue, a reduced frequency of adverse
reactions, and improvement of the radiation dose
accuracy. Tey’s study used three-dimensional
conformal radiotherapy techniques to protect the
normal tissue. The grade 3 adverse reaction rate
was a mere 2.6%, and the therapy was well toler-
ated [20].

Intensity-modulated radiation therapy is
based on reverse dose calculation. The target
dose optimization is more reasonable, and the
dose conformability is better resulting in
improved protection of healthy tissue. In
another study, Hawrylewicz et al. compared
three-dimensional conformal radiotherapy with
intensity-modulated radiotherapy in 25 patients
with gastric cancer (adenocarcinoma T1-T4,
NO-N3, and GI-GIII, according to AJCC). The
area of clinical target volume (CTV) included a
gastric tumor and 5 cm surrounding margins as
well as the regional lymph nodes: perigastric,
celiac trunk, pancreaticoduodenal, splenic,
supra-pancreatic, portal vein, and para-aortic.
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Table 7.3 Comparison of conformity index and homo-
geneity index between IMRT and CRT

Two- Three- | Four-

field field field

CRT CRT CRT IMRT
Homogeneity 1.118 [ 1.117 |1.089 | 1.087
index
Conformity 1.115 | 1.118 |1.088 |1.082
index

CI: conformity index, Clgrog = Vr/TV, where the volume
of the reference isodose (V) is the volume of the PTV
receiving a 95% reference/planned dose, and the target
volume (TV) is the volume of the PTV

HI: homogeneity index, HI = I,,/RI, where I, is the
maximum dose to the target, and RI is the reference dose
in the PTV

Planning target volume (PTV) was determined
by adding a 1 cm margin around the CTV. The
planned total preoperative radiotherapy dose
was 45 Gy administered in 25 fractions. During
chemotherapy, 325 mg/m? 5-fluorouracil was
applied (days 1-5). IMRT technology was used
for treatment, and multiple CRT plans were
made for comparison. The results of the study
showed that the IMRT plan in the CTV confor-
mity and homogeneity is better than the CRT
plan (Table 7.3) [23].

7.3.4.2 Volumetric Intensity-
Modulated Arc Therapy

Volumetric intensity-modulated arc therapy
(VMAT) is one of the most advanced radiother-
apy techniques. In VMAT, a computer controls
the speed of the linear accelerator multi-leaf col-
limator velocity movement, the speed of frame
rotation, and the dose rate. As a result, the tumor
area is more accurately irradiated, while the sur-
rounding healthy tissue only receives minimal
radiation. This technique meets the goal of kill-
ing the tumor effectively and protecting the sur-
rounding normal tissue.

VMAT technology incorporates various fea-
tures: (1) amore even dose distribution within the
target site through the use of rotating arc irradia-
tion technology. This technology decreases the
duration of treatment and improves treatment
efficiency. (2) Rotating irradiation allows not
only multi-leaf grating but also a dynamic dose
rate change, making it easier to adjust the radia-

tion field dose. (3) The current VMAT technol-
ogy is equipped with image guidance function,
making radiation therapy more accurate.

Currently, only two devices of this kind are in
existence: the US Varian’s RapidArc and
Sweden’s Elekta VMAT. Zhang et al. compared
dose distributions of RapidArc (RA), static gan-
try intensity-modulated radiotherapy (IMRT),
and three-dimensional conformal radiotherapy
(3DCRT) as adjuvant radiotherapy modalities for
the treatment of gastric cancer. The study
included 15 patients with gastric cancer that
underwent limited lymphadenectomy of perigas-
tric lymph nodes. The CTV included the anasto-
mosis, tumor bed, and regional lymph nodes. The
PTV was defined as a uniform 5 mm expansion
of the CTV. The liver, both kidneys, spinal cord,
small intestine, heart, and other OAR were delin-
eated. Dosimetric values for a total dose of
45 Gy/25f were calculated for each of the three
modalities: the RapidArc, IMRT, and 3DCRT. The
results demonstrated the following:

(1) PTV dose uniformity: IMRT and RapidArc
were superior to 3DCRT, with RapidArc
exhibiting the best dose uniformity.

(2) Dose of OAR: RapidArc excelled at liver
and kidney protection compared to IMRT or
3DCRT.

(3) RapidArec significantly reduced the accelera-
tor output dose, with a reduction of 42.5%
compared with IMRT.

Furthermore, the dose rate of RapidArc can
total 600 MU/min, which significantly decreases
treatment time to half the time required for IMRT
treatment. In conclusion, RapidArc has a signifi-
cant advantage over both IMRT and 3DCRT [24].

7.3.4.3 Helical Tomotherapy

Helical tomotherapy (TOMO), the latest genera-
tion of radiation therapy equipment, was devel-
oped by the University of Wisconsin-Madison
and TomoTherapy company. Known for its more
precise, larger scope, and more complex treat-
ment, it is a perfect fusion of CT and linear accel-
erator. TOMO uses the same X-ray source for
both treatment and image guidance, thus avoiding
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the mechanical error of two sources of X-ray and
improving the accuracy of the image guidance
function. Like a CT scan, TOMO can complete a
160 cm range of irradiation in one session, with-
out requiring multiple isocenter and repetition.
TOMO uses the rotating irradiation approach to
ensure even dose distribution. The first helical
tomotherapy machine received FDA certification
in 2002. Today, TOMO has become the main-
stream equipment for radiotherapy.

In one study, Dahele et al. compared different
types of radiotherapy in postoperative adjuvant
radiotherapy in gastric cancer patients. Results
showed that TOMO treatment was superior to
2F-CRT, 5F-CRT, and IMRT in the homogeneity
of PTV. For the protection of normal tissues such
as the kidneys and liver, TOMO was shown to
perform comparably to IMRT and much better
than CRT for its really lower V20 or V30, giving
in an obvious advantage over traditional radio-
therapy technology.

TOMO treatment was shown to be superior to
CRT or IMRT not only in cases of extensive perito-
neal metastasis, a common occurrence in patients
with gastric cancer, but also in cases of ovarian can-
cer (Table 7.4) [25-27]. In this treatment regimen,
the whole abdominal area was irradiated using
TOMO. CTV included the whole peritoneal cavity,
extending from the diaphragm to the Douglas

cavity, and the pelvic and para-aortic node regions.
These studies indicate an alternative treatment for
patients with extensive peritoneal metastasis.

7.3.4.4 Pulsed Reduced-Dose Rate
Radiotherapy

Pulsed low-dose-rate radiotherapy (PRDR) refers
to a low-dose pulse radiation therapy mode in
which the total daily dose is divided into a single
small dose and administered at a specific time
interval between doses. During these time inter-
vals, irradiation damage is repaired both in tumor
and healthy tissue [28-30]. Results of a PRDR
study showed that low dose of radiation (<0.3 Gy)
significantly increased the cell survival fraction,
indicating radiation hypersensitivity (HRS).
Conversely, high doses of radiation (0.3—1.0 Gy)
decreased the survival fraction of cells, indicat-
ing relative radioresistance (IRR).

Low-dose radiation hypersensitivity phenom-
ena can be detected in many different types of can-
cer including gastric cancer, colorectal cancer,
lung adenocarcinoma, and glioma, but also in nor-
mal tissue cells such as lung epithelial cells and
fibroblasts [31]. PRDR is a new form of clinical
radiotherapy based on the principle of low-dose
radiation hypersensitivity (HRS) and sublethal
injury repair theory. In PRDR, while normal tissue
cells are being repaired following irradiation with

Table 7.4 Studies for whole abdominal irradiation using TOMO

Number | Treatment Irradiation
Author Year | of cases | purposes method Radiation dose | Results Adverse events
Rochet N 12015 |16 Adjuvant TOMO or 30 Gy/20f Median RFS | Grade 3 toxicities were
radiotherapy | step-and-shoot was diarrhea (25%),
IMRT 27.6 months, | leucopenia (19%),
median OS | nausea/vomiting (6%),
was and thrombocytopenia
42.1 months | (6%)
Shetty UM | 2013 |8 Palliative TOMO Whole RFS: 62.5% | One grade 3
radiotherapy abdominal: (5/8) leukopenia (12.5%)
25 Gy/25¢. One grade 4
Tumor: thrombocytopenia
45 Gy/25f (12.5%)
Three grade 2
gastrointestinal
(37.5%)
Two grade 2 liver
functions deranged
(25%)
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small doses, tumor cells remain damaged. By
using the difference of the speed of tissue repara-
tion between tumor cells and normal cells, PRDR
reduces the normal tissue irradiation reaction
around the target area of radiotherapy, completes
the effective radiotherapy dose of tumor lesion,
improves sensitivity to radiotherapy, and reduces
the side effects. The technique was first developed
by a research group at the University of Wisconsin
and was used in patients who had recurrent tumor
growth in the irradiated target area. This re-radio-
therapy improved the curative effect while causing
no significant side effects in most patients [28, 32,
33]. In one study, Richards et al. [32] re-irradiated
17 patients with breast cancer locoregional recur-
rence (LRR) using the setting of prior postmastec-
tomy radiation. A median PRDR dose of 54 Gy
(range 40-66 Gy) with 1.8-2.0 Gy per fraction
was used, with a cumulative dose of 110 Gy (80—
236 Gy). The 2-year local control rate was over
90%. Irradiation was well tolerated by all patients.
In a series of studies, Marples et al. focused on
brain glioma cells [31, 33, 34], concluding that
pulsed reduced-dose rate radiotherapy doses of
0.2 Gy x 10 times per day was better than the con-
ventional dose of 2 Gy per day.

Pulsed reduced-dose rate radiotherapy can be
applied to several groups of patients: (1) patients
who had radiotherapy before but suffered from
short-term radiation field relapse, (2) patients that
cannot afford conventional three-dimensional

conformal due to poor physical fitness, and (3)
patients with systemic drug resistance with recur-
rence of large local tumors. The following case
from our hospital exemplifies the use of PRDR. A
36-year-old female was diagnosed with poorly
differentiated gastric adenocarcinoma, histologi-
cally shown to be partially signet ring cell carci-
noma. Her medical history indicated that she
initially underwent surgeries and palliative che-
motherapy after recurrence. The patient suffered
from abdominal pain and back pain caused by
abdominal pelvic lymph nodes. The wide range
of lesions precluded the use of conventional
radiotherapy due to the expected significant
radiation-related side effects. The patient was
given palliative radiotherapy targeted to the
involved abdominal lymph node. Considering the
extensive target area, we chose PRDR to reduce
the side effects on the normal tissue. A total dose
of 50.0 Gy of PRDR was given to the patient.
After 20 fractions of (40 Gy) irradiation, the
patient’s clinical symptoms improved signifi-
cantly, and a CT scan revealed a >90% reduction
in the size of the metastatic tumor lesion, indicat-
ing a significant partial remission. The side
effects of radiotherapy were only mild (Fig. 7.2).

There are still many unresolved issues for
PRDR—(1) the best clinical parameters for
PRDR in the treatment of gastric cancer have not
yet established, and the following questions
remain: what is the optimal pulsed dose for gastric

Fig. 7.2 A case of gastric cancer receiving PRDR. XA the PTV of radiotherapy, XB target lesion before and after
radiotherapy
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cancer and the interval time of irradiation? Is it
possible to exceed the maximum tolerated dose
prescribed by conventional radiotherapy? Are the
side effects of PRDR different to the ones
observed in conventional radiotherapy? (2) Does
PRDR combined with chemotherapeutic drugs,
i.e., targeted drugs, have synergistic antitumor
effects? To this end, further studies are required to
further explore and study the transformation of
medical-related issues and to lay the foundation
for future clinical research.

7.3.4.5 Proton Radiotherapy

Proton therapy is a global trend for radiotherapy,
with research into this technique stretching back
to the 1950s. In 1954, the Lawrence Berkeley
laboratory in the USA used the world’s first pro-
ton radiotherapy in a patient with advanced breast
cancer. From 1961, proton radiotherapy was used
to treat pituitary-related diseases such as
acromegaly and Cushing syndrome at Harvard
University. Soon after, proton technology was
used to treat certain diseases in Sweden, the for-
mer Soviet Union, France, Canada, Japan, and
several other countries. The world’s first medical
proton therapy center was built in Loma Linda
University Medical Center, USA, in 1990.
According to reports from the International Proton
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Therapy Cooperative (PTCOG), by 2013, there
were 69 proton therapy centers in existence, and
more than 90,000 patients had received proton
therapy. In 2003, the Italian Society for Radiation
Oncology reported that 12-15% of patients
treated with conventional radiotherapy could
achieve better outcomes with proton therapy.
Compared with a conventional linear acceler-
ator, proton radiotherapy has several advantages.
Radiotherapy harnesses radiation to shrink and
destroy tumor tissue. Photons, including X-ray,
y-ray, and electronic lines, are a commonly used
medical radiation source. A major feature of pho-
ton radiation is that the maximum dose point is
reached soon after entering the body, while the
energy of radiation gradually decays as the radia-
tion distance increases. However, before and
after reaching the tumor, the photons pass through
and irradiate normal tissue to a certain degree.
The greatest advantage of proton therapy is its
superior dose distribution, which releases the
vast majority of destructive energy only at spe-
cific depths, known as the Bragg peak. The posi-
tion of the peak can be calculated from the initial
energy. By superimposing the proton Bragg
peaks of different energies, an extended Bragg
peak can be obtained as shown in Fig. 7.3. The
width of the extended Bragg peak can be adjusted
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depending on the thickness of the tumor, thereby
maximizing the energy directed at the tumor.
Compared to photon therapy, a proton beam can
significantly reduce the dose before and after the
tumor, thus greatly reducing the damage of the
normal tissue surrounding the tumor. In sum-
mary, the advantages of proton radiotherapy
include (1) a significant improvement of the
tumor control rate, (2) a reduction of the side
effects caused by radiation, and (3) a reduced risk
of secondary tumors.

In one study, Dionisi et al. compared the dif-
ferences between proton therapy (PT) and
intensity-modulated X-ray therapy (IMXT) in
postoperative adjuvant chemoradiotherapy of
resectable gastric cancer in 13 patients. IMXT
provided slightly higher homogeneity indices
(median values 0.04 = 0.01 vs. 0.07 = 0.01,
p = 0.03), while PT resulted in significantly
(p < 0.05) lower intermediate-low doses for all
the normal tissues examined (small bowel V15
82 ml vs. 133 ml, liver mean doses 11.9 Gy vs.
14.4 Gy, left/right kidney mean doses 5/0.9 Gy
vs. 7.8/3.1 Gy, heart mean doses 7.4 Gy vs.
9.5 Gy). The study demonstrated that PT protects
healthy tissue in the adjuvant treatment of gastric
cancer, with a potential benefit in terms of treat-
ment compliance as well as acute and late toxici-
ties [35].

At the 2016 ASCO annual meeting, Prof.
Madhusmita Behera of the Winship Cancer
Center, Emory University, USA, presented a
comparative study of proton radiotherapy and
X-ray radiotherapy in non-small cell lung cancer
(NSCLC) based on data from the American
Cancer Database 2004—2012. A total of 140,383
patients were analyzed, including 140,035 pho-
ton (PHT) cases and 348 proton (PRT) cases.
Multivariate analysis demonstrated that PHT was
associated with an increased risk of death relative
to PRT (HR 1.46, p < 0.001). For patients with
stage II and III disease, 5-year OS was 15% in
PHT (n =78.428) versus 22.3% in PRT (n = 193,
p = 0.01). Following propensity-matched analy-
sis, PRT was shown to be associated with better
5-year OS compared to PHT (23% vs. 14%,
p =0.024). These results demonstrated the advan-
tages of proton radiotherapy in the treatment of

NSCLC. While proton radiotherapy has not been
extensively studied in gastric cancer, these stud-
ies indicate its potential for future treatment
options.

7.3.4.6 Intraoperative Radiation

Therapy
Intraoperative radiation therapy (IORT) is a type
of brachytherapy that can directly administer a
single dose of radiation to the tumor or tumor bed
during surgery using a small linear accelerator
that can be placed in the operating room. The first
case of intraoperative radiotherapy was reported
in 1955. However, as a result of the special
requirements of the operating room as well as
other restrictions, this technology has not been
widely promoted.

Intraoperative radiotherapy is mainly used in
the treatment of abdominal digestive tract tumors.
Ogata et al. carried out a study of 183 patients
with gastric cancer who underwent radical gas-
trectomy with or without IORT. One group con-
sisted of 58 patients who underwent radical
surgery plus IORT. A single dose of 28-30 Gy
was delivered around the celiac axis with an elec-
tron beam of 12 MeV. Using the combined treat-
ment modality of radical surgical surgery plus
IORT, improved overall survival rates were
obtained for patients with stage II and III gastric
cancer.

In another study, Zhang et al. analyzed 97 gas-
tric adenocarcinoma patients (T3/4 or N+) treated
with adjuvant CRT combined with (47%) or
without (53%) intraoperative electron radiation
therapy (IOERT; dose range, 12-15 Gy). Five-
year locoregional control rates were 50% and
35% for patients treated with or without IOERT,
respectively (p = 0.04) [36].

The results of a long-term follow-up study of
intraoperative radiotherapy in 32 patients with
locally advanced gastric cancer were published
by Calvo et al. With a median follow-up time of
40 months (2-60 months), locoregional recur-
rence was observed in five patients (16%, four
nodal in hepatic hilum and one anastomotic). No
recurrence was observed in the IORT-treated tar-
get volume (celiac trunk and peripancreatic
nodes). Overall survival at 5 years was 54.6%
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(95% CI: 48.57-60.58%). Postoperative mortality
was 6% (n = 2) and postoperative complications
19% (n = 6) [37].

7.4  The Synergistic Effect
of Radiation Therapy
and Other Treatment
Modalities

In recent years, studies found that radiation ther-
apy does not only control local recurrence of
tumors but can also stimulate tumor cells to
release more antigenic peptides, thus converting
immune cells into tumor tissues. Therefore,
radiotherapy combined with immunotherapy is
an option to consider for the prevention and treat-
ment of tumor metastasis.

Conclusion

Radiation therapy has a crucial role in the com-
prehensive treatment of gastric cancer. With the
continuous progress of radiotherapy and the
deeper understanding of tumor biology, radia-
tion therapy and additional treatment methods
can be combined to continuously improve the
overall efficacy of gastric cancer treatment.
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Personalized Intraperitoneal
Strategies in Gastric Cancer

Yang Yang, Nandie Wu, and Jia Wei

8.1 Introduction

Gastric cancer is the fourth most common cancer
and the second leading cause of cancer deaths
worldwide [1]. Except countries such as Korea
and Japan that have routine national screening
programs, most patients with gastric cancer are in
advanced stages of the disease as early-stage gas-
tric cancers are usually without symptoms and
often develop advanced stage even after radical
surgery. Despite developments in the surgical
treatment of gastric cancer, there is a relatively
high recurrence rate. Specifically, the 5-year
overall survival rate for all diagnosed patients
averages 24.5% in Europe [2] and 40-60% in
Asia [3, 4]. The main reason for post-surgery
treatment failure for gastric cancer is peritoneal
dissemination, which is caused by the seeding of
free cancer cells from the primary gastric cancer.
This is one of the most common types of metas-
tasis for gastric cancer. Gastric cancer patients
with macroscopic peritoneal metastasis have very
poor prognoses, with a median overall survival of
3-6 months [5, 6]. In this chapter, we try to
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describe the influence of peritoneal metastasis on
survival in patients with gastric cancer, the pos-
sible mechanism of peritoneal metastasis, and
individualized treatment strategy of gastric can-
cer patients at high risk for developing peritoneal
metastasis.

Peritoneal Metastasis
in Gastric Cancer

8.2

The recurrence rate for gastric cancer remains
high, especially in patients with advanced stages
of the disease. In patients receiving radical sur-
gery, 79% have recurrence within 2 years, and the
median survival time from the time of recurrence
is 6 months [7]. Many patients with gastric cancer
(particularly those with Stage III disease) develop
locoregional recurrence, peritoneal metastasis, or
distant metastasis [8]. Although extensive research
has analyzed recurrence patterns of gastric cancer
after radical surgery, the data have yielded con-
flicting results. Schwarz et al. [9] found that most
recurrences appeared diffusely at distant or peri-
toneal sites, and most locoregional recurrences
occurred in conjunction with relapse at extrare-
gional sites. Eom et al. [10] reported hematoge-
nous metastasis as the most common pattern in
patients with early recurrence, while locoregional
and peritoneal recurrence occurred in patients
with late recurrence 1 year after radical resection.
This divergence was attributed to many reasons,
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such as differences in patient cohorts undergoing
evaluation, methods for determining recurrence
patterns, and the cutoff at which recurrence was
determined. In addition, these results as well as
those obtained from autopsy studies revealed only
end-stage disease rather than early recurrences.
Reoperation series likely display early locore-
gional and peritoneal recurrences. Peritoneal
cytology and laparoscopy have been used to
detect peritoneal metastatic disease not found in
conventional imaging examinations [1].

A recent study of 1178 Korean patients with
recurrent or metastatic gastric cancer demon-
strated that about 46% of the patients had perito-
neal metastases, while 30% had liver metastases
[11]. Some clinical studies have found recurrence
patterns in patients with early to advanced stages
of gastric cancer, showing that 30-54% of
patients had peritoneal recurrence alone or in
combination with other site recurrence [7, 9, 12—
14]. Our investigation with 349 patients with
either Stage III or IV gastric cancer found that
peritoneal metastasis was part of the metastasis
or recurrence pattern in 62.8% of the patients. Of
our total patient pool, 81.1% developed metasta-
sis in the peritoneal cavity (peritoneal, liver,
lymph node, ascites, or ovary) at the time of diag-
nosis or recurrence. Furthermore, our analysis
showed that peritoneal metastasis was associated
with poorer prognosis and poorer quality of life
when compared with metastasis to other organs.
Finally, patients with peritoneal metastasis had
shorter survival time (7.5 vs. 14 months) and a
higher risk of mortality (adjusted HR = 2.025,
p =0.004).

8.3 Mechanism of Peritoneal

Metastasis

A recent comparative study proposed the follow-
ing sequential steps for cancer cells to form peri-
toneal metastases: (1) penetration of cancerous
tissues into the visceral serosa, (2) exfoliation of
the cancer cells from the primary tumor site, (3)
dissemination and survival of the cancer cells
within the abdominal cavity, (4) adhesion of can-
cer cells to the peritoneum, (5) invasion of cancer

cells through the peritoneal membrane, and (6)
formation of the peritoneal metastasis [15].
However, the mechanisms dominating the forma-
tion of peritoneal metastasis remain relatively
understudied. A global analysis was performed to
find the differential gene expression of a gastric
cancer cell line established from a primary main
tumor and of other cell lines established from the
metastasis to the peritoneal cavity. The expres-
sion patterns of approximately 21,168 genes
were analyzed. Besides expression sequence
tags, the investigators found that 24 genes were
upregulated and 17 were downregulated [16].

Hiraki et al. [17] used a mouse model to dem-
onstrate that loss of hypoxia inducible factor-1
alpha (HIF-1a) accelerated the development of
aggressive peritoneal dissemination in gastric
cancer cells by upregulating matrix metallopro-
teinases-1 (MMP-1) [17]. Matrix metalloprotein-
ases-7 (MMP-7) tissue status in the primary
tumor has also been validated as a good indicator
for peritoneal metastasis. Patients with MMP-7-
positive tumors had significantly shorter overall
survival time and more frequently died of perito-
neal recurrence than those with MMP-7-negative
tumors [18].

Another broad analysis of differential gene
expression between the parental cell line GC9811
and its highly metastatic peritoneal counterpart,
cell line GC9811-P, confirmed that recombinant
human S100 calcium-binding protein A4
(S100A4) and cadherin-associated protein beta 1
(CTNNB1) were upregulated. Moreover, tensin
homolog deleted on chromosome ten (PTEN)
and phosphatase was downregulated in GC9811-P
cells. Identification of these differentially
expressed genes could help uncover the underly-
ing mechanisms and provide new targets for ther-
apeutic  intervention to avoid peritoneal
dissemination of gastric cancer [19]. A recent
comparative study demonstrated that advanced
gastric cancer patients with a large amount of
intraoperative hemorrhage were more likely to
develop peritoneal recurrence, maybe due to the
increased ability of cancer and mesothelial cells
to adhere to each other in the presence of plasma
factors [15]. Iroquois homeobox protein (IRX1)
[20] and zinc protoporphyrin IX (ZnPPIX) [21]
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were also confirmed to inhibit peritoneal metas-
tasis via neovascularization. Ultimately, identifi-
cation of these differentially expressed genes will
lead to a better understanding of the molecular
mechanisms for peritoneal metastasis and pro-
vide new targets for therapeutic agents to avoid
peritoneal dissemination of gastric cancer.

To date, P38-mitogen-activated protein kinase
(MAKP) inhibition by a targeted small molecule
inhibitor has been shown to be effective in pre-
venting the peritoneal dissemination of poorly
differentiated gastric cancer. It does so by acting
at multiple checkpoints in the process of attach-
ment and diffusion of tumor cells in the perito-
neum [22]. Chemokine receptor 5 (CCRS)
antagonism can reduce the potential risks of gas-
tric cancer cell dissemination [23]. Nevertheless,
the mechanisms of peritoneal dissemination for
gastric cancer need to be further examined to
lend more insights for peritoneal metastasis
therapy.

8.4 Selected Patients
for Intraperitoneal

Chemotherapy

Positive peritoneal cytology has been classified as
M1, metastatic disease in the Seventh Edition of
the American Joint Committee on Cancer (AJCC)
Staging System for gastric cancer [24]. Free intra-
peritoneal cancer cells isolated during peritoneal
washing in patients with gastric cancer have been
reported to be independently and significantly
correlated to prognosis, influencing both recur-
rence-free survival time and overall survival time.
It is, therefore, imperative to prevent peritoneal
recurrence after radical surgery to improve the
prognosis of patients with gastric cancer. The
recent progress in treatment is the administration
of intraperitoneal adjuvant chemotherapy soon
after resection in patients with high risk of perito-
neal recurrence [25, 26]. Then the question
becomes: What kind of patients may benefit from
this therapy, and what kind of patients are at high
risk of peritoneal recurrence?

Although the exact mechanism promoting
peritoneal recurrence remains controversial, the

presence of malignant cells in the peritoneum at
the time of surgery leads to peritoneal recurrence
[27, 28]. Therefore, tests of peritoneal fluid may
be used to identify patients with a high risk of
peritoneal recurrence after radical surgery.

The standard and reliable method for detect-
ing free cancer cells in the peritoneal washing
fluid and for predicting peritoneal metastasis is
conventional peritoneal cytology. However,
large-sample studies have revealed that about
4-11% of patients will have positive peritoneal
cytology. Therefore, it is neither practical nor
cost-effective to perform this test on all patients
[29]. Therefore, the sensitivity for the detection
of residual cancer cells and prediction of perito-
neal spread is not high enough [30, 31]. A recent
prospective clinical study suggested that conven-
tional peritoneal cytology test was not very reli-
able in predicting peritoneal recurrence after
radical surgery for patients with gastric cancer, as
peritoneal washing cytology was predictive of
both peritoneal recurrence and survival time in
patients with gastric cancer [32].

Another recent study involving 655 patients
examined intraoperatively assessments of macro-
scopic serosal changes, which were defined as
changes in color or nodular texture of the serosal
surface on inspection and palpation. Their results
showed that such examination led to a poorer
prognosis and increased peritoneal recurrence
risk for patients with curatively resected gastric
cancer. Macroscopic assessment of serosal
changes may be a useful indicator that allows for
better risk stratification of patients with resected
gastric cancer considering both peritoneal recur-
rence and prognosis [14].

In the last few years, genetic detection using
reverse transcriptase polymerase chain reaction
(RT-PCR) analysis has been observed to be more
sensitive than conventional cytology. The target
genes included carcinoembryonic antigen (CEA),
zinc finger E-box-binding homeobox 1 (ZEBI),
melanoma-associated gene (MAGE), cytokeratin
20, MMP-7, telomerase, and heparanase, and
alone or in combination was used as potent
molecular markers for the detection of peritoneal
metastasis [33-35]. We also detected CEA mRNA
in peritoneal washing fluid of gastric cancer
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patients after radical surgery and found that CEA
mRNA was a more sensitive measure to detect
peritoneal metastatic disease than peritoneal
cytology. The positive rate of CEA mRNA was
correlated with either T stage or N stage in patients
with gastric cancer.

However, the amplified mRNA may derive
from phagocytes or dead cells that engulfed
tumor cells and later released it from hematopoi-
etic cells in an inflammatory context [36].
Therefore, the issue of clinical false-positive
cases has yet to be addressed. Using DNA meth-
ylation or flow cytometry to identify intraperito-
neal tumor cells is other valuable alternative for
selecting patients who might have a high risk for
peritoneal metastasis [37, 38].

Effective Treatments
for Patients with Peritoneal
Metastasis

8.5

Of patients with gastric cancer, 20-50% who
underwent curative surgery will develop postop-
erative peritoneal recurrence [39]. Intraperitoneal
spread of tumor cells is also observed in 54% of
gastric cancer patients who died of recurrence
after radical surgery [40]. Gastric cancer patients
with peritoneal metastasis have a very poor prog-
nosis. Systemic chemotherapy may improve
median overall survival time in metastatic gastric
cancer by 7-10 months. However, patients with
peritoneal carcinomatosis do not show similar
improvements [41].

Until now, hyperthermic intraperitoneal che-
motherapy (HIPEC) has been the most widely
accepted strategy for the treatment of peritoneal
metastasis, which is the most frequent metastatic
pattern in patients with gastric cancer [42]. The
theoretical advantage of HIPEC is to add the
direct cytotoxic effects of heat in high concentra-
tions of the cytostatic drug [43, 44]. In addition to
the mechanical washing effect, HIPEC also has a
theoretical superiority in delivering a higher con-
centration of anticancer drug into abdominal cav-
ity with reduced systemic toxicity. There are
many molecular explanations for these HIPEC
effects, such as alterations of cell membrane

properties, induction of apoptosis, changes to
intracellular proteins and their synthesis, and
inhibition of DNA repair enhanced by inhibitors
of the cellular heat-shock response [45, 46].

In gastric cancer patients with peritoneal
metastasis, surgical treatments that directly
remove the primary lesion of peritoneal dissemi-
nation are a palliative approach. The combination
of cytoreductive surgery (CRS) and HIPEC was
first proposed in 1980 by Spratt [47]. After that,
Sugarbaker and his team extensively applied this
innovative technique for peritoneal carcinomato-
sis [48]. Some Phase II-III clinical trials revealed
that patients with peritoneal metastasis who
received CRS and HIPEC had better survival
results only if complete cytoreduction (CCR-0)
resection was achieved. However, the survival
benefit of HIPEC remains low when cytoreduc-
tive surgery cannot accomplish sufficient down
staging of the carcinomatosis burden [36, 49]. A
retrospective study in France that involved 159
patients confirmed the combinatorial advantage
in selected CCR-0 groups of patients [50]. The
unsatisfactory effect of HIPEC in patients with
extensive peritoneal carcinomatosis who were
not amenable to down staging to CCR-0 may be
explained by a more limited drug penetration
ability. This would lead to negligible antitumor
effects on the deeply invasive microfoci [51].
Therefore, drug delivery systems with high per-
meability have a promising, future role in the
treatment of extensive peritoneal carcinomatosis
patients [52].

8.6  Optional Drugs
for Intraperitoneal

Treatment

Multimodal treatment strategies have been used
to improve the prognosis of gastric cancer
patients with peritoneal metastasis. However, the
results remain unsatisfactory [53]. The oral che-
motherapeutics S1 is a polypharmaceutic, fluoro-
pyrimidine derivative that combines tegafur with
two modulators, gimeracil, and oteracil. A recent
meta-analysis demonstrated that the use of S1
monotherapy was associated with a significant
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survival benefit for patients with gastric cancer
[54]. The advantage of S1 over other chemother-
apeutic agents is in its ability to achieve higher
intraperitoneal concentrations. This is due to the
higher concentrations of 5-fluorouracil (5-FU)
and CDHP achieved in peritoneal tumors relative
to plasma [55, 56].

In addition to S1, both docetaxel and pacli-
taxel also have high sensitivity against diffuse-
type adenocarcinoma, which is the most common
type of peritoneal tumor. This is due to their abil-
ity to bind to tubulin and lead to microtubule sta-
bilization and mitotic arrest. Importantly, some
of these compounds can be transported into the
peritoneal cavity when administered intrave-
nously [57].

Numerous studies have evaluated intraperito-
neal drug delivery in gastric cancer patients,
especially in patients with peritoneal metastasis.
Intraperitoneal administration of chemotherapeu-
tic agents makes it possible for an extremely high
concentration of drugs to directly contact the tar-
get cancer lesions in the peritoneal cavity.
However, intraperitoneal administration of cispl-
atin or mitomycin C has not shown significant
therapeutic effects against peritoneal metastasis
of gastric cancer due to its immediate absorption
through the peritoneum [58]. In contrast, intra-
peritoneal administration of paclitaxel has been
demonstrated to enhance antitumor activity
against peritoneal metastasis by maintaining a
high concentration of the drug in the peritoneal
cavity over a long period. A number of convinc-
ing clinical trials have confirmed its clinical
effects in ovarian cancer with peritoneal metasta-
sis. These superior results were due to the phar-
macokinetic advantage of taxanes after regional
delivery [59]. Taxanes are absorbed through the
openings of the lymphatic system, such as the
stomata and the milky spots. These are important
sites for the formation of peritoneal dissemina-
tion [60], due to their large molecular weight and
fat solubility [61]. A Phase I/II study of intraperi-
toneal docetaxel plus oral S-1 for gastric cancer
patients with peritoneal carcinomatosis showed a
superior l-year overall survival rate of 70%.
Moreover, peritoneal cytology was negative in
81% of patients [62]. Along similar lines,

Fujiwara et al. reported a median survival of
23.6 months in Japanese gastric cancer patients
with peritoneal carcinomatosis who had been
treated with intraperitoneal docetaxel combined
with oral S-1 [63].

Intraperitoneal paclitaxel has shown a pro-
found pharmacokinetic advantage of increased
intraperitoneal concentration of the anticancer
agent 1000 times higher than intravenous admin-
istration of paclitaxel at the same dose. However,
the main problem of intraperitoneal chemother-
apy is the limited penetration depth of anticancer
drugs directly into the tumor. Therefore, the opti-
mum use of paclitaxel may consist of both intra-
peritoneal and intravenous administrations, since
intraperitoneal paclitaxel reaches systemic circu-
lation only in small amounts [64]. In fact,
Ishigami et al. established intraperitoneal pacli-
taxel with oral S-1 plus intravenous paclitaxel as
an advantageous means of systemic chemother-
apy. Furthermore, a Phase II study reported an
overall response rate of 56% among patients with
target lesions and a decrease or disappearance of
malignant ascites in 62% of these patients [61].

Another recent Phase II clinical trial in serosa-
positive gastric cancer patients showed a similar
response rate of 71.4%, with 3- and 5-year over-
all survival rates of 78 and 74.9%, respectively
[57].

Also, the efficacy of intraperitoneal irinotecan
has been demonstrated in several animal studies.
The AUC ratio of SN-38, the bioactive metabo-
lite of irinotecan, varied between 3.7 and 14.8.
This depended on the concentration of the admin-
istered irinotecan [65]. Moreover, pemetrexed
has been considered a viable option when used
intraperitoneally in a Phase I trial in both ovarian
cancer and diffuse malignant peritoneal mesothe-
lioma [66, 67].

In addition to chemotherapeutic agents, catu-
maxomab, a rat-mouse hybrid monoclonal anti-
body, was registered for the treatment of
malignant ascites of various epithelial cell adhe-
sion molecule (EpCAM)-positive malignancies,
including ovarian, gastric, breast, and colorectal
cancer. Two studies have shown that this drug
improved progression-free survival in patients
with gastric cancer (median 71 vs. 44 days,



108

Y.Yang et al.

p = 0.03). Moreover, that it improved survival in
gastrointestinal anti-EpCAM-positive tumors
when administered intraperitoneally [68, 69].

Conclusion

Gastric cancer is the second leading cause of
cancer death worldwide, and more than half of
the patients with gastric cancer are found dis-
ease progression of peritoneal carcinomatosis
and die from it. Proper selection of intraperito-
neal chemotherapy in patients with peritoneal
metastasis or a potential risk of peritoneal recur-
rence may be a promising approach to improve
the prognosis of advanced gastric cancer cases.
Chemotherapeutic agents with high concentra-
tion and high permeability in the peritoneal cav-
ity are optimal choices for intraperitoneal
chemotherapy and cooperate with systemic che-
motherapy. Moreover, future research on poten-
tial biomarkers from peritoneal washing could
provide valuable information in selecting subse-
quent treatment combinations.
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Immune Checkpoint Blockade
and Gastric Cancer

Shu Su and Baorui Liu

9.1 Introduction

The term “checkpoints” refers to a broad spec-
trum of either co-receptors or ligands that are
widely expressed by immune cells. Importantly,
such checkpoints regulate immune cells’ activa-
tion. The “inhibitory checkpoints” represent
those molecules that play an important role in
preventing over-activation of the immune system
and are important to maintaining self-tolerance.
In this way, immune attack by the host immune
system can be prevented. Conversely and in the
context of the tumor-immune environment, co-
inhibitory receptors may pose a threat to the
host’s health by preventing an immune response
against these malignancies. Both co-inhibitory
receptors and ligands are highly expressed in a
large number of malignancies. This high expres-
sion allows for successful evasion of antitumor
immune responses. One of the most promising
tumor immunotherapy strategies is to interrupt
these immune “brakes” by blocking antibodies
that prevent interactions between receptors and
their cognate ligands. As shown by recent clini-
cal trials targeting either the PD-1/PD-L1 or
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CTLA-4, pathways has yielded exciting results.
However, there remains very limited study and
understanding on gastric cancer when compared
to other malignancies such as melanoma or lung
cancer.

As such, this chapter seeks to first summarize
clinical experiences and outcomes that are based
on the use of anti-PD-1, anti-PD-L1, and anti-
CTLA-4 monoclonal antibodies. We will then
discuss how a selection of promising inhibitory
checkpoint function, with a particular focus on
their expression landscape in gastric cancer.
Finally, we will highlight related clinical studies
as well as preclinical research, concentrating on
strategies that have been used to disturb them in
order to enhance their immunotherapeutic effi-
cacy against gastric cancer.

9.2  PD-1/PD-L1 Axis

9.2.1 Introduction to PD-1/PD-L1

PD-1 is also known as CD279 and is an immuno-
globulin superfamily surface molecule sharing
homology with both CD28 and CTLA-4 [1, 2].
PD-1 is expressed on activated T cells, B cells,
NK cells, and myeloid-derived cells [3-5]. Its
expression is relatively low on naive T cells but
can be induced by TCR signaling as well as by
cytokines such as IL-2, IL-7, IL-15, and IL-21
[6]. PD-L1 is a ligand for PD-1; it is also known
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as B7H1 or CD274 and shares significant
homology with B7-1 (CD80). It also has a broad
distribution on both hematopoietic cells such as T
cells, B cells, dendritic cells (DCs), myeloid cells,
as well as non-hematopoietic cells such as tumor
cells [7]. It is constitutively expressed at low lev-
els, and it is robustly induced by Thl cytokines
such as IFN-y and TNF-a [8, 9]. PD-L2 is another
ligand for PD-1, sharing homology with B7-2
(CD86). It is expressed on DCs and competes
with PD-L1 to inactivate T cell functioning.
When compared with PD-L1, much less is
known about PD-L2, beyond the fact that it is
expressed at much lower levels [10]. PD-1 itself
has been shown to recruit the tyrosine phospha-
tases SHP-2 and SHP-1 to the membrane where
PD-1 ligation takes place. As a result, signaling
through CD3-TCR and CD28 are inactivated,
leading to T cell exhaustion and apoptosis [11].
Simultaneously with PD-1 ligation, PD-LI1-
positive tumors receive an anti-apoptotic signal,
preventing them from succumbing to lysis by
cytotoxic T lymphocytes (CTLs) [12] (Fig. 9.1).
The past 5 years has seen successful use of a PD-1
blocking antibody in clinical trials and has raised
the plausibility of immunotherapy in various kinds
cancers [13-18]. Clinical data have revealed that
up to 40% of patients with advanced-stage mela-
noma experienced measurable responses upon
treatment with pembrolizumab or nivolumab, two
PD-1 blocking antibodies approved by the FDA in

a b
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*Proliferation stimulation
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© A Cytokines (IFN-y)
PD-L1
4 Cytotoxicity
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immune response
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2014. In 2015, nivolumab was also approved for
the treatment of squamous cell lung cancer, which
is resistant to chemotherapy. Nivolumab and pem-
brolizumab have since been expanded to the treat-
ment of additional cancers, including NSCLC,
RCC, bladder, ovarian, and other malignancies
[19]. Promising results have also been shown in
patients with hematologic malignancies such as
Hodgkin lymphoma [18].

9.2.2 PD-1/PD-L1 in Gastric Cancers

When turning the attention to examining the evi-
dence for PD-1 and PD-L1 blockade in gastric
cancers, in this chapter, the clinical significance
as well as clinical studies of this pathway in the
treatment of gastric cancers will be summarized.
Besides, some of the future strategies targeting
this pathway will be discussed.

9.2.2.1 Preclinical Studies

Preclinical studies investigating PD-1 and PD-L1
blockade therapy for gastric cancer have focused
predominantly on mouse models and have
yielded limited results. Some engrafted human
tumor cells into T cell-deficient, nude mice to
explore their efficacy. However, this model has
limited the use for immunotherapy, since the
effect of antibody blockade depends entirely on
the interaction between immune and tumor cells.

Cc
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Fig.9.1 PD-1/PD-L1 in cancer therapy Cancer Med, (2013) 2(5): 662-673. (a) Activation of T cells by CD28-CD80/86
signal. (b) Tolerence of T cells by PD-1-PD-L1 signal. (¢) Reactivation of T cells by PD-1-PD-L1 blocking (Adapted
from PD-1/PD-L1 in cancer therapy Cancer Med, (2013) 2(5): 662-673)
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Given this, other studies have focused on
immune-competent mice that have been modified
to express human immune system components
[20, 21]. Other strategies also use human PBMC
to reconstitute the immune system of mice in
order to validate the efficacy of the immune
blocking antibody. Despite this wide array of
approaches, models featuring human tumors
inoculated onto mice have different signatures
from those found in humans. It has also been sug-
gested that most mouse models constitutively
express PD-L1 [22]. With these limitations in
mind, the following discussion will focus pre-
dominantly on human studies.

9.2.2.2 Clinical Significance of PD-1/
PD-L1 in Gastric Cancers

Expression, Clinical Associations,

and Prognosis

A variety of studies have described the clinical
significance of the PD-1/PD-L1 pathway in gas-
tric cancer. In these studies, the expression rates

Table 9.1 Expression of PD-L1 in gastric cancer patients

of PD-L1 or PD-1 in gastric cancer tumor tissues
or peripheral blood were measured along with
their correlated clinical-pathological features.
These studies also then described the prognostic
value of these biomarkers. Examples of these
studies are summarized below and can be found
in Tables 9.1 and 9.2.

Wau et al. examined PD-L1 protein expression
in 102 cases of gastric cancer using immunohis-
tochemical staining. They found that PD-L1 is
detectable in 42.2% of gastric carcinoma tissues
and not in healthy tissues. Furthermore, PD-L1
expression is significantly correlated with tumor
size, invasion, and lymph node metastasis. Taken
together, these results show that PD-L1 could be
used as an independent factor to evaluate the pos-
sible outcomes of gastric cancer [23].

Hou et al. also used immunohistochemistry to
evaluate FOXP3 and PD-L1 expression in tumor
sections obtained from 111 gastric cancer
patients. Co-expressions of PD-L1 and FOXP3
were found in these tissue samples. Moreover,
the expressions of PD-L1 and FOXP3 were found

Sample Associated Prognostic
Time | Author Country Journal size Positive rate | characteristics factor
2016 | Changping Wu | China Acta 102 42.2% Tumor size; Poor
histochemica invasion; survival
lymph node
metastasis
2016 | Cristin Boger | Germany Oncotarget 465 30.1% on MSI; Better
tumor cells EBV; survival
88.4% on PIK3CA mutation
immune cells | Men
2016 | Elizabeth D USA Gut 34 12% on tumor | CD8* T cell density | Poor
Thompson cells survival
44% immune
stroma
2015 | Kei Muro Multicenters | ASCO GI 162 40% - -
symposium
2015 | Lin Zhang China IntJ Clin Exp | 132 50.8% Tumor size >5 cm Poor
Pathol survival
2014 | Kim J.W Korean Gastric 243 43.6% Less advanced stage; | Better
Cancer intestinal type; survival
well differentiated
2014 |Jing ying Hou | China Experimental | 111 63% Lymph node Poor
and Molecular 71% metastase survival
Pathology
2014 | Zhixue Zheng | China Chin J Cancer | 80 Low in 41.2%:; | Differentiation Better
Res high in 58.8% | lymph node survival
(serum) metastasis
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Table 9.2 PD-1 expression on immune cells of gastric cancer patients

Sample| Positive Prognostic
Time | Author Country | Journal size rate Associated characteristics | factor
2016 Eto S Japanese | Gastric Cancer 105 - PD-L1 expression; Poor
Foxp 3 expression prognosis
2016 Takano S | Japanese | Surg Today - - TIM-3 expression; -
reduced IFN-Y production
2016 Cristin Germany | Oncotarget 465 53.8% PD-L1 expression -
Boger
2015 Seigo Japanese | Yonago Acta 33 17.7% on | Post surgery; -
Takaya medica CD4 LAG-3 expression;
15.5% on
CD8
2013 Hiroaki Japanese | Journal of 40 31~73.4% | Tumor progression; -
Saito Surgical Oncology reduced IFN-Y production

to be correlated with lymph node metastasis and
clinical-pathological stages, indicating poor
prognosis. This study provided evidence for the
idea that depleting Tregs in combination with
PD-L1 blockade might improve immunothera-
peutic efficacy in gastric cancer [24].

In another study, Kim et al. examined post-
tumor resections obtained from 243 gastric can-
cer patients. PD-L1 was observed in 43.6% of the
patients and was related to intestinal type, well-
to-moderate differentiation and a less advanced
stage. PD-L1 expression was found to be related
to better disease-free survival (DFS) (5-year DFS
rate: 82.6% vs. 66.9%) and overall survival (OS)
(5-year OS rate: 83.0% vs. 69.1%) in gastric can-
cer. More importantly, patients within higher
infiltration of CD3* cells showed better survival
outcomes. In a subsequent multivariate analysis,
PD-L1 expression had a better prognostic impact
on survival, independent of other clinical vari-
ables [25].

Additionally, Zhang et al. reported that PD-L1
expression was observed in 50.8% of 132 surgi-
cally resected gastric cancer specimens. There
was no relationship between the expression of
PD-L1 and any clinical-pathological variables.
However, patients with larger tumor size (>5 cm)
had a higher positive rate of PD-L1 expression.
Also, PD-L1 positively expressing patients had
poorer long-term survival rates (5-year survival
rates: 83.1% vs. 50.7%) [26].

Elizabeth et al. focused on 34 resections
obtained from primary invasive gastroesophageal

junction (G/GEJ) adenocarcinomas and per-
formed immunohistochemistry for PD-L1 and
CDS8 expression. Of these, 12% showed mem-
brane expression of PD-L1 on tumor cells, while
44% showed PD-L1 expression within the
immune stroma itself. Increasing CD8* infiltra-
tions were associated with an increasing percent-
age of tumor and stromal PD-L1 expression, both
within tumors and immune stroma. This finding
indicated an adaptive immune resistance pattern.
Moreover, they found both tumor, and immune
stromal PD-L1 expression was associated with a
worsening of disease-free and overall survival
rates [27].

Christine et al. also used an immunohisto-
chemical approach to investigate the expression
of PD-L1 and PD-1 in samples taken from 465
gastric cancer patients. PD-L1 expression was
found in the tumor cells of 140 gastric cancer
patients (30.1%) and in 9 (60%) liver metastases
from these same patients. PD-L1 expression was
also found in the immune cells from 411 (88.4%)
of gastric cancer patients and 11 (73.3%) liver
metastases from these same patients. PD-L1
expression was significantly more abundant in
the following: samples obtained from men, Her2/
neu positive, Epstein-Barr virus positive, micro-
satellite unstable, PIK3CA-mutated, and the
proximal, unclassified, papillary gastric cancer.
High PD-L1 expression was independently asso-
ciated with better clinical outcome [28].

In addition to PD-L1 membrane staining,
Zheng et al. also examined PD-L1 expression in


https://www.ncbi.nlm.nih.gov/pubmed/?term=Eto%20S%5BAuthor%5D&cauthor=true&cauthor_uid=26210691
https://www.ncbi.nlm.nih.gov/pubmed/?term=Takano%20S%5BAuthor%5D&cauthor=true&cauthor_uid=26801344
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the circulation of gastric patients using an
enzyme-linked immunosorbent assay (ELISA).
This approach was tested on 80 advanced gastric
cancer patients and 40 health controls.
Researchers found that circulating PD-L1 was
upregulated in gastric cancer patients and corre-
lated with lymph node metastasis and tumor dif-
ferentiation. In this study, patients with high
PD-L1 expression had a better prognosis than
patients with low PD-L1 expression [29].

There are also emerging work examining the
relationship between genetic polymorphism of
PD-1/PD-L1 and gastric cancer. For instance,
Savabkar et al. evaluated the association of
PD-1.5 C/T polymorphism in 122 gastric cancer
patients and 166 healthy controls. They found
that the frequencies of PD-1.5CT genotypes were
higher in gastric cancer patients [30]. Other work
has also indicated that some PD-L1 genotypes
have a strong correlation with the clinical-
pathological features of gastric cancer [31].

Despite the relatively stable expression of
PD-L1 in the tumor tissue of gastric cancer, there
is no definitive conclusion as to whether PD-L1
expression can predict a good or poor disease
prognosis. It is likely to be much more compli-
cated in the post-curative resection setting or
other specific situations such as infection with
the Epstein-Barr-virus status, microsatellite
instability, and/or high mutation load gastric can-
cers. Future work will require expanded cases
and additional research to better understand
PD-L1’s role in the development and prognosis
of gastric cancer.

There are fewer studies examining PD-1
expression relative to PD-L1 in gastric cancer
patients. For instance, Hiroaki et al. found that
PD-1 expressions on both CD4* T cells and
CD8* T cells were significantly higher in gastric
cancer patients than in normal controls. In addi-
tion, PD-1 expression on CD4* T cells and CD8*
T cells in advanced-stage patients was signifi-
cantly higher than in early-stage patients. Finally,
they also found that less IFN-y was produced by
PD-1 positive T cells than by PD-1-negative T
cells, indicating that PD-1 upregulation may
play a role in the immune evasion capacity of
gastric cancer [32].

In another study, Seigo et al. evaluated PD-1
expression on both CD4* and CD8*" T cells
obtained pre- and postoperatively from gastric
cancer patients. Total lymphocyte count
decreased rapidly postoperation. In contrast,
PD-1*CD4* and PD-1*CD8* T cells showed a
significant increase postoperation and returned to
preoperative levels on day 30. Collectively, these
results showed that PD-1 expression was upregu-
lated on T cells after surgery. Moreover, it could
be related to the impaired cell-mediated immu-
nity seen in gastric cancer [33].

Christine et al. demonstrated that PD-1 was
expressed in tumor-infiltrating lymphocytes in
53.8% of gastric cancer patients and in 73.3% of
those with liver metastases. PD-1-positive
immune cells were frequently observed in either
intra-tumor lymphocyte aggregates or lymph fol-
licles. Moreover, PD-1 expression in TILs was
significantly correlated with PD-L1 expression in
tumor microenvironments (TME). Higher
PD-L1/PD-1 expression was also associated with
better clinical outcome. Furthermore, there was a
correlation between PD-L1/PD-1 expression and
distinct clinical-pathological characteristics such
as EBV status, MSI, Her2/neu positivity, and
PIK3CA mutation status. These characteristics
may instruct the use of immune checkpoint treat-
ment strategies in the treatment of PD-LI-
positive gastric cancer [28].

Takano et al. found PD-1 expression on CD8*
T cells obtained from gastric cancer patients was
significantly correlated with Tim-3 expression in
peripheral blood samples. T cells positive for
both PD-1 and Tim-3 had significantly reduced
production of IFN-y than negative cells. This
result indicates that PD-1, together with other
immune inhibitory checkpoints, mediates the
immune tolerance of gastric cancer [34].

Eto et al. evaluated PD-1 expression on tumor
tissue obtained from 105, post-curative surgery,
gastric cancer patients. PD-1 was found to be cor-
related with both PD-L1 and Foxp3 expression.
Moreover, PD-1-positive patients had poorer sur-
vival rates when compared with PD-1-negative
patients (3-year DFS: 36.1% vs. 64.7%). In this
way, PD-1 expression can be used as an indepen-
dent prognostic indicator of gastric cancer [35].



120

S.SuandB. Liu

Molecular Classification of Gastric Cancer

and PD-1/PD-L1 Blockade Strategy

The Cancer Genome Atlas (TCGA) project has
classified gastric cancer into four molecular sub-
types according to the following characteristics:
(1) EBV, tumors positive for Epstein-Barr virus;
(2) MSI, microsatellite unstable tumors; (3) GS,
genomically stable tumors; and (4) CIN, tumors
with chromosomal instability [36]. Christine
et al. found that PD-L.1 expression in tumor cells
was both more intense and extensive in EBV-
positive, MSI, papillary-type, and unclassified
gastric cancers. In particular, MSI-GCs have
peculiar histological MSI features and often
showed high PD-L1 expression in tumor cells.
Moreover, four different PD-L1 expression pat-
terns were observed: (1) EBV-positive GCs with
a heterogeneous, “patchy” expression pattern
with a striking accumulation of PD-L1-positive
tumor cells around larger blood vessels; (2)
MSI-GC were mainly PD-L1 positive at the
interface between neoplastic and nonneoplastic
tissues; (3) papillary-type GCs often showed
PD-L1 positivity within the fibrovascular con-
nective tissue cores and the intra-tumor necrosis;
and (4) other cases showed no distinct PD-L1
distribution pattern and were classified as “pat-
ternless” [28].

EBV-GCs

Globally, there are approximately 80,000 new
cases each year of EBV-associated gastric cancer
(EBVaGC), comprising almost 10% of total gas-
tric cancer cases worldwide [37]. Recent evi-
dence has suggested that the immune system may
play an important role in the development of
EBVaGC, since EBV infection is always accom-
panied by a high degree of immune cell infiltra-
tion [38]. Studies have also revealed that most
genetic changes in EBVaGC occur in immune
response genes, including significant amplifica-
tion of PD-L1 and PD-L2 [38]. Immune responses
have also been shown to be negatively regulated
via PD-1 ligation [39]. Prior investigations have
shown PD-L1 overexpression on the cell surface
of lymphoma, which inhibited lysis of infected,
malignant cells by cytotoxic T cells [40].

Therefore, it is likely that EBV-reactive immune
cells may be dysfunctional due to the acquired
immune resistance mediated by the PD-1/PD-L1
pathway.

Given this, it was hypothesized that inhibition
of the PD-1/PD-L1 pathway might augment anti-
tumor immune responses. In a recent study from
our lab, the PD-L1 expression on CD3" T cells
that had infiltrated gastric tumor tissues was eval-
uated. The results indicated that PD-L1 was more
prevalent on cells obtained from EBVaGC
patients than from patients with EBV nonassoci-
ated gastric cancer (EBVnGC) (64% vs. 15%,
respectively). Moreover, PD-1 was found to be
upregulated on EBV-LMP2A-specific CD8* T
cells. Finally, using CRISPR-Cas9 interference
with the PD-1 gene of cytotoxic T cells resulted
in a significant enhancement of IFN-y production
and killing ability of T cells.

MSI-GCs

Recently, the literature has discussed the stratifi-
cation of the tumor microenvironment (TME)
and classified it into four types. Of these, it has
been reported that type I TME contains
PD-1-expressing tumor-specific CD8* T cells
which is in close proximity to PD-L1-expressing
cells. These types of tumors with a greater muta-
tion load have been found to be more sensitive to
anti-PD-1/PD-L1 therapy [41]. A separate study
has also shown that mismatch repair status pre-
dicted the clinical benefit of anti-PD-1 therapy
[42]. Therefore, accumulating evidence suggests
that PD-L1 is expressed at higher levels in the
EBV and MSI subgroups, likely due to viral
stimulation and elevated mutational load. As
such, these represent promising subtypes for the
use of PD-1/PD-L1 blockade therapy, as these
patients are most likely to benefit from immune
inhibitory checkpoint blockade therapy.

9.2.2.3 Clinical Studies of PD-1/PD-L1
Blockade in Gastric Cancer

A growing number of clinical projects aimed at

evaluating the use of anti-PD-1 and anti-PD-L1

immune checkpoint inhibitors for advanced gas-

tric cancer are currently recruiting or ongoing.
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For instance, the KEYNOTE-012 trial
(NCTO01848834) enrolled 162 gastric cancer
patients for screening. Among them, 65 patients
were PD-L1 positive (40%). A total of 39 patients
were enrolled in the trial and treated bi-weekly
with pembrolizumab (10 mg/kg). The objective
response rate (ORR) was 22%, and the clinical
response was associated with PD-L1 expression
[43, 44]. The most common treatment-associated
adverse events (AEs) were hypothyroidism
(n =5) and fatigue (n = 5). Grade > 3 AEs were
observed in three patients, who were treated for
hypoxia, peripheral neuropathy, and pneumoni-
tis, respectively. This trial provided the first evi-
dence for the feasibility of clinical application of

the PD-1 blocking antibody for use in treating
gastric cancer. However, the application of
immune checkpoint inhibitors for gastric cancer
is still in its infancy, and a growing number of
clinical trials targeting PD-1 and PD-L1 are
ongoing. It should be noted that there have also
been studies of PD-L/PD-L1 blockade in combi-
nation with traditional therapy or other immune
checkpoint inhibition for the treatment of gastric
cancer (Table 9.3). It is unknown whether those
patients who responded well belonged to the
EBV-positive or MSI-positive subgroups. As
such, further investigation into the molecular pat-
tern of patients who could benefit most from the
PD-1/PD-L1 blockade will be needed.

Table 9.3 Clinical trials for PD-1/PD-L1 inhibition in gastric cancer

Study

Subject

Agent

Stage

Status

NCT02267343

Study in patients with unresectable advanced
or recurrent gastric cancer

Nivolumab

Phase III

Recruiting

NCT02335411

Pembrolizumab as monotherapy and in
combination with cisplatin + 5-fluorouracil
with recurrent or metastatic gastric or
gastroesophageal junction adenocarcinoma
(KEYNOTE-059)

Pembrolizumab

Phase 1/
A

Recruiting

NCT02268825

Study of MK-3475 with chemotherapy in
patients with advanced GI cancers (MK-3475
GI)

Pembrolizumab

Phase I/IT

Recruiting

NCT02340975

Study of MEDI4736 with tremelimumab,
MEDI4736, or tremelimumab monotherapy
in gastric or GEJ adenocarcinoma

MEDI4736
tremelimumab

Phase I/IT

Recruiting

NCT02625610

Avelumab in first-line gastric cancer

Avelumab

Phase IIT

Recruiting

NCT01848834

Study of pembrolizumab in participants with
advanced solid tumors (KEYNOTE-012)

Pembrolizumab

Phase I

Ongoing

NCT02625623

Avelumab in third-line gastric cancer
(JAVELIN Gastric 300)

Avelumab

Phase II1

Recruiting

NCT02268825

Study of MK-3475 with chemotherapy in
patients with advanced GI cancers

Pembrolizumab

Phase I/IT

Recruiting

NCT02589496

Study of pembrolizumab with advanced
gastric or gastroesophageal junction
adenocarcinoma progressed after first-line
therapy

Pembrolizumab

Phase II

Recruiting

NCT02340975

Study of MEDI4736 with tremelimumab,
MEDI4736, or tremelimumab monotherapy
in gastric or GEJ adenocarcinoma

MEDI4736
tremelimumab

Phase /1T

Recruiting

NCT02494583

Study of pembrolizumab as first-line
monotherapy and combination therapy for
advanced gastric or gastroesophageal junction
adenocarcinoma (KEYNOTE-062)

Pembrolizumab

Phase I1I

Recruiting

(continued)
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Table 9.3 (continued)

Study Subject Agent Stage Status
NCT02370498 | Study of pembrolizumab versus paclitaxel for | Pembrolizumab Phase III | Recruiting
participants with advanced gastric/
gastroesophageal junction adenocarcinoma
progressed after first-line therapy
(KEYNOTE-061)
NCT02689284 | Combination margetuximab and Margetuximab Phase I/Il | Recruiting
pembrolizumab for advanced, metastatic Pembrolizumab
Her2(+) gastric or gastroesophageal junction
cancer
NCT02572687 | Study of ramucirumab plus MEDI4736 in Ramucirumab Phase [ Recruiting
advanced gastrointestinal or thoracic MEDI4736
malignancies
NCT02443324 | Study of ramucirumab plus pembrolizumab in | Ramucirumab Phase | Recruiting
participants with gastric or GEJ Pembrolizumab
adenocarcinoma, NSCLC or transitional cell
carcinoma
9.3 CTLA-4 shown promising clinical responses in several
other tumor types [56-58].
9.3.1 Introduction to CTLA-4

CTLA-4 is also known as CD152 and was identi-
fied as a member of the immunoglobulin superfam-
ily closely related to the CD28 homolog [45]. It is
present on the plasma membrane upon antigen rec-
ognition at immune synapses between T cells and
antigen-presenting cells (APCs) [46, 47]. The
CTLA-4 suppressive mechanisms behind T cell
dysfunction have been attributed to the following
steps: First, CTLA-4 has a 10- to 100-fold higher
affinity for CD80 (B7-1) and CD86 (B7-2) than
CD28, thus outcompeting CD28 for co-stimulation.
Second, CTLA-4 transduces co-inhibitory signals
through protein phosphatases. Third, CTLA-4
binds to CD80 and CD86, which leads to their inter-
nalization into T cells and results in decreased con-
tact of antigen-presenting dendritic cells from
co-stimulatory ligands. Fourth, CTLA-4 shortens
the duration of immune synapse responses as a
result of signal attenuation and integrin deactivation
[48-53]. However, there is a difference in how
CTLA-4 affects different T cell subsets [54]. As
shown in Treg cells, CTLA-4 activated its function,
thereby mediating immune tolerance [55] (Fig. 9.2).

The CTLA-4 blocking antibody Ipilimumab
was approved by the FDA in 2011 for treating
metastatic melanoma. It was the first immune
checkpoint inhibitor approved for cancer treat-
ment. Subsequent to this approval, it has also

9.3.2 CTLA-4in Gastric Cancers

There is quite a limited amount of preclinical
research into CTLA-4 blockade strategy and gastric
cancer. To this end, we sought to explore the clinical
significance of CTLA-4 expression in gastric can-
cer. In the following section, we discuss some of the
clinical trials that are targeting this pathway, either
alone or in combination with other immunothera-
pies, in the treatment of gastric cancer.

9.3.2.1 Clinical Significance of CTLA-4
in Gastric Cancers

When compared with immune checkpoints PD-1
and PD-L1, there are far fewer studies that have
investigated the expression, clinical associations,
and prognosis of CTLA-4 in gastric cancer.
Summarized below are those studies that have
focused on the clinical significance of CTLA-4 in
gastric cancer patients.

Kordi et al. analyzed promoter methylation,
polymorphisms, and expression levels of CTLA-4in
25 patients with gastric cancer. The study showed
that the methylation of the CTLA-4 gene is associ-
ated with higher risk of gastric cancer, with lower
gene expression levels in cancer tissues than in their
relative normal margins (7.56 = 17.35 wvs.
15.45 £+ 7.96, respectively). This study indicated
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that gene silencing of CTLA-4 is possibly related to
promoter hypermethylation. This could be one of
the risk factors for gastric cancer. These results indi-
cated that CTLA-4 is a potential therapeutic target
for gastric cancer [59]. However, this study was
conducted with a limited number of patients and
requires a larger sample size for a more thorough,
convincing understanding of the role CTLA-4 plays
in the development of gastric cancer.

Suling et al. investigated over 1600 Asian
and non-Asian gastric cancer patients and
showed that gastric cancers from different

genetic backgrounds exhibited distinct genetic
signatures. When compared with Asian gastric
cancers, non-Asian gastric cancers exhibited
enrichment in multiple genes related to T cell
biology, including the CD28 and CTLA-4 path-
ways. These findings indicated that geographi-
cal differences could influence patients’ clinical
outcomes. Moreover, it provided a rationale for
future clinical trials targeting CTLA-4 inhibi-
tion in non-Asian gastric cancer patients [60].
Jin et al. included 243 gastric cancer patients
and reported 65.8% positive CTLA-4 expression
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among these patients. They suggested that the
expression levels of the suppressive markers
PD-L1, CTLA-4, and IDO were strongly corre-
lated with each other and related to intestinal
type, well-differentiated histology, less advanced
stages and reduced vascular invasion [25].

A study by Hou et al. selected three functional
polymorphisms within the CTLA-4 gene in 205
gastric cancer patients and 262 healthy controls.
They showed that +49A/G polymorphism AG and
—1661A/G polymorphism GG were frequently
observed in cancer patients than in healthy con-
trols. Based on these results, they suggested that
CTLA-4 variation may be an important factor
impacting the risk of gastric cancer [61].

9.3.2.2 Clinical Studies of CTLA-4
in Gastric Cancers

Clinical studies centering on CTLA-4 and gastric
cancer have been limited until fairly recently. In a
Phase 1II trial, Tremelimumab was investigated in
18 patients of metastatic gastric and esophageal
adenocarcinomas as a second-line treatment. The
drug-related toxicity was well tolerated in all
patients. Among those receiving tremelimumab,
four patients had stable disease after treatment,
and one patient achieved partial response. Though
overall responses were low, the one patient show-
ing a response achieved a remarkable clinical ben-
efit, having a partial response after eight cycles.
This partial response was also long-lasting,
remaining until at least 32.7 months after treat-
ment. Moreover, immune responses to tumor-
associated antigens were also evaluated. To this
end, eight patients responded to 5T4 and five
patients responded to CEA. Patients with a post-
treatment CEA proliferative response had a
median survival of 17.1 months, while nonre-
sponders had a median survival of 4.7 months.
This difference revealed a correlation between
treatment-related immune responses and clinical
benefit [62]. Another Phase II trial (NCT01585987)
for ipilimumab sought to examine its effects on
metastatic gastric cancer and gastroesophageal
junction cancer and importantly, to compare the
efficacy of ipilimumab with the best supportive
care treatment after first-line chemotherapy. This
study has been completed, but results have yet to
be published.

Considering the limited published clinical
benefit regarding anti-CTLA-4 monotherapy as
well as the reported high response rate of com-
bined anti-CTLA-4 and anti-PD-1 therapy evalu-
ated in a small group of patients [63], more
clinical investigations and longer follow-ups will
be needed to decide whether the combined block-
ade of immune inhibitory checkpoints is benefi-
cial to gastric cancer patients. To this end, a Phase
I/1Ib study (NCT02340975) is ongoing in gastric
cancer patients to evaluate the combined effects
of the PD-L1 antibody durvalumab with tremeli-
mumab. Moreover, a Phase /Il study
(NCTO01928394) is ongoing to investigate
nivolumab monotherapy versus nivolumab in
combination with ipilimumab for use in solid
tumors (including gastric cancer). Finally,
another study (NCTO02488759) is ongoing to
investigate the safety and efficacy of nivolumab
plus ipilimumab in virus-associated tumors
(CheckMate358)—including Epstein-Barr-virus-
positive gastric cancer.

9.4  Other Immune Checkpoints

and Gastric Cancer

PD-1, PD-L1, or CTLA-4 blocking antibodies have
already achieved great success in the treatment of
cancer, with objective response rates reaching
upward of 50% in special types of cancer. Despite
this, more than half of treated patients remain unre-
sponsive to these strategies. Indeed, in gastric can-
cer, patients who could benefit from these therapies
were much lower until recently. With this in mind,
other inhibitory receptors should be investigated as
potential treatment options to increase the frequency
of objective responses in gastric cancer. In the fol-
lowing sections, the studies of two other immune
inhibitory checkpoints, both of which may have
potential use in the treatment and/or prognosis of
gastric cancer, will be outlined.

9.4.1 Tim-3

9.4.1.1 Introduction to Tim-3

Tim-3 was first discovered in 2002 and was iden-
tified on T cells, most of which were either CD4*
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T helper type 1 (Thl) or CD8* T cytotoxic type 1
(Tc1) cells. The endogenous Tim-3 ligand is the
S-type lectin galectin-9 (Gal-9), itself a soluble
molecule that is widely expressed [64]. The inter-
action between Tim-3 and Gal-9 induces cell
death. Tim-3 is considered to be a negative regu-
latory molecule for immune responses driven by
Thl and Tcl [65]. There are eight members of
Tim family (Tim-1-8) that have been discovered
in mice. Comparatively, humans only express
Tim-1, Tim-3, and Tim-4.

9.4.1.2 Preclinical Studies of Tim-3

A considerable amount of literature has been
published on the immune inhibitory function of
Tim-3 in preclinical cancer models, including
gastrointestinal cancers. In murine models of
colon carcinoma, Tim-3 blockade performs
almost as effectively as PD-1 blockade [66].
Moreover, work has also shown that when com-
bined with PD-1 blockade, the blocking of Tim-3
is more effective in some type of tumors. These
include melanoma, sarcoma, and acute myeloge-
nous leukemia [67]. These preclinical data sup-
port the potential for Tim-3 pathway blockade as
an effective treatment for various types of cancer
[68]. Collectively, these results suggest that a
combined approach featuring Tim-3 and PD-1
may achieve optimal clinical efficacy.

9.4.1.3 Tim-3 and Gastric Cancer

At present, several attempts have been made to
investigate the role of either Tim-3 or Gal-9 in
gastric cancer patients as well as to explore their
clinical significances.

A growing body of literature suggests that the
Tim-3 and Gal-9 may play an important role in
gastric carcinogenesis. For example, Jiang et al.
used an immunohistochemical approach to inves-
tigate Gal-9 and Tim-3 expression in 305 samples
of gastric cancer tissue. The percentage of posi-
tive expression of Gal-9 and Tim-3 was 86.2%
and 60.0%, respectively. This suggests that
higher expression of Gal-9 is related to better sur-
vival. Conversely, negative expression of Tim-3
was significantly correlated with better patient
outcomes. The combination of Gal-9 and Tim-3
expression was an independent prognostic marker
for gastric cancer [69]. In another study, Yang

et al. assessed Gal-9 mRNA expression in 44 fro-
zen primary gastric cancer tissues and healthy,
adjacent tissue. These results showed a signifi-
cant reduction of both Gal-9 and Tim-3 (> two-
fold decrease) in 77% and 59% of the samples of
gastric cancer, respectively. Moreover, Gal-9
expression was correlated with TNM stage,
tumor differentiation, lymph node metastasis,
and survival [70].

Cheng et al. found that Tim-3 expression was
significantly upregulated on tumor-infiltrated T
cells. Interestingly, on CD4* T cells, the expres-
sion level of Tim-3 was significantly associated
with the size of tumor, the depth of tumor inva-
sion, lymph node metastasis, and TNM stage.
While on CD8* T cells, it was only relevant to
TNM stage and tumor invasion. In accordance
with the above findings, it was also shown that
patients with higher Tim-3 levels on T cells had
significantly poorer survival rates [71].

Apart from tissue analysis, Tim-3 expression
in peripheral blood samples was also analyzed. It
was found that PD-1 and Tim-3 were signifi-
cantly higher on CD8* T cells of gastric cancer
patients than those of healthy controls. In addi-
tion, PD-1 and Tim-3 expression on CD8* T cells
was significantly correlated with each other in
gastric cancer patients. Furthermore, statistically
greater numbers of CD8* T cells positive for
PD-1 and Tim-3 were seen in gastric cancer tis-
sues than in PBMCs. Impaired immune responses
were also detected in PD-1"Tim-3"CD8* T cells
[34].

In addition to T cells, Wang et al. also found
that Tim-3 levels in NK cells obtained from
patients with gastric cancer were significantly
higher than those in healthy controls. Tim-3 lev-
els in NK cells were also associated with
advanced tumor stage. In a tumor-bearing mouse
model, Tim-3 levels in NK cells increased with
tumor growth, indicating that tumor progression
could induce Tim-3 expression on NK cells.
Moreover, they reported that T-bet was a key fac-
tor involved in the regulation of Tim-3 [72].
Similarly, Rui et al. also found that the expres-
sion of Tim-3 on MDSCs in peripheral blood was
higher in patients with gastric cancer [73].

Cao et al. performed a polymorphic screening
for Tim-3 gene in gastric cancer in the Chinese
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population. This analysis revealed that three
types of polymorphisms, —574G/T, —882C/T,
and —1516G/T, were all located in the promoter
region of Tim-3. These results indicate that the
Tim-3 haplotypes may also be associated with
increased gastric cancer susceptibility [74].

Up until now, there have been no clinical trials
specifically investigated the use of anti-Tim-3
antibody for treatment of gastric cancer. A Phase
Istudy (NCT02817633) evaluating the anti-Tim-3
antibody TSR-022 for use as a monotherapy as
well as in combination with an anti-PD-1 anti-
body 1is currently recruiting patients with
advanced solid tumors.

9.4.2 IDO

9.4.2.1 Introduction to IDO

Indoleamine 2,3-dioxygenase (IDO) is a group of
negative immune regulators which has attracted
much attention in recent years. It plays an impor-
tant role in the catabolism of tryptophan, which is
an essential amino acid in the process of T cell
proliferation. Tryptophan degradation via the
kynurenine pathway is enzymatically controlled
at its first step. Among the IDO groups, IDOI is
most frequently expressed in many tumors and
considered as the main contributor of tumor
resistance against immune rejection. IDO1 inhib-
its T cell responses by two mechanisms: (1) local
depletion of tryptophan, which is required for T
cell proliferation, and (2) induction of apoptosis
or growth arrest by tryptophan metabolites. A
few years ago, IDO2 was also identified as an
IDO1 homolog, but its function is not clearly
known [75-78].

9.4.2.2 IDO and Gastric Cancer

Overexpression of IDO1 has been observed in
gastric, breast, lung, pancreatic, and colorectal
cancers [76, 79-81]. Zhang et al. sought to
explore the expression of IDO in different sub-
sets of tumor-infiltrating T cells in gastric cancer.
Their results demonstrated that IDO overexpres-
sion and memory T cells (Tm) in the tumor
microenvironment were correlated with both
tumor stage and histological type. More impor-

tantly, they showed that patients with a lower per-
centage of CD4* Tm and CD8* Tm cells usually
had higher IDO expression. It has been suggested
that Tm plays a critical role in the antitumor
immunity. The proliferation and the long exis-
tence of T cell memory may determine gastric
carcinogenesis and carcinogenic progression.
Therefore, a strategy targeting the IDO check-
point might be associated with interfering in T
cell memory function [82].

Similarly, Li et al. showed high IDO expres-
sion was present in gastric tumor tissue relative to
normal tissue. High IDO expression was also
related to low percentages of CD4* Tm/CD8* Tm
and high percentages of CD8* T effector memory
cells (Tem). Clinical characteristics such as larger
tumor size, deeper tumor invasion, and lymph
node metastasis were also correlated with high
IDO expression [83].

Another study conducted by Kim et al. was
concerned with the multiple immune suppressive
checkpoints of gastric cancer and showed that,
together with PD-L1 and CTLA-4, IDO was
upregulated in gastric cancer tumor tissue. High
IDO expression was also related to less advanced
stages and well-to-moderate differentiation.
Among these 243 patients, the positive rate of
PD-L1, CTLA-4, and IDO expression was 43.6,
65.8, and 47.7%, respectively [25].

Taking into account the limited research on
IDO expression and its role in gastric cancer, no
clinical trials have been launched to date to target
this pathway for the treatment of gastric cancer.

9.5 Conclusion and Future

Perspectives

During the past few years, the strategy of check-
point blockade therapy has achieved great suc-
cess in a variety of tumor types. This is especially
true for the application of PD-1/PD-L1 blocking
antibodies. Although our knowledge about
immune checkpoint and gastric cancer is largely
based on preclinical studies and a limited set of
clinical investigations, it is clear that more
emphasis should be placed on this approach. A
growing body of evidence has supported the
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hypothesis that aberrant expression of the
immune checkpoint molecules in the tumor
microenvironment of gastric cancer is correlated
with clinical characteristics and prognosis.
However, the different clinical settings used in
these studies mean that the exact relationship
between such aberrant expression and their asso-
ciation with worse or better clinical outcomes is
still unclear.

More importantly, we can now comprehen-
sively use molecular classification on certain
types of gastric cancer to define some as immune
“checkpoint-sensitive” tumors. In the future,
using such fine-grained classifications will allow
for the personalized application of checkpoint
blockade. Ultimately, this will lead to the best
therapeutic efficacies. In addition, accumulating
preclinical as well as clinical studies has shown
that the efficacy of checkpoint inhibition could be
amplified through dual blockade or in combina-
tion with other immunotherapies such as cancer
vaccines or adoptive cell therapy. As such, it is
worth combining various immune regents to
achieve a maximal effect. Moreover, it is possible
that further applications of this approach with
traditional chemotherapy or radiation therapy
could achieve better clinical responses in patients
with gastric cancer. However, this will require
further investigation at both the basic and clinical
research levels.

In conclusion, PD-1 and PD-L1 blockade as
well as other immune checkpoint inhibition strat-
egies are expected to be available in the future,
thereby offering more opportunities for the treat-
ment of gastric cancers.
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10.1 Introduction

Gastric cancer is a challenging global health issue
with poor outcomes for patients in advanced stages
of the disease and, consequently, high mortality
rates. Palliative treatment options have remained
focused on chemotherapy, even though it only
achieves modest survival benefits [1]. Although
there have been recent advances in both genetic
characterization and development of novel target-
ing agents, the overall prognosis for advanced
cases of the disease remains disappointing. To this
end, the median overall survival (OS) has been less
than 12 months in the majority of trials [2]. When
compared with other cancer types, there has been
an increasing interest in the use of immunotherapy
to improve gastric cancer outcomes.

Cancer immunotherapy is a treatment that
uses activation and/or improvement of a person’s
immune system as a cancer-fighting entity. Over
the past decades, various immunotherapeutic
strategies have been developed for cancer treat-
ment, such as immune checkpoint modulators,
immune cell therapy, therapeutic antibodies,
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cancer treatment vaccines, and nonspecific
immunotherapies. Briefly, tumor immunity can
be divided into active and passive immunization
(Fig. 10.1) [3]. Within this binary, cancer vac-
cines belong to the former immunization mode.
Therapeutic cancer vaccines include those based
on DNA/RNA, protein, peptide, viral vectors,
tumor cells, and peptide-pulsed dendritic cells.

To target and destroy cancer, the immune sys-
tem must be able to recognize a given cancer
antigen and label it as a “foreign invader” [1].
Tumor antigens (TAs) can be roughly divided
into two different classes according to the speci-
ficity of antigen: tumor-associated antigens
(TAAs) and tumor-specific antigens (TSAs).
TAAs are expressed in some normal tissues at
low levels but overexpressed in tumor cells. In
comparison, TSAs are expressed exclusively on
tumor cells, including (1) cancer-testis antigens
(CTAs), which is shared across multiple tumor
types, but is typically restricted to non-MHC-
bearing germ cells such as those found in adult
testis tissue; (2) viral antigen, which is encoded
by viral oncogenes and restrictively expressed in
virus-associated tumors; and (3) neoantigen, the
immunogenic product of genetic mutation in
tumor cells, which can be processed, be presented
to T cells, and activate antitumor immune
responses.

With this in mind, the following section is
focused on the topic of tumor vaccines and its
application to gastric cancer immunology. It
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Cancer Immunotherapy

ACTIVE

N

PASSIVE

T

Checkpoint blockade:
anti-PD-1, anti-CTLA4, DNA/RNA, protein, peptide,
anti-PD-L1, monoclonal viral vectors, tumor cells,

antibodies etc. peptide pulsed DCs etc.

Therapeutic cancer vaccines:

Monoclonal antibodies:
trastuzumab (anti-HER2),

Adoptive cell therapy:
CIK, DC-CIK, NK,TIL,
CTL, DC-CTL, CAR-T,
NKT, TCR-T etc.

ramucirumab (anti-VEGF
R2) etc.

o

TAAs(tumor associated antigens):
Over-expressed antigens,
Differentiation antigens,

Oncofetal antigens

TSAs(tumor specific antigens):
Viral antigens,
Cancer-testis antigens,

Neoantigens

Fig.10.1 A general classification of tumor immunotherapeutic approaches

seeks to outline the theoretical basis, historical
trajectory, present-day status, and potential future
applications for vaccine-based immunotherapy.

10.2 Scientific Basis
of Inmunotherapeutic
Tumor Vaccines

10.2.1 MHC Molecules and T-Cell
Epitopes

A MHC class I molecule consists of a polymor-
phic heavy chain, a f2-microglobulin subunit,
and a peptide anchored to the binding groove
that is located in the heavy chain. Classical
MHC class I molecules include HLA-A,
HLA-B, and HLA-C, which are encoded by
genes at the HLA-A, HLA-B, and HLA-C loci,

respectively. There are also some nonclassical
MHC molecules with immunomodulatory func-
tions, such as HLA-E, HLA-F, and HLA-
G. Several hundred human heavy chain alleles
have been discovered (http://www.allelefre-
quencies.net/). The peptide ligands binding to
MHC class I molecules are generally composed
of 9—10 amino acids. MHC class I peptides are
predominantly derived from endogenous
degraded proteins. This process begins with
cleavage of the endogenous proteins by canoni-
cal proteasome and immunoproteasome with
different cleavage preferences. Cleaved pep-
tides in the cytosol are translocated into the
endoplasmic reticulum and assembled into
MHC class I molecules. Finally, the assembled
MHC class I molecules are translocated to the
cell membrane and recognized by T-cell recep-
tors on T lymphocytes. Exogenous antigens can
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also generate MHC class I peptides through
cross-presentation pathways. In this case, exog-
enous proteins are endocytosed into profes-
sional antigen-presenting cells (APCs) and then
processed and loaded onto MHC class I mole-
cules. MHC class II molecules are comprised of
ligands with 12-26 amino acids. MHC class II
peptides are mainly produced by professional
APCs, such as DCs, macrophages, and B cells.
Exogenous proteins are internalized, proteo-
lyzed, and assembled into MHC class II mole-
cules in the endosomes and lysosomes of the
professional APCs. MHC class II molecules
can also bind peptides originating from endog-
enous proteins by other processing pathways.

10.2.2 Identification of Tumor
Antigens and Their Epitopes

Identification of Tumor
Antigens

Different methods are developed to identify
tumor antigens. Tumor-reactive T cells from can-
cer patients and tumor cell lines were used in the
classical strategy for identifying T-cell antigens
and their epitopes. Briefly, the tumor cDNA
library is transfected into target cells expressing
the appropriate HLA molecules. T cells deriving
from tumor-infiltrating lymphocytes (TILs) or
the peripheral blood mononuclear cells (PBMCs)
are then adopted to identify T-cell antigens. The
CTL epitope is subsequently defined through
cDNA truncation and peptide recognition. Many
T-cell antigens and their epitopes—including
MAGE families, MART-1, tyrosinase, and
gplO0—are defined using this strategy. This
direct immunological strategy is still the major
strategy for identifying tumor-specific T-cell
antigens and epitopes.

Gene-expression profiling is an approach used
to identify overexpressed antigens found in
tumors. This is because some of the genes over-
expressed in tumor cells are involved in tumor
growth and metastasis. The corresponding pro-
teins of these overexpressed genes have been
postulated to be useful tumor antigens. For exam-
ple, the telomerase catalytic subunit is overex-

10.2.2.1

pressed in tumor cells and can be recognized by
cytotoxic T lymphocytes [4].

Another method is serological screening of
recombinant cDNA expression libraries (SEREX)
and used to analyze B-cell responses in cancer
patients in order to identify T-cell targets.
NY-ESO-1, tyrosinase, and MAGE are examples
of tumor antigens that have been identified via
the SEREX strategy.

10.2.2.2 Identifying T-Cell Epitopes

Two strategies are currently being used to define
T-cell epitopes and are based on different starting
points. One is used in the case of knowing a
T-cell reaction against tumor cells, without infor-
mation regarding its specificity. Another begins
with known tumor antigens, with allele-specific
peptides being predicted and validated via a
reverse immunological approach.

1. Identification of CTL epitopes via T-cell
recognition

The classical approach for T-cell epitope iden-
tification is to investigate the specificity of a
tumor-specific CTL clone in order to define its
epitope. Tumor-specific CTL clones from the
patients are adopted to screen a tumor cDNA
library. The minimal epitope sequences are then
revealed by truncation experiments. An alterna-
tive approach is to use MHC molecules present-
ing the relevant peptides. These molecules are
then purified using biochemical methods. The
mixture of MHC ligands is eluted from the MHC
molecules and fractionated wusing high-
performance liquid chromatography (HPLC).
Finally, the fractions recognized by T cells are
then analyzed using tandem mass spectrometry
(MS/MS)-mediated sequencing.

2. Identification of CTL epitopes starting with
tumor antigens

In comparison, this approach begins with
known tumor antigens rather than preexisting T
cells. Epitope prediction is the first and most
important step to identifying CTL epitopes.
Many software and online programs (e.g.,
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BIMAS24, SYFPEITHI, and NetMHC) have
been developed to predict peptides that have the
possibility to bind with HLA molecules. In
addition, other prediction methods can be
adopted in order to more accurately predict the
epitope. These strategies include proteasomal
cleavage site and TAP translocation prediction
methods. Once possible epitopes have been
selected, they should be validated in order to
demonstrate the presentation and immunogenic-
ity of the predicted epitope. Peptide-specific T
cells induced from human PBMC or HLA class
I transgenic mice are often used as tools to test
the natural presentation and immunogenicity of
the epitope.

10.3 TAA-Based Tumor Vaccines

10.3.1 Peptides Derived from TAs
and Their Properties

Tumor antigens (TAs) are the molecules specifi-
cally expressed or overexpressed by tumor cells.
There are two types of tumor antigens, defined
according to their tumor specificity [5]. Antigens
with high tumor specificity include viral anti-
gens, neoantigens, and cancer-testis antigens.
Differentiated and/or overexpressed antigens
belong to the class of antigens with low tumor
specificity.

Some tumors are accompanied by viral infec-
tion. For instance, Epstein-Barr virus (EBV) was
the first human virus to be directly associated
with a wide range of cancers, including Burkitt’s
lymphoma, Hodgkin’s disease, nasopharyngeal
carcinoma, and gastric cancer [6]. Moreover,
almost all cervical cancer cases (95%) are caused
by the human papilloma virus (HPV) [7]. Finally,
about 80% of hepatocellular carcinoma (HCC) is
due to hepatitis B virus (HBV) or hepatitis C
virus (HCV) infections [8]. Importantly, the con-
nection between viral infection and cancer signi-
fies that the virus antigens expressed by infected
cells provides a source of distinctive tumor
antigens.

Neoantigens are tumor antigens encoded by
the mutated genes of tumor cells. They are

promising immunogens and immunotherapeu-
tic targets due to their tumor specificity as well
as the lack of central tolerance [9]. Along with
the development of whole-genome sequencing
and the strategies used to systematically iden-
tify tumor neoepitopes, personalized tumor
vaccines derived from neoantigens have been
designed and utilized in both basic and clinical
studies.

Cancer test antigens are proteins normally
expressed in germline and trophoblastic cells, but
are abnormally expressed in various human
tumors (e.g., families of MAGE, BAGE,
NY-ESOI, and SSX). They are immunogenic and
highly tumor specific, so vaccines derived from
them have been studied as safe and therapeuti-
cally beneficial.

Differentiated antigens are derived from pro-
teins that are expressed in malignant and normal
cells with the same lineage. Most of the discov-
ered, differentiated antigens are expressed in
melanoma cells. Moreover, melanoma differen-
tiated antigens (MDAs) can be detected in mela-
noma cells as well as normal melanocytes.
Antigen-specific T cells that have a high affinity
to MHC complexes and that are loaded with
MDA-derived peptides have been identified
from the blood and tumors of the melanoma
patients. This suggests that there is incomplete
central tolerance to these antigens. MART-1,
gp100, tyrosinase, and tyrosinase-related protein
(TRP) 12 are the common MDASs. Vaccines
derived from these proteins have been tested in
clinical studies.

Overexpressed antigens are also potential
sources of tumor immunotherapeutic vaccines.
In comparison to normal cells, some genes are
upregulated in tumor cells, ultimately resulting
in overexpressed proteins. Peptides derived from
these overexpressed proteins (e.g., Her2, MUCI,
PRAME, survivin, and telomerase) can be rec-
ognized by specific T lymphocytes. This sug-
gests that there is the potential for the
development of promising cancer vaccines from
them that can be used in the clinic. More specifi-
cally, ERBB2, Wilms tumor 1 (WTl), and
mucinl (MUC1) are all examples of these over-
expressed antigens.
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10.3.2 Single and Polyepitope
Vaccines

The simple generations of peptide vaccines only
involved single HLA-class I-restricted peptides.
Polyepitope vaccines have been developed to
enhance the clinical efficiency of vaccines. This
is because tumors express multiple tumor antigen
epitopes recognized by T cells and a single pep-
tide vaccine targeting only one of them is often
inefficient. Simple polyepitope vaccines contain
several HLA-class I-restricted peptides from the
same HLA type, such as HLA-A24-restricted
LY6K-177 and VEGFRI1-1084 peptides [10].
Personalized peptide vaccination (PPV) approach
with a maximum of four HLA-matched vaccine
peptides adopted was developed according to the
finding that peptide-specific cellular responses
could be detected from the peripheral blood of
patients with tumors [11, 12]. A series of Phase I
and II PPV clinical trials were performed and
showed improved antigen-specific CTL and anti-
body responses and better clinical outcomes in
patients with advanced tumors, such as mela-
noma, gastric, lung, and prostate cancers
[13-16].

It is well-known that Th1 cells promote CTL
cell survival and memory response, ultimately
resulting in effective CTL-mediated antitumor
responses [17]. Simultaneously, tumor-specific
T-helper cells can induce tumor senescence and
possess direct either antitumor and/or antiangio-
genic effects [18, 19]. To this end, a series of
studies were performed to study whether peptide
vaccines could induce CD4* T-cell responses.
For example, 6 HLA-DR-restricted melanoma
helper peptides (6MHP) were used in patients
with metastatic melanoma. Results showed that
median survival was significantly longer for vac-
cinated patients. Moreover, that appearance of a
specific Th1-dominant CD4* T-cell response was
related with enhanced survival in vaccinated
patients [20].

Vaccination using long peptides with both
CDS8* and CD4* epitopes is another proposed
strategy for inducing an antitumor response in
patients with tumors. Some clinical trials using
long peptide cancer vaccines for malignancies

have been conducted. For instance, GV1001 is a
peptide vaccine with a 16-aa human telomerase
reverse transcriptase (hTERT) sequence that can
be loaded into multiple HLA class II molecules
and may bind the putative HLA class I molecules
[21, 22]. A GV1001 Phase II trial in non-small
cell lung cancer (NSCLC) patients who had been
vaccinated after receiving chemoradiotherapy
showed a good toleration to the vaccine.
Importantly, it immunized the majority (80%) of
NSCLC patients and established a durable T-cell
memory [23]. GV1001 vaccination in patients
with advanced stage IV melanoma revealed a
peptide-specific immune response in 78% (18 out
of 23) of the evaluated patients [24].

However, some clinical trials have failed to
show effective results in patients with certain
types of cancers. For example, a study was per-
formed to explore the safety and immunogenic-
ity in non-resectable pancreatic carcinoma
patients using GV1001 vaccination with chemo-
therapy. Although the combined therapy was
safe, the immune responses weren’t strong and
lasting enough [25]. In a separate study, six
cutaneous T-cell lymphoma (CTCL) patients
were vaccinated with the GV-peptide.
Unfortunately, none demonstrated objective
clinical responses to the vaccination [26]. Taken
together, it is clear that further studies need to
be conducted to definitively state the effective-
ness of a GV100lvaccination in cancer. It
should also be noted that other studies using
both short- and long-peptide vaccinations aimed
at inducing both CD4* and CD8* responses have
been performed [27, 28].

10.3.3 Clinical Application
of Vaccination with TAA
Peptides in Gastric Cancer
10.3.3.1 Lymphocyte Antigen 6
Complex Locus K (LY6K)
LY6K has been revealed as a tumor-associated
antigen in various tumor types, including those
found in bladder, breast, and lung cancers. To this
end, it has been reported that vaccine therapy
with  peptide LY6K-177 stimulated an
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antigen-specific CD8" CTL response in patients
with esophageal carcinoma [29]. This expression
was also immunohistochemically identified in
about 85% of gastric cancer samples [30]. Given
this past work, a Phase I clinical trial featuring
vaccination with HLA-A*2402-restricted LY6K-
derived peptide LY6K-177 was conducted at
Kinki University in patients with advanced or
recurrent gastric cancer [30]. Methodologically,
LY6K-177 peptide was mixed with incomplete
Freund’s adjuvant ISA 51 and administered intra-
cutaneously to either the inguinal region or axilla
of patients. There was no evidence of systemic
toxicology during the observation period, sug-
gesting that the peptide vaccine was safe. Three
out of six patents achieved a stable disease (SD)
clinical response. Moreover, the presence of
more specific spots in an ELISPOT assay was
correlated with increased survival rates [30].

10.3.3.2 MAGE-A3

There is positive expression of melanoma anti-
gen-A3 genes (MAGE-A3) in over 50% of gas-
tric cancer tumor tissue [31, 32]. Given this,
vaccination of dendritic cells (DCs) loaded with
both HLA-A2-restricted peptide MAGE-A3-271
and HLA-A24-restricted peptide MAGE-A3-195
derived from MAGE-A3 was tested in the patients
with gastrointestinal carcinomas. Postvaccination,
peptide-specific CTL responses were detectable
in 50% (4/8) of patients. Moreover, tumor mark-
ers declined in seven patients. These results sug-
gest that the treatment is a safe and promising
immunotherapeutic method for gastrointestinal
carcinomas [33].

10.3.3.3 HER-2

HER-2is a transmembrane tyrosine-specific
kinase. It is overexpressed at a median rate of
18% (range, 4-53%) of gastric cancers [34]. A
Phase I vaccination trial in patients with gastric
cancer via DCs pulsed with HLA-A2-restricted
HER-2-derived peptide HER2-369 showed that
no serious adverse effects were observed in the
patients who had received the vaccination.
Furthermore, HER2-369 peptide-specific CTL
was shown in six of nine patients after immuniza-
tion. Of these, one patient underwent a partial

clinical response and another showed stabilized
disease status [35].

10.3.3.4 VEGFR1 and VEGFR2

Vascular endothelial growth factors (VEGFs) are
highly specific mitogens for vascular endothelial
cells and important in tumor angiogenesis and
vasculogenesis. VEGF receptors (VEGFRs) bind
different VEGFs and result in different biological
responses, which can include angiogenesis, lym-
phangiogenesis, and inflammatory cell recruit-
ment [36]. As such, both VEGFR1 and VEGFR2
are important antiangiogenic targets. A Phase I/I
study of HLA-A24-restricted peptide vaccines
used VEGFR1-1084 and VEGFR2-169 in combi-
nation with therapeutic agents S-1 and cisplatin
in advanced or recurrent gastric cancer patients.
Results indicated that this combined approach
was both safe and highly effective to patients
with either advanced or recurrent gastric cancer.
More specifically, VEGFR1-1084- and VEGFR2-
169-specific CTL responses were each induced
in 82% (18/22) of patients. Of those tested,
twelve patients demonstrated a partial response,
while ten showed a stable disease status after two
cycles of the combination treatment. Collectively,
these results suggest that this combined strategy
gives promise for the therapy of advanced
cancers.

10.3.3.5 LY6K and VEGFR1

A Phase I trial of a peptide vaccination with HLA-
A24-restricted LY6K-177 and VEGFRI1-1084
peptides in patients with chemotherapy-resistant,
advanced, and unresectable gastric cancer showed
that such vaccination was safe for advanced gas-
tric cancer. Four out of 12 patients had a stable
disease state after a single treatment course in this
study [10].

10.3.3.6 WT1 and MUC1

HLA-A2402-restricted Wilms’ tumor gene WT1-
modified peptide (CYTWNQMNL) has an amino-
acid mutation (M to'Y at position 2) to increase the
binding affinity to HLA-A*2402 molecules. With
this substitution, WT1-specific CTL was more
effectively elicited than if the wild-type peptide
from PBMC of HLA-A*2402-positive healthy
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volunteers was used [37]. To this end, vaccination
of DC pulsed with MUCI long peptide
(TRPAPGSTAPPAHGVTSAPDTRPAP-GSTAP)
was safely used in patients with recurrent ovarian
cancer [38]. Furthermore, vaccination of DC
pulsed with WT1 peptide and MUCI long peptide
was used in a patient with locally recurrent gastric
cancer. The patient had been in remission for
30 months, suggesting the therapeutic benefit of
intratumoral injections of DCs into the patients
who could not undergo endoscopic submucosal
dissection or surgery [39].

10.3.3.7 Personalized TAA Peptide
Vaccination

Vaccinations can be made by screening personal-
ized peptides according to preexisting T-cell
responses to the given peptide. Patients with
advanced gastric cancer were screened using a
16-peptide library for HLA-A2 allele and a
14-peptide library for HLA-A24 allele. Enhanced
T-cell and antibody responses to the screened
peptides were detected. Crucially, patients with
the immune responses to the vaccinated peptides
showed prolonged survival [14]. Another study
featuring personalized peptide vaccinations with
TS-1was done for advanced gastric and/or
colorectal carcinoma patients. This study also
showed that the combination treatment was well
tolerated. Moreover, postvaccination peptide-
specific IgG and interferon-gamma production
by CTL were both increased in 9/11 and 7/11,
respectively [40].

10.4 Neoantigen-Based Tumor
Vaccines

10.4.1 Introduction

Over the course of its evolution, the immune sys-
tem has developed to recognize and destroy for-
eign invaders. Given this basis, the foundation of
a successful immunotherapy is inherently an
issue of “self” versus ‘“non-self” discrimination
[41]. Until recently, the majority of researches in
tumor immunotherapy were placed on tumor-
associated antigens and shared antigens expressed

in both tumors and normal tissues [42, 43].
However, the low affinity to TCRs resulting from
incomplete central tolerance and on-target but
off-tumor toxicity limits the application of these
antigens. To this end, work in transgenic mice
with non-mutated, tumor antigen-specific TCR
expressed in all T cells showed they were unable
to reject tumors that express the P1A antigen
[43]. Highly specific tumor antigens that are dis-
played exclusively by tumor cells without normal
cell expression have the potential to elicit a robust
tumor-specific, immune response. This specific-
ity is theorized to result in minimal risk for
adverse effects, thus making it a promising target
for cancer immunotherapies such as therapeutic
vaccines and engineered T cells [44, 45]. On the-
oretical grounds, cancer rejection epitopes may
be derived from one of two antigen classes. A
first class of potential cancer rejection antigens is
formed by non-mutated proteins to which T-cell
tolerance is incomplete—for instance, because of
their restricted tissue expression pattern, as seen
in cancer-testis antigens (CTAs). A second class
of potential cancer rejection antigens is derived
from gene segments which are completely absent
in normal human genome and include both viral
and neoantigens [44]. Among these classes of
cancer-specific antigens, neoantigens have
received the most attention since they are taken to
be strictly tumor specific. With this in mind, sci-
entists have sought to harness this specificity to
draw the cancer out of its cloak of immune toler-
ance. In this manner, it would be visible, allow
for a provocation of a T-cell response, and puta-
tively lead to cancer control or eradication.
When compared with non-mutated self-
antigens, it has been proposed that neoantigens
are more intimately correlated with tumor control
[46]. Possible reasons for this are as follows: (1)
some somatic mutations may serve as core steps
in the process of oncogenesis and could influence
or decide biological tumor behaviors [47]; (2)
neoantigens are expressed exclusively in tumor
tissue and therefore minimize the risk of on-
target, off-tumor killing of healthy tissue; (3)
finally, given that neoantigens are derived from
mutations acquired during in tumorigenesis, the
TCR repertoire of T-cell progenitors has not
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encountered neoantigens during thymic develop-
ment. In theory, this would lead to a lack of central
tolerance toward neoantigens. Neoantigen-specific
T cells should not be deleted by negative selection
and may be present in circulation [48].

It is known that gastric cancers display a high
somatic mutational burden, with only melanoma,
lung, and bladder cancers displaying a more
mutated profile [47]. There are genetic and etio-
logical features specific to gastric cancers, which
may have relevance when considering their suit-
ability for immune-targeting approaches.

In the past two decades, a cDNA library was fre-
quently utilized in screening for unique neoantigens
[49]. The classical cDNA library screening
approach, which led to the discovery of multiple
neoantigens, is a labor-intensive method that inher-
ently low throughput. Collectively, this can lead to
failures in identifying some mutated antigens. A
large fraction of the mutations found in human
tumors is patient specific, meaning that they are not
shared between patients. Therefore, technologies
that are designed to analyze T-cell reactivity against
putative mutation-derived neoantigens should be
based on the genome of an individual tumor [44].
Recently, the development of whole-exome
sequencing technologies has made the identifica-
tion of non-synonymous tumor mutations easier
and more efficient. To this end, mutated peptide
immunogenicity was analyzed using a prediction
algorithm. The potential neoantigens that resulted
from this analysis underwent further experiments to
investigate their inherent T-cell reactivity [50, 51].

The application of modern sequencing tech-
nology to the development of personalized
neoantigen-based vaccines represents an exciting
fusion of genomics and immunotherapy, with
potentially important clinical implications for
gastric cancer treatment.

10.4.2 Evidence That Neoantigens
Are Dominant Tumor
Regression Antigens

Long-term follow-up studies have shown that a
substantial subset of patients receiving tumor-
infiltrating lymphocytes (TILs) for metastatic

melanoma experienced complete, lasting, and
even curative tumor regression [52]. This field
was pioneered by Steven Rosenberg of National
Cancer Institute (NCI), whose team developed
methods for the isolation and culture of tumor-
infiltrating lymphocytes (TILs). After lymhode-
pleting chemotherapy, TILs were reinfused
together with exogenous IL2 to heavily pretreat
patients with metastatic melanoma. This
approach resulted in objective clinical responses
in 52/93 patients (56%) and complete responses
in 20/93 patients (22%) [53]. Other medical cen-
ters, such as the MD Anderson Cancer Center in
Houston, TX, USA, had overall responses in
13/31 patients (42%) [54].

Recent studies have more specifically investi-
gated the tumor antigens recognized by TILs and
the probable specificities of the T cells mediat-
ing tumor rejection. Early studies identified TILs
and other T cells in melanoma with reactivity
against the shared tumor/self-melanocyte differ-
entiation antigens (MDAs) (e.g., gp100, MART1,
tyrosinase) [52]. However, both melanomas and
normal melanocytes in skin and retina express
MDAs. Given this, autoimmune toxicities
against these normal tissues were rarely
observed—even in patients who experienced
profound tumor regression. The frequency of
MDA-specific T cells in bulk TIL populations
was also generally low [55, 56]. Conversely,
TCR T-cell therapies that specifically target
MDAs with high affinity have been shown to
consistently induce autoimmune toxicities and
rarely mediate tumor regression [57]. Therefore,
the primary approach for TIL antitumor effects
should not be ascribed to MDA-specific T cells.
In reality, increasing evidence has suggested that
neoantigens derived from genetic mutations are
the main targets of tumor-reactive TILs and the
primary cancer rejection antigens in melanoma.
These mutations result in neoepitopes which can
be recognized by TILs. Moreover, it is possible
that T cells with specificity for these neoepitopes
constitute the dominant tumor-reactive popula-
tions in TILs [58, 59].

Unlike self-antigens such as MDAs, T-cell
affinity for mutated epitopes is not limited by
thymic negative selection. TIL clones against
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mutated gene products routinely display high tar-
get antigen avidity and robust recognition of
autologous tumor lines [58, 59]. It seems likely,
therefore, that melanoma immunogenicity is
linked to the high frequency of mutational events
in this cancer. Moreover, that T cells specific for
mutated gene products are responsible for tumor
regression in patients receiving TIL therapy.

Checkpoint inhibitor therapy, such as anti-
CTLA-4 and/or anti-PD-1 monoclonal antibody,
blocks the inhibitory signals toward T cells. It is
arevolutionary cancer treatment and has achieved
significant clinical benefits including robust and
long-lasting responses in several different malig-
nancies [60—63]. Mechanistically, such check-
point agents activate the immune system in order
to attack tumor cells. To this end, Gubin and col-
leagues used genomics and bioinformatics
approaches to identify neoantigens derived from
tumor-specific mutant proteins as a major class of
T-cell rejection antigens. This was done follow-
ing anti-PD-1 and/or anti-CTLA-4 therapy in a
sarcoma mouse model. Furthermore, they showed
that therapeutic synthetic peptide vaccines incor-
porating these mutant epitopes induced tumor
rejection to levels comparable to those of check-
point blockade immunotherapy.

It has been recently proposed that the muta-
tion load and neoantigen landscape might serve
as biomarkers to predict clinical responsiveness
to checkpoint blockade therapy, given that a
mutational gene signature was inferred to corre-
late with the long-term clinical benefits seen in
anti-CTLA-4 therapy [64]. Recently, Rizvi and
colleagues used whole-exome sequencing of
non-small cell lung cancers treated with anti-
PD-1 (pembrolizumab). Their results confirmed
that they had a higher, non-synonymous mutation
burden in tumors associated with improved
objective response, robust clinical benefit, and
progression-free survival [65]. Subsequently, a
separate study enrolling more than 100 patients
with metastatic melanoma confirmed that those
with the highest neoantigen load were most likely
to respond to ipilimumab [66, 67]. Following this
study, Diaz, Jr. et al. [68] found that colorectal
cancers that had a large number of somatic muta-
tions caused by mismatch-repair defects were

susceptible to immune checkpoint blockade. For
mismatch repair—deficient colorectal cancers, the
immune-related objective response and immune-
related progression-free survival rates were 40%
and 78%, respectively. For mismatch repair—pro-
ficient colorectal cancers, the rates were 0% and
11%, respectively. Whole-exome sequencing
revealed a mean of 1782 somatic mutations per
tumor in mismatch repair—deficient colorectal
cancers, compared with 73 in mismatch repair—
proficient tumors. High somatic mutational loads
were associated with prolonged progression-free
survival.

Taken together, these studies revealed that
neoantigens are not only important targets for
checkpoint blockade therapy but that they can
also be used to develop personalized, cancer-
specific vaccines. Mechanistically, they can also
be used to probe the underpinnings of different
checkpoint  blockade treatments. Indeed,
neoantigen-specific T cells have been shown to
underlie the clinical responses to many current
standard treatments and immunotherapeutic
interventions.

10.4.3 Neoantigen Identification

Tumor-specific mutations are ideal targets for
cancer immunotherapy, as they lack expression in
healthy tissues and can potentially be recognized
as neoantigens by the mature T-cell repertoire.
The predominant obstacle for the clinical use of
neoantigen-based vaccine approaches is the fact
that every patient’s tumor possesses a unique set
of mutations (“the mutanome”). In order for such
a therapeutic approach to be effective, each muta-
nome must first be identified. Over the past two
decades, classical cDNA library screening has
been utilized to screen neoantigens. In this
approach, cDNA library and MHC molecules
were overexpressed in cell lines and then cocul-
tured with T cells. This was done to identify anti-
gens that could successfully induce T-cell
activation, which was monitored by up-regulation
of cytokine secretion and active markers [49]. The
development of exome sequencing and bioinfor-
matics has allowed for significant technical
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advances in the rapid identification for personal-
ized cancer neoantigens. As such, they have
intrigued immunologists into targeting these
mutations for cancer immune therapy.

To this end, the Rosenberg research group at
the National Cancer Institute has developed a
screening approach involving mining whole-
exome sequence data and MHCI/peptide bind
prediction algorithm to identify neoantigens
expressed in patients with melanoma [59]. Using
this approach, they have successfully identified
mutated antigens expressed on autologous tumor
cells that were recognized by three bulk TIL lines
from three individuals with melanoma that were
associated with objective tumor regressions fol-
lowing adoptive cell transfer. However, this
approach is limited by the accuracy of the predic-
tive algorithms that are used. At times, these
algorithms can be adequate, sometimes even
resulting in excessively large candidate numbers.
Yadav and colleagues developed a screening
approach that combines whole-exome and tran-
scriptome sequencing analysis with mass spec-
trometry to identify neoepitopes in two widely
used murine tumor models [69]. Their predic-
tions lead to the generation of peptide-MHC I
dextramers, enabling the monitoring of the kinet-
ics and distribution of antitumor T-cell responses
both before and after vaccination. Moreover,
Kalaora and colleagues [70] also reported on a
combined whole-exome sequencing and mass
spectrometry method to analyze the mutated
HLA-I peptidome of human melanoma cells.

Another method is the use of tandem minigenes
(TMGs) that encode polypeptides containing a
mutated amino acid residue flanked on their N- and
C-termini by 12-13 amino acids. The previous
work synthesized tandem minigene constructs,
which were then used to transfect autologous APCs
or cell lines co-expressing autologous HLA mole-
cules. Using this method, Rosenberg and col-
leagues reported a patient with widely metastatic
cholangiocarcinoma whose lung metastases were
resected and adopted as a source for WES. This
revealed 26 non-synonymous mutations [71].
Finally, they constructed three TMGs that covered
all 26 non-synonymous mutations and demon-
strated that TILs from this metastatic cholangiocar-

cinoma patient contained CD4* T cells that
recognized a mutation in erbb2 interacting protein
(ERBB2IP) expressed by the cancer. Using NGS
combined with a high-throughput, immunological
screening approach constructed of tandem minige-
nes, they demonstrated that TILs from 9/10 patients
with metastatic gastrointestinal cancers contained
CD4* and/or CD8* T cells that recognized one to
three neoepitopes derived from patient-specific
somatic mutations [72].

10.4.4 MHC lI-Restricted
Neoantigens and CD4+*T Cells
in Antitumor Immunity

Given that CD8" CTLs can directly kill tumor cells
and destroy tumor masses in vivo, much attention
has been paid to the role of CD8* T cells in tumor
immunotherapy. To this end, a series of MHC-
class I-restricted TAs have been selected and iden-
tified. Although antigen-specific CD8" T cells are
widely considered to be superior, there are many
advantages to CD4* T-cell-mediated responses to
tumor antigens over CD8* T cells [73]. These
advantages are as follows: (1) as opposed to the
restricted HLA type of CD8* T-cell-mediated
immunity, CD4* T-cell-mediated immunity is
much more HLA promiscuous; (2) independent
activation of CD4* T cells relative to antigen pre-
sentation by tumor cells, meaning there is no
dampening due to their impaired presentation
machinery; (3) CD4* T cells can play a supporting
role like T helper cells; (4) CD4* T cells are able to
directly mediate cytotoxicity, in an IFN-y and
MHC-class Il-restricted way that is independent of
either CD8* T or NK cells in host; (5) tumor cells
can process and present MHC class II epitopes by
autophagy; (6) IFN-y can induce up-regulation of
MHC class II in tumor cells, thus rendering them
susceptible to CD4*+ T-cell-mediated cytotoxicity
[18]; (7) CD4* Th cells secrete multiple cytokines
once antigens are encountered, thereby inducing
an inflammatory microenvironment that can pro-
vide a co-stimulatory signal for innate and adap-
tive immune cells; finally, (8) CD4* T cells help
CDS8* T cells to proliferate, maintain their func-
tion, and infiltrate tumors.
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As mentioned above, MHC class Il-restricted
neoantigens and neoantigen-reactive CD4* T cells
have the potential to not only realize a broader
range of immune responses but also a stronger and
longer-lasting immune response when compared
with single MHC class I-restricted neoantigens.
Tools for identifying MHC class I molecule
restricted neoantigens are relatively efficient.
However, the algorithms to predict epitopes that
bind to MHC class II molecules and engage recep-
tors on CD4*+ T cells are far less accurate [67].
More recently, Sahin et al. conducted an experi-
ment that found 80-90% of immunogenic neoepit-
opes were recognized by CD4* T rather than CD8*
T cells. This demonstrated that personalized tumor
mutant neoantigens are perhaps more likely to bind
to MHC II molecules [74]. They then established a
process by which mutations screened out by exome
sequencing could be identified as vaccine targets
simply through bioinformatic prioritization com-
bining expression level and major histocompatibil-
ity complex (MHC) class II-binding capacity of
neoantigens. Thus, this would enable the produc-
tion of poly-neoepitope messenger RNA vaccines
much more conveniently and rapidly.

The neoantigens identified in the study elic-
ited antitumor immunity in three different mouse
models. Based on these results, they showed that
the combination of abundant expression and high
MHC class II binding could effectively restrict

the screening scope of neoantigens. Thus, this
approach could offer a simplified screening
method for MHC class II-restricted neoantigens.

10.4.5 Potential Clinical Applications
of Neoantigen-Based Cancer
Vaccines in Gastric Cancer

It is well known that gastric cancer displays a
high somatic mutational burden, with only mela-
noma, lung, and bladder cancers displaying a
more mutated profile [47]. Up until now, very
few tumor neoantigens have been identified in
somatic tumors (Tables 10.1 and 10.2). However,
stomach cancers have sufficient mutational loads
to generate neoantigens. In 2014, TCGA
described a new molecular classification for gas-
tric cancer (GC), dividing it into four subtypes:
EBV-positive tumors (EBVaGC), microsatellite-
instability (MSI) tumors, tumors with chromo-
somal instability, and genomically stable tumors
[75]. PD-L1 may have higher expression levels
within the EBV and MSI subgroups—in the first
case, from viral stimulation and, in the second,
encouraged by an elevated mutational rate. It is
important to further analyze these subtypes pro-
spectively and determine whether they truly
enable selection for checkpoint blockade and/or
neoantigen-based immunotherapy.

Table 10.1 Already-identified MHC class I-restricted neoantigens in solid tumors

Gene/protein HLA Peptide [76] Position
CTNNBI1 A24 SYLDSGIHF [77] S37F
CDK4 A2 ACDPHSGHFV [78] R24C
CDKI12 All CILGKLFTK [59] E928K
CLPP A2 ILDKVLVHL [79] P248L
GAS7 A2 SLADEAEVYL [59] H149Y
HSP70-2 A2 SLFEGIDIYT [80] F2931
MART?2 Al FLEGNEVGKTY [81] G448E
MEI1 A2 FLDEFMEGYV [82] A231G
TP53 A2 VVPCEPPEYV [83] Y220C
K-RAS B35 VVVGAVGVG [84] G12V
A2 KLVVVGADGYV [85] G12D
A2 KLVVVGAVGYV [85] G12V
A3302 VVGACGVGK [86] Gl12C
N-RAS Al ILDTAGREEY [87] Q61R
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Table 10.2 Already-identified MHC class II-restricted neoantigens in solid tumor

Gene/protein HLA Peptide Position
B-RAF DR4 EDLTVKIGDFGLATEKSRWSGSHQFEQLS [88] V600E
KRAS DRB1*0101 EYKLVVVGAVGVGKS [89] GI2V
DQA1*0301 CLLDILDTAGLEEYSAMRD [90] Q61L
DRB1*#0302 Q61L
DQ8 Q61L
DQ4 Q61L
DQ KLVVVGAVGVGKS [91] G12V
DQ7/DP3/DR2 MTEYKLVVVGARGVGKSALTIQLIQ [91] GI12R
DR LVVVGARGVGKSAL [92] GI12R
DR LVVVGAKGVGKSAL [92] GI2K
DQ LVVVGAAGVGKSAL [92] GI12A
DQ LVVVGAGVVGKSAL [92] G13V
PTPRK DR10 PYYFAAELPPRNLPEP [93] G677R
IDHI1 DRB1*0101 GWVKPIIIGHHAYGDQYRAT [94] R132H

Muro and colleagues showed that pembroli-
zumab was active in 40% of pretreated GC
patients with PD-L1-expressing tumors, with a
response rate of 22%, a 6-month progression free
survival rate of 24%, a 6-month OS rate of 69%,
and manageable side effects [95]. This was in
line with the aforementioned studies, which indi-
cated that checkpoint blockade therapy targets
tumor-specific mutant antigens [64]. Collectively,
this research indirectly confirms that there are
abundant neoantigens in gastric cancer.

The Rosenberg research group used NGS com-
bined with high-throughput immunological
screening to show that virtually all patients with
metastatic gastrointestinal cancers (9/10) harbor
tumor mutation-specific T cells. This finding pro-
vides further evidence for the value in developing
personalized vaccine and/or adoptive cell thera-
pies targeting immunogenic tumor mutations [72].

10.5 Tumor Vaccine-Based
Combined Treatment
Strategies

As checkpoint blockade boosts T-cell recogni-
tion of tumor antigens, the two approaches
should theoretically potentiate each other. Thus,
this combined approach might even increase the
percentage of people who benefit from check-

point inhibitor therapy [67]. The immune modu-
lating effect of checkpoint inhibitors may help
vaccine-activated T cells overcome the notori-
ously tumor immunosuppressive microenviron-
ment. Although checkpoint inhibitors may solve
the microenvironment problem, it is not clear
whether checkpoint inhibitors are able to modify
and/or modulate the T cell’s ability for tumor
infiltration.

There is a significant improvement in the ther-
apeutic response if (1) the antigen is overex-
pressed or (2) if the adoptive therapy is combined
with irradiation, where complete rejection with-
out recurrence has been observed in a high pro-
portion of mice with large tumor burdens [96].
This similarity suggests that immune evasion is
an obstacle faced not only by therapy based on
unmutated tumor antigens but also for neoanti-
gens. To this end, Leisegang and colleagues have
demonstrated that such evasion can be largely
avoided by combining it with irradiation therapy
[97]. Sublethal and lethal doses of radiation have
been shown to induce immunogenic tumor cell
death, thus leading to a more robust immune
tumor response [98, 99]. In addition to killing
tumor cells directly, radiotherapy has been shown
to induce expression of MHC class I and ICAM-
1, which are proteins important to antigen pre-
sentation. In this way, tumor cells become more
susceptible to the recognition of immune system
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and CD8* T-cell-mediated cytotoxicity. Past work
has also shown that radiotherapy can induce
CXCL16 expression by tumor cells, thus promot-
ing the recruitment of activated CD4 and CDS8
effector T cells to sites of inflammation [100].

Other factors besides the tumor microenviron-
ment will undoubtedly also affect neoantigen
vaccines’ efficacy. Going forward, it is likely that
researchers will find many therapeutic cancer
vaccines that were previously deemed ineffective
will return to the therapeutic forefront if applied
in combination with contemporary, immune
modulating approaches. It is reasonable to expect
that, in the near future, immunotherapy will
achieve considerable effects in combination with
conventional cancer therapies—potentially in
ways that have not yet been conceived [100]. To
this end, there has already been work to suggest
that immunotherapy is even more effective when
used with radiotherapy, cytotoxic chemotherapy,
checkpoint inhibitors, inhibitory small mole-
cules, and tumor antigen-targeting mAbs.

10.6 Conclusions and Future
Prospects for Cancer
Vaccines

Tumor cells commonly express tumor-associated
antigens (TAAs) or mutation-derived antigens
(neoantigens). These can be regarded as foreign
antigens and can elicit antitumor immune
responses in cancer patients. In order to elicit
tumor-specific immune responses, many TAAs
and neoantigens have been identified and utilized
as targets for cancer vaccines. There have been
several forms of cancer vaccines that are depen-
dent on certain effector cells (e.g., CTLs or CD4*
T-helper cells) that can be targeted and activated.
A series of tumor vaccine clinical trials based on
immunotherapeutic approaches have inconsis-
tently shown survival advantages with few side
adverse effects when compared with conven-
tional approaches. However, vaccine-based
monotherapy is considered to be insufficient to
elicit robust cancer regression [101]. By combin-
ing cancer vaccines with immune-checkpoint
blockade therapy, radiation therapy, cytotoxic

chemotherapy, and/or tumor antigen-targeting
mAbs designed to concurrently inactivate immu-
nosuppressive factors in tumor microenviron-
ment, it may be possible to overcome the current
tumor vaccine ineffectiveness, thus leading to the
induction of stronger antitumor responses.
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11.1  Introduction

Tremendous progress has been made in the field
of immunotherapy through various research stud-
ies and clinical trials. This work has led to signifi-
cant breakthroughs in the treatment of malignant
tumors. Immunotherapy treatment is an addi-
tional treatment option to other novel approaches,
including immune checkpoint inhibitors and sig-
naling pathway inhibitors; those have demon-
strated clear efficacy in the treatment of numerous
cancer types. Some examples include malignant
melanoma, kidney cancer, lung cancer, and uri-
nary bladder cancer. Adoptive cell therapy (ACT)
has also shown clear effects in the treatment of
different malignant diseases. ACT is a highly per-
sonalized cancer therapy that takes advantage of
immune cells that infiltrate tumors for direct anti-
cancer activities. ACT utilizes either natural host
cells, such as lymphokine-activated killer cells
(LAK), cytokine-induced killer cells (CIK),
tumor-infiltrating lymphocytes (TIL), and cyto-
toxic T lymphocytes (CTL), or host cells that
have been genetically engineered to possess anti-

Z.Zou (<) ¢ L. Zhao * Y. Ren ¢ S. Du

The Comprehensive Cancer Center of Drum Tower
Hospital, Medical School of Nanjing University and
Clinical Cancer Institute of Nanjing University,
Zhongshan Road 321, Nanjing 210008, Jiangsu,
China

e-mail: zouzhengyun @medmail.com.cn

© Springer Nature Singapore Pte Ltd. 2017

tumor T cell receptors (TCRs) or chimeric anti-
gen receptors (CARSs). This chapter profiles ACT
in cancer immunotherapy based on reliable data,
some of which demonstrates the use of this cell
therapy for the treatment of gastric cancer.

11.2 CIK

CIK cells are CD3*CD56* phenotype T cells, first
identified by Schmidt-Wolf IG in 1991. CIK cells
have been shown to not be restricted by major
histocompatibility complex (MHC) and are eas-
ily developed in vitro by growing peripheral
blood mononuclear cells in the presence of anti-
CD3 mAb, interferon y(IFN-y), and interleukin 2
(IL-2) [1]. There are three potential mechanisms
for the therapeutic anticancer effect seen with
CIK cells. First, CIK cells proliferate abundantly
in vitro and haven been shown to directly kill
tumor cells. Second, CIK cells are able to release
high levels of IFN-y and TNF-a but not IL-2 or
IL-4, enabling them to regulate and increase host
cell immune function in vivo. Finally, CIK cells
have been shown to be able to induce necrosis
and apoptosis of tumor cells [2, 3].

In the past two decades, there has been great
interest in the use of CIK-based immunotherapy
for the treatment of numerous cancers, including
hepatocellular carcinoma [4], colon cancer [5],
advanced non-small cell lung cancer [6], gastric
cancer [3], and others. The Liangrong Shi group
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demonstrated that the use of immunotherapy
with CIK cells resulted in an improved response
rate and an increased survival rate of patients suf-
fering from advanced gastric cancer [7].

Six relevant clinical trials with case-control
studies were utilized for a meta-analysis. The
studies used included 318 patients who received
CIK cell therapy and 369 patients who received
conventional therapy. The results from this study
suggested that CIK cell therapy significantly
increased 5-year OS (27 +£2.44% vs. 49 +7.62%,
p < 0.05) and 5-year OR (increased to 1.77,
p < 0.05). The increased 5-year survival rate was
found to be highly correlated with increased
CD3* T cell numbers and an increased CD4*/
CD8" ratio in CIK-treated patients [3].

In conclusion, CIK-cell therapy was found to
improve the host’s immune function; however,
multiple treatment cycles are necessary for a
long-term therapeutic efficacy. Therefore, other
novel treatment technologies are gradually
replacing CIK-based immunotherapy.

113 TIL

In 1986, the Rosenberg, S.A. group identified a
subpopulation of lymphocytes that are able to
infiltrate growing cancers, named tumor-
infiltrating lymphocytes (TILs). TILs have been
shown to be 50-100 times more potent than LAK
cells when used as treatment in mice bearing var-
ious types of tumors [8]. TILs are a type of a
potential lymphocytes, with some able to recog-
nize tumor-specific antigens, especially mutated
antigens of the tumor. A retrospective analysis of
patients with melanoma at the Surgery Branch,
National Cancer Institute (NCI) showed that via-
ble TILs were able to be grown from 94% of
patients following resection. In addition, specific,
active TILs screened by IFN-y production fol-
lowing coculture with an autologous tumor cell
line were identified in 67% of patients.
Importantly, human TILs were able to be gener-
ated on a large scale from the majority of tumor
types in experiments using mice.

The first reported use of TILs for the treat-
ment of patients was carried out by the Surgery

Branch, NCI in 1988 [9]. A total of 20 patients
with metastatic melanoma participated in this
study. These patients were treated with non-
myeloablative (NMA) chemotherapy before
their treatment with TILs and IL-2. A total of
11/20 (55%) of the patients exhibited objective
responses, including one case of a complete
response (CR). Toxicity was found to be similar
to that observed with the administration of IL-2
alone. These toxicity issues included hypoten-
sion, nausea, anemia, as well as others. Nearly
half of all of the patients treated with TILs expe-
rienced objective tumor regressions, making
adoptive immunotherapy with TILs one of the
most effective treatments for malignant mela-
noma [10]. Despite these examples of success,
previous trials demonstrated limited success of
TIL therapy in the treatment of solid tumors,
including breast cancer, ovarian cancer (OC),
cervical cancer, renal cell carcinoma (RCC),
colorectal cancer, pancreatic cancer, hepatocel-
lular carcinoma, cholangiocarcinoma cancer,
gastric cancer [11-14], and others. TILs have
been used in the immunotherapy treatment of
gastric cancer since 1990. Yamaue H. [15] dem-
onstrated that activated TIL by adoptive transfer
could result in the near complete regression of
malignant ascites in gastric cancer patients. A
clinical study examining the use of adoptive
immunotherapy with tumor-associated lympho-
cytes (TALs) in combination with chemotherapy
in gastric cancer patients showed a greater sur-
vival rate (50%) than seen with chemotherapy
alone [16]. A clinical trial has been registered on
the Clinical Trials website (ClinicalTrials.gov
identifier NCT01174121) where patients with
digestive tract, urothelial, breast, or ovarian/
endometrial cancers will receive the standard
non-myeloablative lymphocyte-depleting pre-
conditioning regimen of cyclophosphamide and
fludarabine, followed by young TIL and aldes-
leukin infusion. We expect that this trial will
yield promising results.

TIL has been shown to be able to exhibit anti-
tumor effects in the absence of IL-2, which
reduces the side effects of adoptive cell therapy.
Howeyver, a low dose of IL-2 has been shown to
enhance the effects of TIL. Novel approaches
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including the use of phenotypic markers, such as
PD-1 and 4-1BB, to select for tumor-reactive
cells in TILs, TILs that are able to target mutated
antigens, as well as the local secretion of IL-12 to
alter the tumor microenvironment, will be critical
areas of research in the near future [10, 17-19].
The adoptive transfer of TILs has been shown
to be an effective means of therapy for the treat-
ment of patients with metastatic melanoma. The
effort to extend TIL therapy for the treatment of
gastric cancer patients is an ongoing effort.

114 (CTL

The most potent killing machinery of our immune
system is the CD8* lymphocyte, which is referred
to as the cytotoxic T lymphocyte (CTL) [20].
CTLs specifically recognize MHC-I-peptide
complexes that are presented on the surface of
target cells through T cell receptors (TCRs).
CTLs then release biological substances such as
perforin and granzymes into tumor cells to dis-
solve them. HLA class-I-restricted and tumor-
specific CTL have been both observed in PBMC
stimulated with autologous tumor cells or IL-2-
activated TIL in patients with several different
types of cancer, including melanoma, ovarian
cancer, nasopharyngeal carcinoma (NPC), breast
cancer, gastric cancer, and others [9, 21].

The search for tumor-specific antigens has
been a primary focus of CTL research. There
exist two types of tumor antigens, tumor-
associated antigen (TAA) and tumor-specific
antigen (TSA). However, it has been shown that
it is possible to generate tumor antigen-specific
CTL to achieve therapeutic efficacy, including
MAGE-A1~MAGE-A12, New York esophageal
squamous cell carcinoma-1(NY-ESO-1), gp100,
EBY, B-catenin, MUC-1, and others.

In 1997, the Tomoaki Hoshino group demon-
strated the existence of HLA class-I-restricted
and tumor-specific CTL in IL-2-activated TIL of
four different gastric cancer patients. However,
the level of cytotoxicity of these CTLs over a
6-hour cytotoxicity assay was found to be rela-
tively low. This could be due in part to the fact
that only one-third of the T cells in the CTL lines

tested were CD8* T cells or the low affinity of the
peptide antigens to the HLA A alleles recognized
by these CTL clones [21].

A team from Baylor College of Medicine has
shown that adoptive transfer of EBV-specific T
cells to patients with NPC can induce a durable
antitumor response. This group carried out a clin-
ical study in which eight patients with recurrent
NPC received CD45 mAbs followed by an EBV-
specific CTL infusion. Following the CTL infu-
sion, increased levels of interleukin-15 (IL-15)
was detected in six of the eight patients. All
patients exhibited increased numbers of EBV-
specific T cells in their peripheral blood. A total
of three patients demonstrated clinical benefits
from this treatment regimen, including one
patient with a complete response (> 24 months)
and two patients whose condition stabilized (for
12 and 15 months) [22]. In another research
study, Bollard CM et al. [23] administered EBV
cytotoxic T lymphocyte (CTL) cell lines to 14
patients being treated for relapsed EBV*
Hodgkin’s disease. Five patients were in com-
plete remission for up to 40 months, two of whom
had a clearly measurable tumor at the time of
treatment. One additional patient exhibited a par-
tial response, and five had stable disease.
Importantly, EBV CTLs were found to be well
tolerated in patients and were found to be able to
control type B symptoms (fever, night sweats,
and weight loss). A meta-analysis supported the
idea that EBV infection increases the risk of gas-
tric cancer [24]. Thus, we believe the therapeutic
effect of EBV-specific CTLs in gastric cancer is
an important area of study.

11.5 Genetically Engineered
Lymphocytes

With the rapid progression of gene engineering
technology, the ability to introduce receptors
which specifically recognize tumor antigens into
autologous T cells isolated from the peripheral
blood is an achievable goal [25]. These specific
receptors would include T cell receptors (TCR) or
synthetic recognition structures termed chimeric
antigen receptors (CAR) [26]. Numerous clinical



152

Z.Zouetal.

trials have obtained exciting results demonstrating
success in this area, particularly in the application
of TCR-T cells for melanoma and CAR-T cells for
hematological malignancies. The adoptive transfer
of CAR-T/TCR-T is currently a promising cancer
therapy approach, as vectors expressing specific
receptors could become “off-the-shelf” products
for wide therapeutic applications if the patient has
a matched antigen and HLA type.

11.5.1 TCR-T

The genetic transfer of TCR-mediated potential
tumor recognition has been shown to enable the
creation of antigen-specific lymphocytes from
circulating normal T cells. An inserted TCR,
which is similar to an endogenous TCR, is able to
recognize the processed peptide presented by
antigen-presenting cells. It is important to note
that the specific recognition of an antigen is MHC
restricted [27], whereas targets of engineered
TCR are more widely selected in solid tumors.
Tumor-associated antigens (TAAs), such as mela-
noma antigens recognized by T cells 1 (MART-1)
and gp-100, were consistently chosen to be used
in early clinical trials. However, these targeted
tumor antigens that are co-expressed in noncan-
cerous cells resulted in obvious on-target, off-
tumor toxicity in this therapeutic approach [28,
29]. A different type of antigen, referred to as can-
cer testis (CT) antigens, has become the current
ideal antigen choice. These CT antigens are not
expressed in adult normal tissue, with the excep-
tion of immune privileged testis [27]. The fact that
CT antigen expression is specific toward tumor
cells is advantageous in that it greatly reduces
damage to noncancerous cells. The first CT anti-
gen selected to express on T cells is NY-ESO-1.
This antigen is expressed in 80% of patients with
synovial cell sarcoma and in approximately 25%
of patients with melanoma and common epithelial
tumors [30]. The fact that this antigen is expressed
across a wide range of cancer types, but is
restricted to tumors, makes this adoptive immuno-
therapy beneficial for more cancer patients. A
total of eleven out of 20 patients with NY-ESO-1
positive melanomas (55%) and 11 out of 18

patients with NY-ESO-1 positive synovial cell
sarcomas (61%) who were infused with autolo-
gous T cells transfected with an NY-ESO-1-
reactive TCR demonstrated an objective clinical
response [31]. The encouraging therapeutic effi-
cacy observed in this trial was also found to occur
with NY-ESO-1* multiple myeloma, with a com-
plete response observed in 14 out of 20 patients
(70%) [32]. The successful application of T cells
with genetically modified TCR is attributed to the
rational antigen selection and the reconstruction
and selection for high-avidity TCR. Single and
dual amino acid substitution variants in the TCR
CDRs are thought to contribute to the enhance-
ment of antigen-specific T cell function by
improving the TCR affinity [33]. The TCR target-
ing NY-ESO-1 used in the clinical trials possesses
a single amino acid substitution that increases the
avidity of the corresponding original TCR and
leads to a further sustained response in patients
with antigen-positive tumors [31-33]. It is impor-
tant to note that not all CT antigens are as safe to
use as HLA-A2-restricted NY-ESO-1 [25].
Among nine patients who were treated with ACT
using lymphocytes engineered with an HLA-A2-
restricted and affinity-enhanced MAGE-A3-
specific TCR, two patients went on to develop
lethal neurologic toxicities. This was explained by
a low-level expression of MAGE-A12 within the
brain of these patients, which caused the TCR to
cross-react with a HLA-A2-restricted MAGE-12
epitope that has yet to be identified [34]. Another
clinical trial which utilized a HLA-A1-restricted
and affinity-enhanced MAGE-A3-specific TCR
was found to result in lethal cardiac toxicity, with
this adverse event found to be due to the recogni-
tion of an unrelated peptide originated from the
striated muscle-specific protein titin, causing an
off-tumor toxicity [35]. With the improvement in
a receptor’s affinity, the specificity for unrelated
antigen recognition should, in theory, decrease.
With this knowledge, it must be kept in mind that
the benefits versus the risk of infusing high-
avidity antigen-specific TCR should first be care-
fully considered [25].

Low expression levels of some CT antigens in
certain cancers have encouraged scientists to
search for alternative immunogenic antigens.
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Increasing evidence supports the fact that neoanti-
gens are better targets for successful immunother-
apy, which more likely mediate a clinical response
by T cells to target somatic mutations that are
unique to each patient’s tumor [36]. Tumor neo-
antigens are the result of genetic alterations that
are accumulated by cancer cells during the pro-
cess of tumorigenesis. Thus, these antigens are
potentially specific and therefore ideal targets,
which would minimize the risk of on-target, off-
tumor toxicity in healthy tissue [37]. It should be
noted that the TCR induced by neoantigens should
not be deleted by negative selection, as the somatic
mutated neoantigens are not expressed during
thymic development [10]. Reinfusing natural neo-
antigen-reactive T cells or lymphocytes stimu-
lated with neoantigen epitopes are feasible
approaches for the treatment of cancer. An alter-
native method would be to acquire the coding
gene of neoantigen-specific TCR through high-
throughput TCR sequencing and transfect this
gene into autologous circulating T cells. Adoptive
T cells which target neoantigens carrying immu-
nogenic mutations will be exploited for the fur-
ther development of highly personalized
immunotherapies in the future [25, 37].

11.5.2 Car-T

The genetic engineering of lymphocytes to
express chimeric antigen receptors (CAR) is
another approach. A CAR consists of an antigen-
binding domain and intracellular activation sig-
naling motifs. The antigen-binding domain is
comprised of a single-chain variable fragment
(scFv) from a mAb, which will recognize only
structures present on the cell surface [38].
Importantly, this recognition is MHC indepen-
dent, compared with TCR. Utilizing CARs to tar-
get the B cell lineage differentiation antigen,
CD19, has resulted in remarkable tumor regres-
sions in a range of different hematologic malig-
nancies. In addition, the administration of
autologous T cells expressing CD19-specific
CAR as a therapeutic approach for patients with
hematological malignancies has generated
remarkable success in clinical trials [39—41]. The

first successful application of this gene therapy
was demonstrated in the case of a follicular lym-
phoma treatment [42]. Currently, CAR-modified
therapy has been expanded for use in cancer
treatment of other B cell malignant diseases,
including chronic lymphocytic leukemia (CLL)
[43, 44] and adult and pediatric acute lympho-
blastic B cell leukemias (ALLs) [45, 46]. These
successes that have made using CAR therapy as a
treatment for cancer have stimulated intense
research into ACT in recent years.

However, the effect of CARs against solid
tumors is not as significant due to both the lack
of antigens that are specifically expressed on the
surface of solid tumors and the presence of the
tumor microenvironment [25]. Numerous stud-
ies of CAR-T have been used in several clinical
trials for the treatment of different types of
malignant tumors, including myeloma, colon
cancer, renal cell carcinoma, and neuroblastoma
[47-50]. The response rates to this treatment are
usually found to be mild, sometimes with serious
and deadly toxicities associated. These toxicities
could be due to the on-target/off-tumor activity,
which is attributed to the fact that the antigens
targeted in the majority of these cases are shared
by both tumors and noncancerous tissues.
Another factor at play in the observed toxicity is
cytokine release syndrome (CRS), a syndrome
caused by cytokines such as interleukin-6 and
interferon-gamma being released excessively
[25, 51]. Thus, improvements in the safety of
these treatments are in need of greater attention.
Antigens that are exclusive to cancer cells, but
not normal tissues, could be ideal options that
could help minimize undesired toxicities associ-
ated with this treatment. Recent studies have
identified several potential excellent targets,
including mutations such as PI3K, BRAF, human
papilloma virus (HPV) E6 and E7, and cancer
germ line antigens (CGAs) such as MAGE and
NY-ESO-1 [25]. A recent study using animal
models has surprisingly identified a neoantigen
found to be expressed in a variety of tumors. The
neoantigen, Tn-MUCI, is not expressed on the
cell surface of normal human tissue and is an
abnormal glycoform of cancer-associated mem-
brane mucin MUCI. Engineered CAR-T cells
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targeting Tn-MUC1 were demonstrated to suc-
cessfully exhibit therapeutic efficacy, thus indi-
cating aberrantly glycosylated antigens as a
novel class of targets for ACT using CARs [52].

Based on the achievements described above,
TCR and CAR genetically modified therapies
have emerged as promising clinical approaches
for gastric cancer treatment in comparison with
the poor survival rates witnessed with conven-
tional therapies. According to years of studies,
tumor-associated antigens (TAAs) including
HER-2, HER-3, MAGE-3, c-MET, VEGF, PIK3/
mTOR, and gastrin-17 (G17), which are overex-
pressed in gastric cancers, are considered to be
promising targets [53-56]. For example, HER-2,
an antigen that is commonly observed to be over-
expressed in multiple gastric cancer tumors (up
to 9-38 percent), has been widely studied in
gene-modified therapy [57]. Preclinical trials
where humanized anti-HER-2 CARs were struc-
tured have demonstrated that these CAR-
modified T cells are able to resist HER-2-positive
tumor cells in in vitro experiments, inhibiting the
growth and progress of HER-2-positive tumors in
in vivo animal models [58]. However, in 2010,
the first case of a colorectal cancer patient that

Table 11.1 Summary of engineered T cells in clinical trials

received second-generation CAR directed against
HER-2 died of respiratory distress 5 days follow-
ing the cell transfusion [48]. But in the treatment
of HER-2-positive sarcoma patients, 4 of the 17
patients treated exhibited a stabilization of their
disease state [59]. This indicates that HER-2/neu
is a promising target for gastric cancer therapy.
An additional class of antigens that is observed in
multiple investigations is mutated antigen. The
frequently mutated genes include PIK3CA,
KRAS, TP53, and CTNNBI, as well as others
[60]. In addition, the negative co-stimulatory
molecule, B7-H4, a new member of the B7 fam-
ily, is thought to be expressed in tumor cells as
well as some infiltrating immune cells of gastric
cancer tumors, while not expressed in normal tis-
sues. Thus, this molecule is believed to be able to
negatively regulate the immune response induced
by T cells [61]. This makes B7-H4 a promising
target for the treatment of gastric carcinoma.

A summary of engineered T cells used in clinical
trials is shown in Table 11.1. Although the promising
improvements mentioned above have been achieved,
numerous investigations remain to be carried out to
determine effective applications of gene-modified
therapy for the treatment of gastric cancer.

Number of
Engineered T patients treated Year
cells Target antigen| Cancer in trial Results Reference | reported
TCR-T gpl100 Melanoma Sixteen One CR and [29] 2009
two PR
MART-1/ Melanoma Thirty-one Four OR [28, 62] 2006,
Melan-A 2009
Twenty Six PR [29] 2009
pS3 Melanoma Fourteen One PR [63] 2010
NY-ESO-1 Melanoma and Seventeen Two CR and [30] 2011
synovial sarcoma seven PR
Synovial cell Eighteen Eleven RR [31] 2015
sarcomas
Melanoma Twenty Eleven RR [31] 2015
Multiple myeloma Twenty Sixteen RR [32] 2015
CEA Colorectal Three One PR [64] 2011
MAGE-A3 Melanoma, Nine One CR and [65] 2013
esophageal and four PR
synovial sarcoma
Melanoma and MM Two Lethal cardiac [35] 2013
toxicity
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Table 11.1 (continued)
Number of
Engineered T patients treated Year
cells Target antigen| Cancer in trial Results Reference | reported
CAR-T CD19 CLL Three Two CR and [44, 66] 2011
one PR
Lymphoma and CLL | Seven One CR, five [42, 67] 2012,
PR, and one SD 2010
ALL Sixteen Fourteen CR [45] 2014
Pediatric and adult Thirty Twenty-seven [39] 2014
ALLs CR
NHL Six Two SD to [68] 2011
10 months
CD20 NHL and mantle cell | Seven Two CR, one [69] 2008
lymphoma PR, four SD
NHL Three One PR, two [70] 2012
NED maintained
CDI171 Neuroblastoma Six One PR [71] 2007
GD2 Neuroblastoma Nineteen Three CR [50] 2011
ERBB2 HNSCC Proposed [72] 2013
Colorectal cancer One Died of [48] 2010
respiratory
distress
Sarcoma Seventeen Four SD [59] 2015
CEA Colorectal and breast | Seven Two minor [73] 2002
cancer response
Gastrointestinal cancer | Nine One SD [74] 2015
Lewis Y AML Four One cytogenetic | [75] 2013
remission
CAIX Renal cell carcinoma | Twelve No clinical [49] 2013
response

Abbreviations: MART-1 melanoma antigen recognized by T cells 1, Melan-A melanocyte antigen, MAGE-A3 melanoma-
associated antigen 3, CEA carcinoembryonic antigen, NY-ESO-1 New York esophageal squamous cell carcinoma-1,
ALL acute lymphoblastic leukemia, CLL chronic lymphocytic leukemia, MM multiple myeloma, ERBB2 erythroblasto-
sis oncogene B2, GD2 ganglioside, CAIX carbonic anhydrase-1X, NHL non-Hodgkin’s lymphoma, HNSCC head and
neck squamous cell carcinoma, CR complete response, PR partial response, OR objective response, SD stable disease,

RR response rate, NED no evidence of disease

11.6 Conclusions and Future
Perspectives

According the remarkable clinical trial results
described here, we strongly believe that ACT,
including TIL, CTL, TCR-T, and CAR-T trans-
fer therapy, is the most promising “living”
treatment for targeting human tumors, in which
T cells are the terminator. However, there
remains a need to improve the killing ability of
transfer cells, while reducing the side effects of
ACT, such as on-target/off-tumor toxicities,
cytokine release syndrome, and, at the same
time, develop an ability to harness the immune

microenvironment, in order to make ACT an
even more successful treatment option.

In order to prevent the on-target/off-tumor tox-
icities, target antigens that are only expressed on
tumor cells, and not on normal tissue cells, must
be selected. The tumor-specific “nonself” immu-
nogenic neoantigens encoded by either viral
genes or through somatic mutations possess the
potential to induce specific anticancer immunity,
including cellular and humoral immune responses.
Today, numerous clinical trials demonstrate that
although these “nonself” antigens initiate the anti-
gen-specific immunoglobulin G antibodies and
CD4*/CD8* T cells response, not all of them show
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a clinical benefit in the response rate, progression-
free survival, or overall survival [76-78].
Personalized cell therapy is the key to cure human
malignant diseases. There are five steps required to
reach this goal. First, cancer mutations must be iden-
tified through exome sequencing. Second, tandem
minigenes or synthetic peptides of all identified
mutations must be created and introduced to autolo-
gous APC. Third, mature autologous APCs cocul-
ture with T cells form peripheral blood or tumor.
Fourth, tumor-reactive T cells must accumulate

together through 4-1BB or OX40 positive selection.
Fifth, rapid expansion of such cells in vitro must be
carried out and used to treat the tumor in vivo, or a
PCR of the TCR of such cells must be carried out for
TCR-T treatment (Figs. 11.1 and 11.2) [26].

Moreover, there exists accumulating correla-
tive data which suggests that directly sorting
PD-1* lymphocytes in peripheral blood could
function as an alternative noninvasive strategy to
develop neoantigen-reactive lymphocytes or
TCRs to treat melanomas (Fig. 11.3) [79].
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Fig. 11.1 A “blueprint” for T cells treatment targeting tumor-specific mutations (Adapted from Adoptive cell transfer
as personalized immunotherapy for human cancer (2015), Rosenberg SA, Restifo NP, [26])
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Gastric cancer tumors have been shown to
exhibit a high prevalence of mutations, with many
occurring with EB virus infection. Both mutation
antigens and viral antigens are ideal antigen tar-
gets for gastric cancer immunotherapy. Thus, we
can use the abovementioned strategies to prepare
T cells in clinical ACT for gastric cancer.
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12.1 Introduction

Results from recent clinical trials using many
novel immunotherapy strategies, including
immune checkpoint blockade and adoptive T-cell
therapy approaches (CAR T-cell and TCR T-cell
therapy), have clearly demonstrated the impor-
tance of immunotherapy as a critical treatment
strategy for gastric cancer patients. These therapies
are additional options to the traditional treatment
approaches of surgery, chemotherapy, radiother-
apy, and targeted therapy. However, until now,
immunotherapy has demonstrated clinical benefits
in only a small fraction of patients. To improve the
potential benefit of cancer immunotherapy, syner-
gistic combinations of different immunotherapy
approaches are currently being explored.

There exist numerous examples in the history of
medicine where the combination of different thera-
peutic strategies results in an improved patient
response. Currently, several preclinical and clinical
trial studies are underway which aim to explore the
therapeutic utility of combinational immunother-
apy in gastric cancer patients [1-3]. However, lim-
ited data have been reported from these trials so far,
preventing firm conclusions from being made.
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Cancer is a disease that evolves to exploit mul-
tiple mechanisms in an effort to avoid immune
cell recognition, preventing an innate or adaptive
immune response. These mechanisms include the
downregulation of MHC expression, which ren-
ders tumor cells insensitive to T-cell recognition,
and the secretion of factors that suppress T-cell
responsiveness [4, 5]. Over the last decade, treat-
ment has been developed to specifically target
these mechanisms, generating a great deal of
enthusiasm for cancer immunotherapy. However,
a critical issue remains, which is the best way to
combine these different immunotherapy treat-
ments. Here, we will discuss strategies for the
development and personalization of combina-
tional cancer immunotherapy strategies.

12.2 Combination
of Inmunotherapy
with Chemotherapy

The clinical efficacy of current tumor immuno-
therapy and vaccination methods is unsatisfac-
tory. One reason which addresses the lack of
clinical efficacy with these treatment options is
that immunosuppressive mechanisms predomi-
nate in patients with advanced cancer [6].
Because chemotherapy is often associated with
potent immunosuppressive effects, the combined
use of conventional cancer chemotherapy and
cancer immunotherapy has been questioned.
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Until recently, it was the generalized belief that
chemotherapy and immunotherapy should not be
combined due to myelosuppressive effects asso-
ciated with most cytotoxic agents [7].

However, it has recently been discovered that
chemotherapeutics can exhibit several beneficial
effects on the immune system [8, 9]. Certain cyto-
toxic agents, including cyclophosphamide, gem-
citabine, and paclitaxel, have been linked to
increased primary cell-mediated immunity [10-
13]. In addition, both preclinical and clinical find-
ingshave suggested that conventional chemotherapy
can result in the induction of immune responses
against antigens generated by tumor cells undergo-
ing cell death. These antigens include the tumor-
cell secreted high-mobility group box 1 (HMGB1)
alarmin proteins on Toll-like receptor 4 (TLR4)
expressed by dendritic cells [14, 15]. In addition,
chemotherapy treatment is thought to induce the
release of tumor-specific antigens from tumor cells
undergoing cell death, resulting in an improvement
in the immunogenicity of the tumor microenviron-
ment. Increased antigen exposure within the tumor
microenvironment after chemotherapy is sufficient
to generate a productive immune response [8]. In a
series of preclinical trials, it was found that treat-
ment with various cytotoxic agents, such as pacli-
taxel and cisplatin, rendered tumor cells more
susceptible to the cytotoxic effect of T lymphocytes
and resulted in an induction of apoptosis in a
broader range of tumor cells.

Cyclophosphamide has been shown to result
in the depletion of suppressive regulatory T cells
(Treg), generating enhanced T-cell reactivity
[16]. Studies have also shown that a low dosage
cyclophosphamide treatment selectively depleted
Treg in cancer patients, while a high dosage treat-
ment lost this specificity [17].

Gemcitabine has been shown to selectively
deplete Treg cells as well. Gemcitabine treatment
alone was shown to increase the number of CD8*
T cells within tumors, which is necessary for the
eradication of solid tumors [18]. With the use of
gemcitabine in conjunction with cytokine or vac-
cine treatments, synergistic antitumor activity
can result in a reduction in MDSC numbers [19].
Immunotherapeutics aimed at stimulating
antigen-presenting cells (APC) have also been
shown to benefit from the coadministration of

gemcitabine, as observed in studies where gem-
citabine treatment was combined with an anti-
CD40 agonist antibody [20].

Paclitaxel has been shown to alter the cytokine
network at the site of the tumor, while 5-fluorouracil
has been shown to exhibit a pronounced effect on
the depletion of myeloid-derived suppressor cells
(MDSC) [21]. Doxorubicin has been demon-
strated to induce immunogenic cell death and acti-
vate antitumor T-cell immune responses. Enhanced
therapeutic efficacy was discovered when patients
were preconditioned with a single low dose of
doxorubicin or paclitaxel, followed by adoptive
T-cell transfer therapy [22].

Oxaliplatin, a platinum-based drug, was
recently demonstrated to induce immunogenic
cell death, resulting in increased levels of tumor
antigen presented by APC [23]. The use of oxali-
platin in combination with an inducible adenovi-
ral IL-12 (Ad-IL-12) system was demonstrated to
result in less of an immunosuppressive microen-
vironment, as characterized by a reduction of
MDSC in intratumoral and an increased ratio of
CD8*/Treg cells [24].

Using this strategy, better clinical results have
been obtained. Proof-of-concept clinical trials
indicated that the efficacy of immunotherapy is
likely enhanced by chemotherapy.

In a phase II trial launched in metastatic colon
cancer patients, a polychemotherapeutic treat-
ment strategy with gemcitabine and FOLFOX-4
(oxaliplatin, fluorouracil, and folinic acid) com-
bined with GM-CSF and IL-2 demonstrated that
a tumor antigen-specific immune response was
elicited, with a high objective response and dis-
ease control rates [25].

A phase I/II clinical study aimed to test the
effectiveness of peptides derived from vascular
endothelial growth factor receptor (VEGFR) 1 and
2 in association with cisplatin and S-1 chemother-
apy in patients with advanced gastric cancer. This
combination therapy was found to be well toler-
ated and highly effective in advanced or recurrent
gastric cancer patient populations [26]. In an addi-
tional randomized phase II clinical trial, the effect
of metronomic cyclophosphamide (CPA) com-
bined with personalized peptide vaccination (PPV)
was investigated. The overall survival of patients
with positive immune responses was determined
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Fig. 12.1 The effects of chemotherapy and radiotherapy on the tumor microenvironment. A range of chemotherapeutic
agents can affect the tumor microenvironment in a variety of ways. Oxaliplatin can induce immunogenic cell death in a
proportion of tumor cells, which can lead to the release of tumor antigens for uptake and processing by antigen presenting
cells (APC). Anthracyclines can recruit APCs and enhance their differentiation to an activated phenotype, better able to
present antigen to lymphocytes. Oxaliplatin can also lead to an increased proportion of proinflammatory, M1, macro-
phages relative to alternatively activated, M2, macrophages. Gemcitabine, oxaliplatin and paclitaxel can reduce the fre-
quency of myeloidderived suppressor cells (MDSC) and/or regulatory T cells (Treg) infiltrating tumors, thereby reducing
their immunosuppressive effects. Tumor cells can upregulate expression of immune target molecules such as Fas and
MHCT following irradiation, thereby rendering them sensitive to attack by T cells. Irradiation can also normalize dilated
and chaotic blood vessels to enable T cells to access tumors. Increases in intratumoral T cells can also be achieved using
antibodies against vascular endothelial growth factor (VEGF) (Adapted from Enhancing immunotherapy using chemo-

therapy and radiation to modify the tumor microenvironment (2013), Kershaw MH et al. [6])

to be longer compared with those having negative
immune responses [27].

Another study was carried out to evaluate the
efficacy and safety of cellular immunotherapy
(CIT) in combination with chemotherapy treat-
ment in patients with GC [28]. The median PFS
of the chemo/CIT group was found to be signifi-
cantly longer compared to that of the control
group. This was especially evident in the case of
GC patients with advanced stage, poorly differ-
entiated carcinoma or lymph node metastasis.
The QOL was found to be improved in patients
treated with chemo/CIT compared with those of
the control group.

Thus, a better understanding of the effect of
these drugs on the immune system and tumor
microenvironment will enable the design of more

effective combination treatments for gastric can-
cer patients [6]. This combinational therapy
approach combining chemotherapy and immuno-
therapy may be widely applicable to cancer
patients (Fig. 12.1).

12.3 Combination
of Inmunotherapy
with Radiotherapy

Tonizing radiation induces both direct and indi-
rect killing of cancer cells. For a long time, this
treatment approach has been considered to be
immunosuppressive. However, this concept has
evolved over the past few years as it has been
demonstrated that irradiation increases tumor
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immunogenicity, favoring the killing effect of an
immune response against tumor cells [29].
Several studies have demonstrated that the effi-
cacy of immunotherapy is enhanced when com-
bined with radiation therapy [10, 30].

The term abscopal, derived from the Latin
term ab (away from) and the ancient Greek term
skopos (target), was introduced in 1953 to
describe a rare phenomenon in which the effects
of radiotherapy are observed outside the treated
area [31]. Anecdotally, tumors outside the radio-
therapy treatment field have been noted to shrink.
This is thought to result from a putative systemic
inflammatory or immune response provoked by
radiotherapy. In contrast to these observations,
others have described radiotherapy as an immune
suppressant. Because lymphocytes are known to
be very sensitive to the effects of radiotherapy,
irradiation of the tumor target could potentially
eliminate antitumor immune activity. This, along
with the fact that there exists limited local control
of radiotherapy and of early immune therapies on
systemic disease, has dampened enthusiasm for
pursuing this treatment combination [29].
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In recent years, two case reports have high-
lighted the immune adjuvant effect of radiotherapy
treatment in melanoma patients. In the first case,
the melanoma patient had a presumed abscopal
response following radiotherapy alone and a sec-
ond abscopal response following a combined
treatment of both radiotherapy and targeted immu-
notherapy [32]. In the second case, the patient ini-
tially progressed slowly despite treatment with
targeted immunotherapy. This patient then exhib-
ited a response following palliative radiotherapy
with additional targeted immunotherapy treatment
[33]. These initial anecdotal reports focused on the
potential of radiation treatment as a mechanism to
spark a systemic antitumor immune response.

Following radiotherapy, preexisting tumor-
specific antibody levels were found to rise, T-cell
activation markers were found to be enriched, and
new antitumor antibodies were identified.
Augmenting immune activity is also thought to
potentiate the local effects of radiotherapy. The pos-
sibility of improving the treatment of both local and
widespread disease makes this combinational treat-
ment worthy of further investigation (Fig. 12.2).
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Fig.12.2 The role of RT in induction of the antitumor immune response. At baseline, both the tumor immune microenvi-
ronment and the poor antigenicity of the tumor allow it to escape immune recognition. Targeted RT can induce increased
antigenic expression, release pro-inflammatory cytokines (e.g., CXCL16) that recruit immune cells, promote antigen
cross-presentation (HMGB-1 via TLR4), and induce tumor expression of death receptors. Anti-CTLA4—targeted immuno-
therapy can enhance the adaptive immune component by promoting antigen crosspresentation and T cell activation. Used
together, RT and immunotherapy may have synergistic effects and may shift the tumor immune system balance toward
elimination (Adapted from Radiation and immunotherapy: a synergistic combination (2013), Kalbasi A et al. [29])
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The development of a systemic antitumor
immune response has been described as concom-
itant immunity. Evidence suggests that radiother-
apy could induce concomitant immunity where it
did not exist previously (e.g., RT-induced in situ
vaccination). Numerous animal models have
demonstrated augmentation of systemic antitu-
mor immunity following local radiotherapy,
resulting in the reduction, control, or elimination
of distant metastases, especially when used in
combination with immunotherapy [32-34]. Thus,
the combination of radiotherapy and immuno-
therapy for the treatment of locally advanced dis-
ease is currently being studied in several clinical
trials, with the majority of patients being mela-
noma and prostate cancer patients [29, 35].

In addition to promoting recognition of tumor
by preexisting tumor-specific T cells, radiother-
apy has also been demonstrated to generate
tumor-specific cytotoxic T cells. A recent clinical
trial showed that the combination of radiotherapy
with intranodal injection of low-dose rituximab
resulted in the induction of systemic CD8* T-cell
immunity and regression of disseminated follicu-
lar lymphoma in immature dendritic cells and
GM-CSF [12]. TIrradiated tumors have been
shown to upregulate death receptors (e.g., FAS),
which could promote the cytotoxic effect of T
cells at the tumor site. The immune system,
which is devoid of its negative regulatory path-
ways at the site of the irradiated tumor, can func-
tion as a powerful local antitumor agent. These
studies suggest a promising role for immune
modulatory agents in the generation of improved
radiotherapy efficacy.

Moreover, radiotherapy has been shown to
cause an inflammatory response in the tumor
microenvironment, resulting in the release of
cytokines and chemokines and the upregulation
of adhesion molecules. Recruitment of cytotoxic
T cells to the irradiated tumor site is enhanced
due to the release of chemokines, such as
CXCL16 [36]. Irradiation was found to cause
tumor vasculature remodeling, a result of the
upregulation of CXCL9 and CXCLI10, which
enhances the density and alters the diameter of
blood vessels within tumors such that they resem-
ble capillaries. Following irradiation, T cells
were found to be able to access and penetrate the

tumor, inducing complete tumor regression in
some cases. So, irradiation could be followed by
the adoptive transfer of activated, tumor-specific
lymphocytes, which previously unable to adhere
to endothelium and thus access the tumor [37].

12.4 Combination of Cancer
Vaccine with Immune
Checkpoint Inhibitor

Immune checkpoint inhibitors have contributed
great progress to cancer treatment. However,
numerous challenges remain, limiting the further
development of these immunotherapy drugs.
Specifically, only approximately 10-30% of can-
cer patients with some certain types of solid
tumors have exhibited an objective response to
treatments using immune checkpoint inhibitors.
Such challenges are attributed to properties of the
tumor microenvironment (TME) [38].

The TME generates immune-tolerant condi-
tions, posing an obvious challenge for the induc-
tion of antitumor immune responses. If the early
influx of CD8* T cells fails to clear the tumor in
the TME, tumor cells which express high levels
of PD-L1 will induce T-cell anergy, leading to
decreased effector T-cell activity. Therapeutically
blocking this pathway is thought to enable the
reactivation of effector T cells in the tumor.

T cells are often the primary target of thera-
peutic immune checkpoint inhibitors. Effector
T-cell infiltration of solid tumors is considered a
signature trait of patients who have responded
positively to immune checkpoint inhibitor treat-
ment [39]. Using this marker of T-cell infiltra-
tion, it has been determined that only a fraction of
solid tumor patients respond to immune check-
point inhibitors. Thus, the remaining cancer
patients would unlikely respond to immune
checkpoint inhibitors when used as a single-agent
treatment due to the lack of targets [40]. The
TME in immune checkpoint inhibitor resistant
tumors has been described to resemble that of an
engine without gas. Specifically, even if the
“brake” set by immune checkpoints is released
with immune checkpoint inhibitor immunother-
apy, no effective antitumor immune response
would be elicited in this case [38].
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Cancer vaccines have been demonstrated to
enhance the infiltration of effector T cells into
tumors in preclinical models. All vaccine-based
therapies have been designed such that antigens
are delivered to the patients in order to induce
tumor-specific effector T cells. A vaccine-based
therapy could possibly be the most efficient way
to induce T-cell infiltration into tumors.

The formation of immune regulatory structures
within the TME is just the first step toward the
establishment of an enhanced anticancer immune
response. This is attributed to the ability of lym-
phoid aggregates to express both effector-activating
and deactivating immune signatures. Interestingly,
PD-L1 expression was found to be induced in all
lymphoid aggregates [41]. This observation is con-
sistent with adaptive immune resistance, which
occurs with activation of PD-L1 signaling by
vaccine-induced adaptive immune response [42].
Thus, vaccine-based therapies may prime advanced
tumors for anti-PD-1/PD-L1 treatments [43].

It is thought that vaccines would help stimu-
late the initiation of the T-cell response, while
checkpoint therapies would enhance the activated
T-cell response. A blockade of PD-1 or CTLA-4
combined with vaccine treatments was shown to
effectively eradicate tumors in multiple preclini-
cal models [44, 45]. Two clinical trials have been
initiated which have been designed to test the
pancreatic cancer vaccine-based therapy in com-
bination with nivolumab, a treatment for advanced
pancreatic cancer (ClinicalTrials.gov identifier:
NCT02243371 and NCT02451982). Whether
anti-PD-1 therapeutic antibodies can enhance the
efficacy of cancer vaccines in the treatment of can-
cer remains to be studied. The combination treat-
ment using GVAX and the anti-CTLA-4 antibody,
ipilimumab, has also been demonstrated to be
potentially effective in the treatment of metastatic
pancreatic cancer [46]. Preclinical studies showed
that the combined treatment of GVAX and ipilim-
umab resulted in a dramatic increase in the number
of effector CD8 T cells in the tumor region, with
enhanced tumor-antigen directed lytic function.
These effects were found to be maximized when
the CTLA-4 blockade was applied following vac-
cination, but not before. Moreover, the incorpora-
tion of a low-dosage cyclophosphamide treatment
into this combined treatment regimen was found
to provide additional preclinical benefits [47].

In summary, cancer vaccine-based immuno-
therapy may provide a treatment option to over-
come the resistance of certain cancers to immune
checkpoint inhibitors, while immune checkpoint
inhibitors may further enhance the efficacy of
existing cancer-vaccine therapies. Combination
immunotherapy merges the strengths of each
individual immunotherapy approach, with the
cancer vaccine functioning to fuel the engine and
the immune checkpoint inhibitors functioning to
release the brake [38]. The combination of cancer
vaccines and immune checkpoint inhibitors may
function synergistically to induce more effective
antitumor immune responses (Fig. 12.3).

12.5 Combination of ACT with
Immune Checkpoint Inhibitor

Adoptive cell transfer (ACT) is thought to be a
promising avenue for cancer treatment. However,
despite ongoing improvements in this field, many
patients do not experience clinical benefits. The
tumor microenvironment is a critical limiting
factor in immunotherapy that has not been fully
addressed in ACT treatments. Because PD-1 has
been shown to attenuate T-cell-mediated anti-
tumor responses, blocking the PD-1 pathway
in vivo could function to restore defective effec-
tor function of tumor-infiltrating T cells. Thus, an
anti-PD-1 antibody could function to enhance the
antitumor activity of ACT. The limited preclinical
data available supports the use of combination of
cellular and immune-modulating mAb therapies
in syngeneic cancer models. In these models, the
combination of a PD-1 blockade with murine
CAR-T cells showed a significantly enhanced
antitumor effect compared with either treatment
method alone [48]. In addition, treatment with the
anti-PD-1 antibody was found to increase expres-
sion levels of IFN-y and IFN-y inducible chemo-
kine production at the tumor site. This resulted in
an increased chemokine-dependent trafficking of
immune cells to malignant disease sites [49]. A
blockade of PD-1 in combination with ACT dem-
onstrates therapeutic synergy and could provide a
potential strategy for the improvement of clinical
response rates to ACT.

We predict that, in patients with tumors con-
taining an intermediate neoantigen-presentation
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Fig.12.3 Model for the combination of vaccine-based therapy and immune checkpoint inhibitors. (A) Pancreatic ductal
adenocarcinoma (PDA) is infiltrated primarily with M2 macrophages (M2), type 2 T helper cells (Th2), myeloid-derived
suppressive cells (MDSC), and regulatory T cells (Treg) but with few effector T cells (Teffs). Lacking PD-1/PD-L1 tar-
gets, PDA does not respond to single-agent checkpoint inhibitor treatments, such as anti-PD-1 or PD-L1 therapeutic
antibodies (anti-PD-1/PD-L1 Ab). (B) Following vaccine-based therapy, vaccine induced Teffs are infiltrated into PDA;
however, PD-L1/PD-L1-mediated immune checkpoint pathways are also induced. By targeting PD-L1/PD-L]1 signals on
PDA tumor cells and monocytes (Mo) induced by vaccine-based therapy, anti-PD-1/PD-L1 therapeutic antibodies
enhance vaccine-induced antitumor immune responses (Adapted from Fueling the engine and releasing the break: com-
binational therapy of cancer vaccines and immune checkpoint inhibitors (2015), Kleponis J et al. [38])

tion treatment of immune checkpoint inhibitors
with ACT.

capacity, the maximal immune-mediated antitu-
mor responses would be achieved best in patients
where the microenvironment can be modified
and HLA-independent targeted effectors can
be added, such as observed with combination
immune-modulating mAbs plus ACT therapy or,
potentially, CAR-T-cell therapy. However, it is
important to note that a risk of toxicities could

12.6 Combination of Various
Immune Checkpoint
Inhibitors

be exacerbated when these approaches are uti-
lized. We eagerly await the results of ongoing
clinical trials aimed to investigate the combina-

Early results from the use of combination immu-
notherapy strategies to block multiple immune
resistance mechanisms demonstrate that a greater
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proportion of patients may benefit from combina-
tion therapies. Combination of anti-CTLA-4 and
anti-PD-1 therapy has already shown significant
clinical promise. Specifically, in a global phase
III trial, combination therapy of nivolumab and
ipilimumab has demonstrated an unprecedented
61% response rate and a 22% complete response
rate in patients with advanced stage melanoma.
These results compare with a 10-30% response
rate observed in patients treated with a single
agent. However, it should be noted that combina-
tion therapy was associated with a higher inci-
dence of immune-related adverse events [50].

Based on these encouraging results, several
phase I/II trials are currently underway to test
the combination treatment of an anti-CTLA-4
and an anti-PD-1/PD-L1 antibody, with promis-
ing preliminary results. A phase I trial explor-
ing the combination of tremelimumab with
durvalumab treatment with GC patients is cur-
rently ongoing. An ongoing phase Ib/II trial is
aimed at investigating the activity of single-agent
nivolumab or nivolumab plus ipilimumab in
patients with metastatic gastric cancer, pancre-
atic cancer, triple-negative breast cancer, and
small-cell lung cancer (NCT01975831). Another
ongoing phase Ib/II clinical trial of MEDI4736,
a human immunoglobulin (Ig) Glk anti-PD-L1
antibody, either as monotherapy or in combina-
tion with the CTLA-4 inhibitor, tremelimumab,
monotherapy in gastric or GEJ adenocarcinoma
patients (NCT02340975) is also underway.

The combination of agents that enhance effec-
tor T-cell function with agents that suppress
immune-suppressive elements, such as MDSC,
Tregs, and macrophages, in the tumor microenvi-
ronment may prove to be complementary, and
possibly synergistic. Thus, many of these avenues
are being actively investigated for cancer therapy.

12.7 Combination of Immune
Checkpoint Inhibitor
with Co-stimulation mAbs

The concept of increasing T-cell activity with co-
stimulatory mAbs while simultaneously liberat-
ing activated T cells to lyse malignant cells by

blocking PD-1 or PD-L1 is a promising antitu-
mor approach. Numerous ongoing clinical trials
involving patients across various solid tumor and
hematological malignancies are being carried out
to investigate this possibility.

The generation of optimal “killer” CD8 T-cell
responses requires T-cell receptor activation and
co-stimulation. This can be provided by the liga-
tion of tumor necrosis factor receptor family
members, including OX40 (CD134) and 4-1BB
(CD137). OX40 is of particular interest as it has
been shown that treatment with an activating
(agonist) anti-OX40 mAb results in increased
T-cell differentiation and cytolytic function. This
leads to an enhanced antitumor immunity against
a variety of tumor types. When given as single-
agent treatments, these drugs have been shown to
induce potent clinical and immunologic responses
in patients with metastatic cancer. However, each
of these singular agents benefits only a subset of
patients. This highlights the importance of
research aimed at identifying more effective
combinatorial therapeutic strategies [51].

Recent data indicates that combined anti-OX40/
anti-CTLA-4 mAbD therapy dramatically improved
survival rates observed in the poorly immunogenic
TRAMP-C1 prostate and the more immunogenic
MCA-205 sarcoma models. Specifically, this com-
bination therapy was found to induce robust effec-
tor CD4 and CD8 T-cell responses required for the
induction of tumor regression [52]. Marabelle et al.
recently demonstrated that combined anti-OX40
and anti-CTLA-4 (with adjuvant CpG) therapy suc-
cessfully induced the regression of local and dis-
tant tumors using several aggressive tumor models
when the drugs were administered intra-tumorally.
The mechanism by which this combination therapy
functions is thought to be through the depletion of
Treg cells at the tumor site, allowing for a greater
inburst of CD8 T cells into the tumor [53].

Moreover, promising results from a study car-
ried out by Guo et al. showed that the PD-1 block-
ade synergized with the agonistic anti-OX40
mADb to promote the regression of an implantable
murine ovarian cancer, which was demonstrated
to be nonresponsive to either monotherapy. This
study reported that the combination therapy
significantly increased the ratio of CD8 T cells
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present at the tumor site (peritoneal cavity), rela-
tive to both myeloid-derived suppressor cells
(MDSCs) and Treg cells [54]. Another separate
study showed that triple combination therapy,
using co-stimulatory anti-OX40 and anti-4-1BB
mAbs along with an inhibitory anti-PD-1 mAb,
was also effective in a murine hepatocellular car-
cinoma model, with enhanced tumor infiltration
of cytotoxic effector T cells observed [55].

In the near future, more data will be available
that will enable the evaluation of the toxicity-
benefit ratio of different immunotherapeutic
combinations. We anticipate that this knowledge
will provide new insights, leading to the design of
novel therapies for advanced stage gastric cancer.

12.8 Combination of Molecularly
Targeted Agents

with Immunotherapy

Molecularly targeted agents provide selectivity
and are the cornerstone for “precision medicine.”
However, while targeted agents are associated
with high effective rates, patients are known to
often develop resistance to these drugs inevitably.
Immunotherapies exploit the endogenous
immune system of patients to eradicate tumors,
providing a mechanism for sustained treatment
resulting in long-term treatment-free survival in
some patients. Combination treatment regimens
provide the sustained clinical benefit of immuno-
therapy along with the rapid and high response
rates provided by molecularly targeted therapy.
This combinatorial approach could potentially
offer both short- and long-term benefit to cancer
patients. In this vain, numerous efforts have been
initiated to combine molecularly targeted agents
(MTAs) with immunotherapy.

The use of targeted agents that efficiently kill
tumor cells, initiating the concomitant release
of tumor antigens, should activate a specific
immune response. It is possible that strategies
bringing together immune checkpoint agents
and MTAs would result in the induction of an
immune memory, with all of its benefits. If this is
the case, it would lead to a more sustained inhi-
bition of tumor growth than would be achieved

with either treatment modality alone. A great
interest has developed in gaining an understand-
ing of how immune checkpoint inhibitors can be
used in conjunction with molecularly targeted
agents to improve clinical outcomes for patients
with advanced stage cancer. The advent of novel
immunotherapeutic and molecularly targeted
agents has provided numerous effective options
for the treatment of cancer. However, at the
same time, this has added a level of complexity
in determining the most appropriate initial treat-
ment plan for each individual patient [56].

In a phase I trial comprised of patients with
BRAF V600 mutation-positive melanoma aimed
at evaluating concurrent treatment with vemu-
rafenib and ipilimumab, dose-limiting hepatotox-
icity was observed, with further patient accrual to
the study stopped [57]. Future studies aimed to
optimize doses, timing, and other factors could
result in lower, more manageable toxicity of these
drugs. Several different approaches could be con-
sidered for evaluation. Results from an additional
phase I study provided evidence of both clinical
activity and a manageable safety profile for an
anti-PD-L1 antibody used either in combination
with dabrafenib and trametinib in BRAF muta-
tion-positive melanoma patients, in combination
with trametinib in BRAF wild-type melanoma
patients, or following trametinib in BRAF wild-
type melanoma patients [58]. While these data are
encouraging, longer follow-up studies to include
the duration of response data are necessary to
properly assess these treatments. Information
gained from clinical studies in melanoma patients
may be translatable to gastric cancer patients.

Guidelines for treatment selection of patients
with specific tumor types and clinical features are
reconsidered routinely so that to accommodate
the increasingly complex treatment landscapes.

12.9 Combination of Anti-
angiogenic Drugs
and Immunotherapy

Vascular endothelial growth factor (VEGF) is
thought to suppress the immune system. In addi-
tion to promoting angiogenesis, it is known to
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both suppress dendritic cell maturation and mod-
ulate lymphocyte endothelial trafficking. It is
thought that vascular normalization could be
accompanied by decreased hypoxia. Because
hypoxia could be associated with the develop-
ment of immunosuppressive mechanisms, the
suppression of hypoxia could function as a mech-
anism to modulate tumor-induced immunosup-
pression [59].

Preventing new vessel formation is yet another
mechanism to impact the tumor microenviron-
ment. This mechanism would increase hypoxia
and induce apoptosis and necrosis. Indeed, a syn-
ergistic antitumor effect has been demonstrated
using a combination of anti-angiogenic drugs and
immunotherapy [60].

It should be noted that anti-angiogenic mol-
ecules do not act only on endothelial cells but
also on immune cells. These molecules inhibit
the development of certain immunosuppres-
sive mechanisms developed by tumors, such as
Tregs, myeloid-derived suppressor cells, and
immunosuppressive cytokines [61]. The dual
blockade of both PD-1 and VEGF receptor 2 was
found to result in an increase in tumor growth
inhibition as compared to when each monoclonal
antibody treatment was used alone [62]. A signif-
icant increase in the expression of several potent
pro-inflammatory cytokines and CD4*, CD8* T
cells was also reported.

Consequently, the combination of beva-
cizumab with ipilimumab treatment is cur-
rently being evaluated in a phase I clinical
study in patients with advanced melanoma
(NCT00790010). On-treatment tumor biop-
sies revealed activated vessel endothelium with
extensive macrophage cell and CD8" infiltra-
tion. Peripheral blood analyses demonstrated
increased numbers of CCR7(+/—)/CD45RO(+)
cells and anti-galectin antibodies. Bevacizumab
was found to cause alterations in tumor vascu-
lature and immune responses with ipilimumab
administration. A combination therapy with bev-
acizumab and ipilimumab can be safely admin-
istered and has been found to reveal VEGF-A
blockade influences on inflammation, lympho-
cyte trafficking, and immune regulation [63].
Moreover, nivolumab treatment is currently

being combined with sunitinib or pazopanib in
patients with metastatic RCC in another phase I
trial (NCT01472081).

The majority of other combinatorial immu-
notherapy and anti-angiogenic drug treatments
are still in preclinical testing. However, it was
found that not all anti-angiogenic drugs exhib-
ited the same impact on the immune system,
likely depending on their targets. The pre-
cise mechanisms involved in the influence of
anti-angiogenic drugs on the immune system
are not fully understood. Future work should
address the immunomodulatory effects of
these targeted therapies in anticancer strategies
to better prescribe these drugs. Some of the
anti-angiogenic effects could be successfully
associated with immunotherapeutic strategies.
Furthermore, the identification of immune bio-
markers to predict an anti-angiogenic response
would enable for a better selection of patients,
avoiding unnecessary adverse events and
undue cost.

12.10 Conclusion and Outlook

It is appropriate to state that, in the future, effec-
tive anti-GC immunotherapy strategies must
be developed as combined approaches. These
combined approaches should use both systemic
radio-/chemotherapy and molecule-targeted
treatment to diminish the tumor burden or to
remove immune-suppressive cells, along a tai-
lored immunotherapy strategy customized to
each individual patient.

The key question remaining is how best to
determine which patients need combination strat-
egies and which combination strategies would
prove most effective in any given patient. Some
patients have been shown to achieve a durable
benefit with monotherapy alone and may not
need combinational immunotherapy. Thus, there
remains an urgent need to develop biomarkers
to identify patients that should be preselected
for monotherapy treatment, in order to avoid
exposure to unnecessary toxicities associated
with combination immunotherapy. In addition,
for those patients that do require combinational
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therapy, it is vital that biomarkers be developed
in order to determine the optimal combina-
tion therapies appropriate for specific patients.
Identification of such predictive biomarkers could
lead to personalized cancer immunotherapy strat-
egies that could in turn improve treatment effi-
cacy, reduce toxicity associated with treatment,
and reduce treatment costs.

Another issue that must be addressed when
moving combinational treatments to the clinic is
the potential for increased toxicity and adverse
immune-related adverse events  (irAEs).
Importantly, patients that received a combination
of immunotherapy were more likely to experi-
ence Grade 3 or 4 irAEs (53%). However, it
should be noted that this combination yielded a
substantially higher objective response rate than
observed with either monotherapy. Overall,
ongoing clinical results suggest that the modula-
tion of dosages and clinically managing irAEs
could be an effective strategy to alleviate symp-
toms and maintain patients on treatment [64].

In conclusion, emerging data have shown
encouraging efficacy of combination treatments in
gastric cancer patients. However, many questions
remain unanswered. Results of ongoing clinical tri-
als will enable us to evaluate the potential value of
combining immunotherapy with other treatments.
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Gastric cancer is one of most common cancers and is
a leading global cause of cancer-related deaths [1].
This is particularly true in the eastern regions of
China [2, 3]. Unfortunately, gastric cancer is difficult
to cure, in large part because most patients are diag-
nosed at advanced stages of the disease. Apart from
the need for early diagnosis, clinically important
practices are also the diagnosis for tumor staging,
planning for surgical resection, and determining
prognosis. It should be noted that gastric cancer is
considered as a more “localized tumor,” which is
slightly different from the ““systemic tumors” such as
breast and lung cancers. With this in mind, locore-
gional metastasis is the most important negative
prognostic factor of gastric cancer [4-6]. As a result,
the diagnosis of gastric cancer includes (1) its early
detection; (2) its systemic imaging; (3) its local imag-
ing, especially that of regional lymphatic imaging;
and (4) detection of its circulating tumor cells (CTC).

Thanks to its unique, nanoscale material compo-
sition, nanomedicine provides many benefits for the
diagnosis and treatment of cancer. To this end, a
number of nano-drugs have been clinically used,
including liposomal doxorubicin (Doxil) [7-9],
pegylated liposomal doxorubicin [10-12], liposo-
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mal daunorubicin (DaunoXome) [13-15], liposo-
mal paclitaxel [ 16], liposomal cytarabine (DepoCyt)
[17, 18], and albumin-bound paclitaxel (Abraxane)
[19-21] ], etc. Collectively, such nano-drugs pro-
mote the efficacy and reduce side effects of the che-
motherapeutics with which they are loaded.
Ultimately, these benefits act to increase their effec-
tiveness in gastric cancer treatment.

Nanomedicine also has a promising role in can-
cer diagnosis [22-25], with some having gotten as
far as clinical trials [26]. However, nanodiagnos-
tics are only currently used in a limited number of
situations [23]. Beginning with tumor imaging
contrast, nanotechnology has also been applied to
lymphatic imaging, circulating tumor cell (CTC)
detection, and early cancer diagnosis. Moreover,
theranostic based on nanomedicine have also
attracted increasing attention, due to their con-
struction as multifunctional, nanosystems with
integrated diagnostic and therapeutic capabilities
in a single nanoparticle [27-29]. With this in mind,
in the following section, we will focus on the inter-
face between gastric cancer and nano-diagnosis.

13.1 Nanomedicine in the Early

Diagnosis of Gastric Cancer

Apart from occult blood test of stools, endos-
copy is the most important and effective diag-
nostic method for the early detection of gastric
cancer. That being said, conventional white-light
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endoscopy offers only structural information of
the gastrointestinal tract without any attendant
biochemical data. To enhance the sensitivity of
endoscopy, a non-contact, fiber optic-based
Raman spectroscopy device was reported by
Zavaleta et al. [30]. This device has the potential
to provide real-time, multiplexed functional
information during routine endoscopy and thus
is ideally suited for the detection of functional-
ized, surface-enhanced Raman scattering
(SERS) nanoparticles as molecular imaging con-
trast agents. As a result, certain cellular sub-
groups (e.g., cancer cells) are able to be
identified. A good case of this is the work of
Wang et al. [31, 32], who applied monoclonal
antibodies against epidermal growth factor
receptor (anti-EGFR mAb) and human epider-
mal growth factor receptor-2 (anti-HER-2 mAb)
SERS NPs to the lumenal surface of the rat
esophagus. Their results showed that EGFR- and
HER-2-expressing tumor cells were not only
precisely located, but that biomarker visualiza-
tion and expression quantification were in agree-
ment with both immunohistochemistry and flow
cytometry data. Obviously, this technique is
based on the idea that one or more molecules are
highly and specifically expressed on the surface
of cancer cells. For gastric cancer, such mole-
cules include carcinoembryonic antigen (CEA),
cancer-related antigen 19-9 (CA19-9), cancer-
related antigen 72-4 (CA72-4), HER-2, and
EGFR. Although none of the aforementioned
markers are 100% sensitive and specific, the
combination of routine optical endoscopy and
SERS nanoparticles would still provide a more
sensitive and specific means for early gastric
cancer detection than is currently available.

The detection of gastric cancer-related bio-
markers is also an important part of early diag-
nosis. Due to their specific properties, the
development of nanostructured biosensors with
high analytical performance has continuously
increased [33, 34]. The use of nanoparticles
may increase the sensitivity of a given biosen-
sor and generate higher accuracies, speed, and
precision [33]. Nanoparticles can be applied
into optical-based nanosensors [35-38], fluo-
rescence-based nanosensors [39], electrical-/

electrochemical-based nanosensors [33, 40—
43], and magnetism-based nanosensors [44—
46], to name a few. Among those nanoparticles
used in nanosensors, gold and magnetic
nanoparticles-based biosensors as well as quan-
tum dots are the predominant types [34, 35,
47-52]. These nanoparticles have been reported
to be used in nanosensors designed to detect
CEA [53-56], CA125 [35, 57-59], CA724
[60], and HER-2 [61]. As these nanoparticle-
enhanced nanosensors are of greater sensitivity
and accuracy, they may also be used to the
exploration of new biomarkers for early gastric
cancer detection [62].

Some other nanostructures have also been
applied to gastric cancer-related biomarkers.
For instance, Chen et al. [55] reported an immu-
nosensor for CEA that was based on nanosilver-
coated magnetic beads and gold-graphene
nanolabels. This nano-biosensor could detect
CEA at a concentration as low as 1.0 pg/mL. In
another instance, Jokerst et al. [63] integrated
semiconductor nanoparticle quantum dots
(QDs) into a modular, microfluidic biosensor
for the multiplexed quantification of CEA,
CA125, and HER-2/Neu. They found that using
QD probes in a miniaturized biosensor format
leads to signal amplification that was 30 times
that of standard molecular fluorophores.
Moreover, they also saw a reduction in observed
limits of detection by nearly two orders of mag-
nitude relative to an enzyme-linked immunosor-
bent assay (ELISA).

13.2 Nanomedicine
in the Systemic Imaging
of Gastric Cancer

The methods used for whole body scanning
include computed tomography (CT), magnetic
resonance imaging (MRI), positron emission
computed tomography (PET), single-photon
emission computed tomography (SPECT), and
PET-CT. For organ-specific examinations, a fast
and low-cost method is ultrasound [23]. The cur-
rent imaging and therapeutic agents suffer from
nonspecific body distribution, not to mention
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rapid clearance, poor pharmacokinetics, and
undesirable side effects [64—68]. Therefore, the
development of cancer nanomedicine provides
new pathways for enhanced cancer imaging
using new types of nanomaterials. A variety of
nanoparticles have recently emerged as promis-
ing strategies for cancer diagnosis owing to their
nanoscale sizes, high agent loading capability,
tailorable surface properties, controllable release
patterns, and enhanced permeability and reten-
tion (EPR) [65, 67, 68]. Although successfully
developing safe and effective nanoparticle-based
imaging modalities for in vivo gastric cancer tar-
geting imaging remains a large challenge, some
studies have made progress in the right
direction.

Superparamagnetic iron oxide (SPIO) MRI
contrast agents are the first agents to have been
clinically approved and include ferumoxides
(Feridex in the USA, Endorem in Europe) and
ferucarbotran (Resovist). However, both Feridex
and Resovist are approved only for MRI of the
liver. Nevertheless, magnetic nanoparticles are
still the most frequently used in gastric cancer
imaging.

Wang et al. [69] reported on SPIO nanoparti-
cles (SPION) coated with SiO, as core-shell
nanoparticles. Nanoparticles were labeled with a
near-infrared fluorescence (NIRF) dye in addi-
tion to an anti-CD146 monoclonal antibody [70]
for magnetic resonance MR/NIRF imaging. The
MKN45 xenograft tumor model was easily iden-
tifiable in as little time as 30 min postinjection.

BRCAAT1 monoclonal antibodies that were
conjugated to fluorescent, magnetic nanoparti-
cles for in vivo, targeted gastric cancer imaging
were also reported by Wang et al [71]. The
nanoparticles could target in vivo gastric cancer
tissues in the xenograft of mice and could then be
used for gastric cancer imaging using either fluo-
rescence 1imaging or magnetic resonance
imaging.

Zhou et al. [72] reported using folic acid (FA)-
conjugated silica-capped gold nanoclusters for
gastric cancer imaging. This type of nanoprobe
exhibited good biocompatibility and was able to
actively target both FA(+) MGC-803 cells and
in vivo gastric cancer tissue (5 mm in diameter)

in a nude mice model. Importantly, these nano-
clusters allowed for excellent red-emitting fluo-
rescence and CT imaging.

Trastuzumab (Herceptin) is a humanized
monoclonal antibody targeted to the extracellu-
lar domain of HER-2, a tyrosine kinase receptor.
Trastuzumab was approved by the Food and
Drug Administration (FDA) of the USA for the
treatment of HER-2-overexpressing metastatic
gastric cancer [73-75]. Several trastuzumab-
conjugated, inorganic nanoparticles have been
reported for purposes of imaging and diagnosis
[73]. These include dextran iron oxide nanopar-
ticles [76], mesoporous silica nanoparticles [77],
PLGA nanoparticles [78], and liposome-coated
fluorescent  magnetic  nanoparticles  [79].
Although the aforementioned nanoparticles were
used in breast cancer, these systems can also be
applied to HER-2-overexpressing gastric can-
cers [73, 80, 81].

Nanomaterials were also used in the area of
ultrasound. For instance, Fan et al. [82] reported
on nanobubbles, which were used as an ultra-
sound contrast agent. The nanobubbles exhibited
a superior contrast imaging effect over SonoVue®
microbubbles in gastric cancer xenografts.
Additional studies showed that the nanobubbles
could pass through the gaps between the endothe-
lial cells into the tumor vascular system in order
to enter the tissue space. Taken together, these
findings provide morphological evidence for the
applications of nanoparticles in ultrasound imag-
ing of tumors.

Moreover, nanomaterials have been used into
nuclear imaging of gastric cancer. To this end,
increased expression of cellular membrane bound
glucose-regulated protein 78 (GRP78) is consid-
ered to be a gastric cancer biomarker. Cheng et al.
synthesized glucose-regulated protein 78 binding
peptide (GRP78BP) guide''! in labeled polymeric
micelles [83]. In vivo studies in murine gastric
xenograft revealed that the radioactive intensity
measured in subjects treated with GRP78BP-
guided!!!, labeled micelles was statistically higher
than in animals receiving only labeled micelles.
These results indicated that GRP78 is a useful
probing target that can be used for nuclear imaging
and gastric cancer diagnosis.
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13.3 Nanomedicine in Local
Gastric Cancer Imaging

Lymphatic metastasis is one of the most impor-
tant in dependent prognostic factor for gastric
cancer [84, 85]. Consequently, it is undoubtedly
helpful for treatment planning to know pretreat-
ment status of lymph nodes of gastric cancer
patients. Furthermore, intraoperative diagnosis of
lymph node metastasis in patients with gastric
cancer is vital for the extent of lymph node dis-
section [86]. However, to date, no imaging
modality has been shown to be capable of effec-
tively detecting gastric cancer lymphatic metas-
tasis [87].

Ferumoxtran-10 (Combidex) is an MRI lym-
photropic contrast agent for the detection of met-
astatic lymph nodes in various types of cancers.
For instance, Tatsumi et al. [88] investigated the
efficacy of ferumoxtran-10-enhanced MRI for
the detection of metastases to lymph nodes in
gastric cancer. The parameters for predictive
accuracy were far superior to those evaluated by
either CT or ultrasound alone. Nodes in the retro-
peritoneal and paraaortic regions were more
readily identified on the MR images than those in
the perigastric region. Therefore, the use of this
modality shows promise in treatment planning
and decision-making for gastric cancer patients.

Recently, Qiao et al. [87] reported on a new
kind of molecular imaging probe that was based
on upconversion nanoparticles with highly sensi-
tive detection of lymphatic metastasis in gastric
cancer. The core-shell, structured upconversion
nanoparticles were coated with polyethylene gly-
col (PEG). In vivo studies in an orthotopic mouse
model of human gastric cancer were then con-
ducted, with the primary tumor and adjacent lym-
phatic metastatic sites being clearly differentiated.
Moreover, lymphatic metastases that were
smaller than 1 mm were successfully detected.
These results show the promise that this nanopar-
ticle has a highly effective approach to gastric
cancer diagnosis.

Using photosensitive nanoparticles loaded
with the indocyanine green (ICG) derivative
ICG-loaded lactosome (ICGm), Tsujimoto et al.
[86] detected metastatic lymph nodes in the

ICGm-, but not ICG-, treated mice. PDT using
ICGm was able to induce apoptosis and inhibited
the growth of metastatic lymph nodes signifi-
cantly. These results indicate that ICGm is a
promising theranostic modality for lymph node
metastasis in gastric cancer.

Image-guided surgery (IGS) has the poten-
tial to substantially impact patient treatment.
Clinical trials of IGS using the FDA-approved
fluorophores indocyanine green (ICG) and
methylene blue have already exhibited prelim-
inary successes. Moreover, incorporation of
fluorescent nanoparticles will likely improve
detection by providing a higher signal-to-
noise ratio and reducing false-positive rates by
means of active targeting [89]. Several types
of fluorescent nanoparticles have been
reported, such as liposome-embedded ICG
[90, 91], SPIO-phospholipid-PEG-ICG [92],
and hyaluronic acid (HLA)-derived nanopar-
ticles loading ICG [93].

13.4 Using Nanomedicine
to Detect Circulating Tumor
Cells (CTCs) in Gastric Cancer

Circulating tumor cells (CTCs) are cancer cells
that break away from either a primary tumor or a
metastatic site and circulate in the peripheral
blood. Crucially, they are supposed to serve as the
cellular origin of metastasis [94]. Blood CTCs
have been widely studied as a potential biomarker
for diagnosis, prognosis, and molecular testing of
metastatic gastric cancer [95, 96]. It is also vital
for the real-time diagnosis, treatment planning,
and evaluation of patients, leading to its classifi-
cation as a “liquid biopsy.” However, due to their
rarity and heterogeneity, it remains challenging to
develop a CTC detection method with clinically
significant sensitivity and specificity. This diffi-
culty remains even with the commercialization of
some devices such as CellSearch [97, 98] (it
should be noted that CellSearch has not been
approved for use in gastric cancer). With the
recent advances in nanotechnology, a series of
new and promising nanomaterials have been
reported to enhance CTC detection [95, 99].
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These include microfluidic chips [99, 100],
nanoroughened structures [99], NanoVelcro chips
[94], nanofibers [101], as well as nanoparticles
[95, 102].

Microfluidics integrates physical, chemical,
and biological technologies at the micro- and
nanoscale levels, thus providing a miniaturized
and portable tool for efficient CTCs separation
[103]. In the latest decade, a great number of
microfluidic chips have been shown to be capable
of separating CTCs of prostate [104], breast
[105-107], esophageal [107], and lung cancers
[108] in addition to melanoma [109].

To this end, Galletti et al. [106] reported a
novel HER-2 (human epidermal receptor-2)-
based microfluidic device for the isolation of
CTCs from the peripheral blood of patients with
HER-2-expressing gastric cancers. They applied
the HER-2 microfluidic device into the detection
of CTCs from blood of metastatic gastric cancer
patients and found that circulating tumor cells
were detected not only in HER-2 high-expressing
cancer patients but also in HER-2 low-expressing
patients. As HER-2 is expressed in 67% of gas-
tric cancer patients and overexpressed in 13-30%
of the cases [106, 110, 111], the microfluidic
device based on HER-2 is quite promising for the
detection of CTCs in gastric cancer patients.

Based on a negative enrichment technique,
Hyun et al. [105] reported a geometrically acti-
vated surface interaction (GASI) chip with an
asymmetric herringbone structure designed to
generate enhanced mixing flows. CD45 antibod-
ies were immobilized inside the channel to cap-
ture leukocytes and release CTCs to the outlet.
Blood samples from four patients with gastric
cancer were then analyzed. CTCs were detected
from all four samples, and the number of isolated
CTCs varied from 1 to 5 in 1 mL of blood.

The materials used in nanoparticles designed
for the detection of CTC have included gold [112],
magnetic [113, 114], quantum dots [115], gra-
phenes/graphene oxides [116], dendrimers, and
stimuli-responsive polymers [117, 118]. That being
said, previous studies focused on CTC detection
and isolation using nanoparticles have mostly con-
centrated on breast, prostate, lung, and colon can-
cers. Reports on the detection of gastric CTCs

using nanoparticles are comparatively little. For
instance, He et al. [119] reported CTC isolation
from gastric cancer patients’ peripheral blood sam-
ples with a biocompatible nano-film composed of
TiO, nanoparticles. Furthermore, 50% of the cap-
tured cells could be detached from the substrate
and were expected to be of future clinical use.

It is also important to note that some nanopar-
ticles have emerged that are able to detect special
gastric cancer or gastric cancer stem cell mark-
ers, such as CD [102, 120], HER-2 [79], CD44
[121], and CD146 [69, 70]. These nanoparticles
are expected to be promising candidates for gas-
tric CTC detection.

Conclusions

Due to the high morbidity and mortality of
gastric cancer, the exploration of more effec-
tive modalities for its diagnosis and treatment
is critically important. Nanomedicine has
shown great potential for increasing the sensi-
tivity and specificity with regard to gastric
cancer—not just with early detection. It has
also shown promise with systemic and local
imaging for the evaluation and treatment
determination of gastric cancer, image-guided
surgery, and the detection and isolation of
CTCs. Howeyver, there are also several limita-
tions that must be considered. First, most of
the studies currently in the literature are either
preclinical or in vitro. As a result, the safety
and clinical applicability of most nanomateri-
als remain unclear. Second, most studies for
gastric cancer diagnosis have been based on
specific markers or ligands expressed by gas-
tric cancer. However, the specificity of these
molecules is usually limited, which restricts
nanoparticle applications. Finally, a large pro-
portion of the studies were derived from simi-
lar studies about breast, lung, and colorectal
cancers. Studies based solely and specifically
on the clinical characteristics of gastric cancer
are comparatively rare. Therefore, to further
promote the development of nanomedicine in
the diagnosis of gastric cancer, more in-depth
studies and increased interdisciplinary collab-
oration and information exchange between
scientists will be needed [23].
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Systemic Drug Delivery
in Gastric Cancer

Rutian Li and Mi Yang

14.1 Physiological Drug
Resistance (PDR) and the Role
of Copolymeric Nanoparticles

in Its Reversion

Copolymeric nanoparticles (NPs) have been
proven to be effective carriers for the delivery of
antitumor agents with some of them have come
into clinical use [1-3]. The effectiveness of NPs
resides in their enhanced permeability and reten-
tion (EPR) effects, rather than on an active target-
ing strategy [4, 5]. Ultimately, this results in
sustained release of drugs from their NP vectors
[6]. In this section, we will introduce another
important mechanism inherent to copolymeric
NPs: their ability to reverse physiological drug
resistance (PDR).

Although genetic and epigenetic changes in
cancer cells have been a major research focus, the
tumor microenvironment is also a vital factor that
has attracted increasing attention in recent years.
This is because solid tumors are three-dimensional
structures composed of both cancer and stromal
cells in addition to matrix and vascular network
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[7]. The physicochemical factors in the tumor
microenvironment are quite different from those
found in normal tissue. These altered physico-
chemical factors are significant for the treatment
of cancer because they can influence the efficacy
of anticancer agents; for instance, the pH of
tumor tissue is classic example. The extracellular
pH of cancer cells is more acidic than that of nor-
mal tissue, whereas the intracellular pH of tumor
is nearly equivalent [8]. As to the weakly basic
agents that have an acid dissociation constant
(Pka) in the range of 7.5-9.5, this unusual
intracellular-extracellular pH gradient can influ-
ence the effect of these agents. In this scenario,
such drugs would be protonated at the extracel-
lular tumor pH value [7]. Since the protonated
forms of these agents become much less mem-
brane permeable, they would accumulate pre-
dominantly outside of the cell. As such, the
intracellular environment would have a low con-
centration of such weakly basic drugs, leading to
a markedly reduced ability to kill cancer cells.
Raghunand et al. has defined this phenomenon as
“physiological drug resistance”, which is differ-
ent from the “biochemical drug resistance” (e.g.
MDR or drug resistance) that is caused by the
changes of signaling pathways and/or protein
expression [9].

However, pH is not the solely physiochemical
factor influencing drug distribution in tumor tis-
sue. The disorganized vascular network and the
absence of a functional lymphatic system of
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tumor tissue causes increased interstitial fluid
pressure (IFP). Moreover, the composition and
structure of the extracellular matrix (ECM) can
passively influence the movement of molecules
within the tumor [10, 11]. Given these additional
features of the tumor microenvironment, the
delivery of anticancer drugs often fails to reach
cells that are distal from functioning blood ves-
sels [12].

With this in mind, the following section will
define “physiological drug resistance” (PDR) as
any and all kinds of tumor resistance to antican-
cer drugs that are caused by the physiochemical
factors of the tumor itself. This kind of drug
resistance is usually composed of two subtypes:
[1] “pH-induced physiological drug resistance”
(PIPDR), which is caused by the unusual tumor
intracellular-extracellular pH gradient and [2]
“penetration-defect related physiological drug
resistance” (PDPDR), which is caused by the
impaired penetration of drugs into the tumor tis-
sue (Fig. 14.1).

PDR plays a significant role in chemotherapy
and targeted therapy failure since it is a phenom-
enon that occurs in most tumors [13]. These dif-
ferent physicochemical factors exist widely in
most tumor types, irrelevant to their genetic
background. As such, they can influence the
effectiveness of a large number of drugs regard-
less of their mechanism of action. Given this,
reversion of PDR would certainly improve drug
effectiveness in nearly all kinds of tumors.
Unfortunately, very little attention has been paid
to this kind of drug resistance. In the following
section, we will discuss the two kinds of PDR—
PIPDR and PDPDR—in addition to the role
copolymeric nanoparticles can play in the rever-
sion of PDR.

14.1.1 PIPDR

Among the various micro environmental factors,
pH is of the greatest importance. This is for two
reasons: firstly, the lower extracellular pH values
are detected in most tumor tissues [13]; secondly,
most of the present-day chemotherapeutics for
gastric cancer are weakly basic drugs such as
doxorubicin, epirubicin, paclitaxel, and docetaxel
[14]. Several studies have proven that the cyto-
toxicity of these drugs is hindered at lower extra-
cellular tumor pH values [9, 14-16].

Raghunand et al. [8, 9, 15, 16] have demon-
strated the existence of PIPDR in chemotherapeu-
tics more than 10 years ago. Since its discovery,
several attempts have been made to overcome
PIPDR. For instance, Lee et al. [17] treated cancer
cells with the combination of doxorubicin and
either chloroquine (a competing base) or omepra-
zole (an H*-pump inhibitor). In the study reported
by Raghunand et al. [16], the in vivo effectiveness
of doxorubicin was enhanced by adding sodium
bicarbonate to the drinking water of mice. However,
these methods rely on the use of additional agents,
or they alter normal homeostasis. Either way, severe
side effects may result. Accordingly, most of these
treatments failed to attain clinical use because of
their inherent or potential toxicity or the likelihood
of side effects [17, 18]. The only in vivo study on
the reversion of PIPDR was reported by Raghunand
et al. [16] in which bicarbonate-induced extracellu-
lar alkalinization led to significantly improve the
therapeutic effectiveness of doxorubicin against
MCF-7 xenografts. However, the potential for side
effects is significant since the increase in extracel-
lular pH occurs nonspecifically.

Polymeric NPs are better candidates to over-
come PIPDR than other approaches since they

Biomedical drug resistance

Drug resistance

PH-induced PDR

Physiological drug resistance

Fig.14.1 Types of drug
resistance caused by
tumors
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Fig.14.2 Mechanism for nanoparticle-driven reversion of PIPDR [21]

are more effective and present with fewer inher-
ent toxicities. NPs enter cells via endocytic
uptake, thereby allowing for the intracellular
release of their drug cargo [19, 20]. When weakly
basic drugs are incorporated into NPs, the drug
will be able to effectively enter the cancer cell via
endocytosis. The intracellular pH is physiologi-
cally normal (around 7. 4), meaning that the basic
drugs released in the cytoplasm would keep their
active, uncharged forms. Thus, this approach
would lead to more effective termination of can-
cer cells (Fig. 14.2).

Previous work [21] from our lab used a murine
model for the study of NP-driven reversion of
PIPDR. In this model, tetrandrine (Tet, Pka 7.80),
an alkaloid isolated from traditional Chinese
medicine, was incorporated into the diblock copo-
lymer methoxy poly(ethylene glycol)-polycapro-
lactone (mPEG-PCL). In vitro cytotoxicity studies
showed that the cytotoxicity of free Tet was sig-
nificantly decreased (p < 0.05) when the extracel-

lular pH decreased from 7.4 to 6.8. Importantly,
the cytotoxicity of Tet-loaded nanoparticles (Tet-
NPs) was not significantly influenced by this
same change in pH. Our evaluation of the antitu-
mor effects of free Tet versus Tet-NPs in a murine
model confirmed the successful reversion of
PIPDR by Tet-NPs. Moreover, the NPs reversed
in vivo PIPDR more efficiently than other existing
methods with meaningfully fewer side effects.
Collectively, these results revealed a new mecha-
nism for copolymeric NPs and expanded our
understanding of copolymeric drug carriers into
an area where cancer microenvironmental factors
must be considered.

14.1.2 PDPDR

PDPDR is caused by increased interstitial fluid
pressure (IFP) and altered composition and struc-
ture of the extracellular matrix (ECM). Taken
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Fig. 14.3 1In vivo distribution of doxorubicin. A section
from a mouse mammary tumor showing the distribution of
doxorubicin (blue) in relation to tumor blood vessels (red)
and regions of hypoxia (green). It is obvious that doxoru-
bicin is distributed around the tumor blood vessels but far
away from the hypoxic region of tumors. Bar = 100 pm.
Reproduced with permission from Ref. [22]

together, these changes slow down the movement
of molecules within the tumor. Many anticancer
drugs—including chemotherapeutics and
molecular-targeted agents—have limited distribu-
tion from blood vessels into solid tumors, which
limits their effectiveness [7, 11, 12] (Fig. 14.3).

Traditional methods used to enhance drug
penetration into tumor tissue are limited and most
have remained at the preclinical stage. These
approaches will be described in more detail
below.

14.1.2.1 Angiogenesis Inhibitors

Anti-angiogenesis agents (e.g. bevacizumab)
directly inhibit vascular endothelial growth factor
(VEGF). They have been shown to enhance the
clinical effects of chemotherapeutics in several
kinds of tumors. This result may appear paradox-
ical, since the inhibition of angiogenesis would
lead to decreases in blood vessel density, thus
impairing drug penetration and delivery to cancer
cells. However, recent studies have revealed that
the mechanisms of angiogenesis therapy act to
normalize tumor vascular architecture, thereby
improving blood flow to cancer cells and reduc-
ing IFP [23-25]. As a result, drug penetration
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would be improved. It is possible that this is a
neglected mechanism for the synergistic effect
between chemotherapeutics and angiogenetic
agents [26].

14.1.2.2 ECM Modification

The ECM in the tumor microenvironment com-
prises a diverse network of structural and instruc-
tional molecules that is closely linked to the
tumor cells [27]. An abnormal extracellular
matrix (ECM) is a major factor leading to
impaired drug penetration in solid tumors. To
this end, a series of approaches have been
reported to partially degrade or downregulate the
expression of ECM proteins in order to improve
drug penetration [28]. The agents used to degrade
ECM include collagenase [29, 30], hyaluroni-
dase [29, 31], and matrix metalloproteinase-8
(MMP-8) [32], to name a few. However, these
strategies will likely present a double-edged
sword, as both MMPs and proteinases play an
important role in promoting tumor invasion and
metastasis.

Numerous studies have shown that nanoparti-
cles enhance the penetration of their loaded drug
agents [33-36], whether alone or in combination
with other treatments such as hyperthermia [37],
anti-angiogenic agents, or tumor-penetrating
peptides. However, nanoparticle penetration is
still influenced by the particle size and tumor
environment, meaning that multiple biobarriers
will need to be overcome before nanomedicines
are clinically capable of being delivered to the
target site.

Local administration of a nanoparticle-based
delivery system results in high drug concentra-
tions and retention times at the tumor site. The
clinical benefits of intraperitoneal chemother-
apy in advanced stage cancer patients was veri-
fied in work that showed local regional
chemotherapy improved their clinical outcomes.
However, chemotherapeutic efficacy also
depends on the accessibility and retention of the
delivered drug to tumor tissue. To this end,
Saltzman et al. [38] studied the pharmacokinetic
and tissue distribution of local polymer implants
in the rat brain. They showed that at the end of
the first day, therapeutic agent penetration was
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5 mm from the site of implantation. From days 3
to 14, therapeutic penetration was reduced to
I mm. According to rapid in vitro release kinet-
ics, 84% of the drug was cumulatively released
from this delivery system during the first 24 h. In
the first few days after implantation, the penetra-
tion distance of the polymeric drug was reduced
since the drug diffusion gradient was signifi-
cantly diminished. It is possible that intraopera-
tive administration could cause acute injury and
enhance drug penetration via convection of
interstitial fluid. This phenomenon might also be
the reason for the rapid drug elimination seen
after day three. It should be noted that the authors
did not take into account the effect of interstitial
fluid convection to tissue penetration.

After reaching the target site, the cell mem-
brane is an additional barrier to cross in order for
efficient delivery of the loaded drug in nanodrug
delivery systems (NDDSs) into specific organ-
elles within the cytoplasm of cancer cells. Various
strategies have been tried to stabilize lysosomal
membrane and prevent lysosomal, such as target-
ing ligands, antibodies, as well as cell-penetrating
peptides (CPPs). Suitable nanoparticle size also
influences the penetration property of nanomedi-
cines and affects their cellular uptake. It was
found that 30-nm nanoparticles could more eas-
ily extravasate and penetrate into tumor tissue
when compared with larger size nanoparticles.
Moreover, the penetration advantages of smaller
nanoparticles exhibited distinct therapeutic
effects.

Cell-penetrating peptides (CPPs) have been
shown to help polymeric nanoparticles permeate
cellular membranes and internalize into cancer
cells. For instance, TATp, as a pegylated CPPs,
has been used to modify liposomes. The prepared
micelles could be efficiently taken up by cancer
cells and provided for high transfection produc-
tivity in cell nuclei. As a result, TATp improved
cytoplasmic drug levels and overcame drug resis-
tance in tumor-bearing mice.

Finally, iRGD is a tumor-specific penetrating
peptide that can significantly enhance IP doxoru-
bicin penetration into disseminated peritoneal
tumor nodules in mice [39]. Intraperitoneal coad-
ministration of iRGD and doxorubicin specifi-

cally labeled suppressed peritoneal metastases in
a mouse model. Importantly, iRGD improved
intratumoral dextran and doxorubicin concentra-
tions up to 3 and 2.5 times, respectively. When
compared with administration of just intraperito-
neal doxorubicin, a combination of iIRGD and
doxorubicin treatment significantly inhibited the
growth of peritoneal metastatic tumors and
reduced systemic drug toxicity. According to
their study, intraperitoneal iRGD and nano drugs
were a simple and effective strategy to improve
the IP therapeutic index and reduce systemic
cytotoxicity for peritoneal carcinomatosis.

14.2 Nanoparticle Applications
in Gastric Cancer Treatment

Nanoparticles have inherently adjustable physi-
cal properties, which include multivalent target-
ing abilities, high loading abilities, scalability,
easy dispersibility in water, and can pass through
biological barriers. As such, further exploration
of nanomedical technology could potentially
allow for safer and more effective radiographic
imaging and detection systems, in addition to
more robust early diagnosis and individualized
treatments for gastric cancer [40]. More specifi-
cally, nanoparticles composed of magnetic iron
oxide, magnetic fluorescence, metal, semicon-
ductors, quantum dots, nanodiamonds, nanow-
ires, nanometer polymer, nanocarbon, and
graphene have all been used in related medical
research fields.

14.2.1 Albumin Nanoparticles

Human serum albumin (HAS) has many medical
advantages: good biocompatibility, low toxicity,
no immunogenicity, easy preparation, targeted
and controlled release, and it can increase drug
stability. Given this extensive list, it has drawn
considerable attention. In particular, HAS
nanoparticles are good drug carriers with the
ability to localize within tumor tissues. This
would therefore increase the antitumor effects of
the loaded drug [41, 42].
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Some scholars have used disulfide-PDPH
(3-(2-pyridyldithio) propionyl hydrazide) to
combine hydrophobic adriamycin (ADR) with
HAS. The result has been an amphiphilic
adriamycin-human serum albumin nano-micelle
ADR-HAS [43] with redox sensitivity. In a nude
mouse transplanted tumor models established by
NCI-N87 cells, the tumor inhibition rate of ADR-
HSA nanoparticles was as high as 69.98%.

14.2.2 NK105

Since paclitaxel (PTX) is hydrophobic, its clini-
cal application depends on its addition to poly-
oxyethylene castor oil EL. However, this
combination will likely lead to allergic reactions
[44]. To this end, NK105 is a type of “core-shell”
poly-micelle nanoparticle that can ‘“wrap”
PTX. It can be directly used for intravenous
administration without the addition of further
solvents. Therefore, NK105 has a greater clinical
advantage than PTX alone [45]. Importantly,
Phase clinical study results have shown that the
recommended dose of NK105 was 150 mg every
3 weeks, which was equivalent to PTX/m? [46].

A Phase 1II clinical study was conducted to
assess the efficacy and safety of NK105 in patients
with advanced gastric cancer who had failed first-
line chemotherapy [47]. All patients included in
the study had to have measurable lesions and had
to have also undergone chemotherapy without
paclitaxel at least once. Every 3 weeks, patients
received a 30-min NK105 intravenous infusion
(150 mg equivalent to PTX/m?), without allergy-
free pretreatment. These infusions occurred until
a given patient’s condition improved, until he/she
could no longer tolerate the side effects, or he/she
refused. The primary end point event was overall
response rate (ORR) after baseline. The second-
ary end point events were progression-free sur-
vival (PFS), time to treatment failure (TTF), and
overall survival (OS).

From November 2007 to July 2009, 57
patients were included in the study, and 56 of
them were evaluated. Two of them achieved com-
plete remission, 12 achieved partial, and the ORR
was 25%. The meso-position PFES was 3.0 months,

meso-position TTF 2.8 months, and meso-
position OS 14.4 months. Drug-associated toxic-
ity went from light to severe, with the following
percent of patients reporting the following: neu-
tropenia (64.0%), leukopenia (17.5%), lympho-
penia (8.8%), abnormal nerve sensory (1.8%),
fatigue (3.5%), and oral cavity inflammation
(1.8%). There were no treatment-related deaths.

14.2.3 Chitosan Nanoparticles

Chitosan is a type of natural, linear polysaccha-
ride polymer obtained from a deacetylation chitin
reaction. Chitosan has unique properties, includ-
ing being a biological adhesive, having good bio-
compatibility —and biodegradability, being
nontoxic, and having low immunogenicity. As
such, it has been widely used in pharmacological
and biomedical domains. The existence in ami-
dogen and carboxyl groups in the chitosan mole-
cule makes it easy for chemical modification to
occur. Importantly, such modifications can imbue
chitosan with amphipathy. The resulting amphi-
philic molecules can form self-assembled
nanoparticles, which can carry and bring drugs to
specific locations. They can then achieve good
drug targeting by conjugating specific targeting
molecules into the drug-loaded nanoparticles.
N-trimethyl chitosan (TMC) is a type of
water-soluble, cationic polyelectrolyte that can
be used for oral and intravenous administration
of PTX. TMC has biocompatibility and biode-
gradability properties, and it can form nanoparti-
cles with diameters of 150-200 nm using an ion
gelation method [48]. Embedding PTC into TMC
can effectively solve the problem of the poor
water solubility exhibited by PTX and lead to
more controlled release and a prolonged drug
half-life. For instance, Song et al. [49] prepared
spherical, paclitaxel-loaded, n-trimethyl chitosan
chloride TMC-PTX nanoparticles. The loaded
amount of PTX in this particle was approxi-
mately 30%. TMC-PTX treatment inhibited pro-
liferation and induced apoptosis in NCI-N87 and
SGC-7901, two strains of human gastric carci-
noma cells. In addition, comparison of TMC-
PTX with PTX alone revealed that the former had
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enhanced therapeutic effects in both NCI-N87
and SGC-7901 types of nude mouse transplanted
tumor models. Importantly, there were no evident
side effects.

Polyethylene glycol (PEG) is a type of non-
ionic, hydrophilic polymer that has beneficial
characteristics including nontoxicity, no immu-
nogenicity, long circulation times, and good bio-
compatibility. Therefore, PEG could be widely
used in cross-linked polymer combinations.
Epigallocatechin-3-gallate (EGCG) is the main
component of tea polyphenols found in green tea
and has both anti-inflammatory and antioxidant
effects. Moreover, it can inhibit tumor growth
through anti-angiogenetic effects in addition to
inhibiting proliferation and inducing apoptosis
[50-54]. Some researchers have made FCS/PCS/
Gel/EGCG nanoparticles from fucose-chitosan
(FCS), PEG-chitosan (PCS), EGCG, and gelatin
[55]. It was found that oral administration of this
nanoparticle could effectively reduce drug release
in environments containing gastric acid. This led
to significant decreases in gastric cancer activity
and reductions in inflammatory reactions of the
stomach and liver.

14.2.4 Calcium Carbonate
Nanoparticles

Nanometer calcium carbonate is a new type of
functional, inorganic, and nonmetallic mineral
filler that was developed in the 1980s. It is also
emerging as a viable gene transfection vector that
can be medicated using inorganic nanoparticles.
In addition to its easy preparation, good biocom-
patibility, and biodegradability, it also has a high
transfection efficiency and good reproducibility.
Furthermore, no buffered solution is needed dur-
ing the preparative process to control pH [56].
He et al. [57] prepared calcium carbonate
(CaCOs;) nanoparticles to deliver vascular endo-
thelial growth factor (VEGF) C-siRNA. The
diameter of this CaCOj; nanoparticle was
58 mm, and the surface positive charge was
+28.6 mV. When compared with lipidosome
nanoparticles, the CaCOj; nanoparticles did not
show evidence of cytotoxicity to SGC-7901

cells. Additionally, SGC-7901 cells success-
fully inhibited VEGF-C expression when trans-
fected with CaCO; nanoparticles loaded with
VEGEF-C siRNA. In a SGC-7901 cell subcuta-
neous transplantation tumor model, CaCO;
nanoparticles were also able to effectively
inhibit tumor lymphangion genesis and tumor
cell growth. Taken together, these results dem-
onstrate that CaCO; nanoparticles can effec-
tively deliver siRNA nonviral vectors,
highlighting their potential use in the genetic
treatment of gastric cancer.

14.2.5 Gold Nanoparticles

Gold nanoparticles (GNPs) have very unique
physical and chemical properties that are mainly
manifested in the following three aspects: (1)
gold nanoparticles are relatively safe, easy to pre-
pare, and have good stability, (2) gold nanoparti-
cles are basically inactive and completely
nontoxic, and (3) their synthesis is relatively easy
and the resulting diameter range controlled
within a range of 1-150 nm. (4) They have the
same small size, surface, quantum size, macro-
scopic quantum tunneling, and dielectric effects
as those found in nanoparticles. (5) They have
unique electrical catalytic, optical, magnetic, and
biological affinity effects. Therefore, gold
nanoparticles have wide, potential use in the bio-
medical field. To this end, Singh et al. prepared
gold nanoparticles with stable electrical-
biological properties. Gold nanoparticles to pH
and demonstrated its anti-carcinoma effect
inYCC-3 gastric cells [58].

14.2.6 Gelatinase-Targeted
Nanoparticles

The matrix metalloproteinases (MMPs) family is
an umbrella classification for endopeptidases
related to extracellular matrix degradation [59].
Extensive study on MMPs has shown that they
are highly expressed in all human tumors. MMP
expression levels are related to tumor progres-
sion, lower patient survival rate, and tumor
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metastasis. Gelatinase (GEL), also known as
MMP-2 and MMP-9, are components that have
been studied the most. Whether in cell or animal
models or in clinical observation, MMP-2 plays
an important role in tumor growth as well as
invading metastasis. Moreover, MMP-9 plays an
important role in tumor growth [60], metastasis,
and immune adjustment [61-64]. Gelatinase—
especially MMP-9—is also an important factor
in the tumor metastatic niche. Therefore, treat-
ment strategies targeting MMPs like MMP-2 and
MMP-9 are of great significance for the diagno-
sis and treatment of malignant tumors [65, 66]

To this end, miR-200c is a microRNA capable
of inhibiting tumor stem cells. For instance, we
[67] adopted a phthalein amine method and a
twice-ring opening polymerization and synthe-
sized the macromolecule targeted drug carrier
PEG-Pep-PCL that contained a gelatinase sub-
strate section [68]. We also prepared miR-200c
single-drug nanoparticles and miR-200c/DOC
enzyme-targeted double-drug nanoparticles by
using a double-solvent evaporation technique.
The transfection efficiency of miR-200c single-
drug nanoparticles was found to be high, meaning
this approach could improve long-term miR-200c
cellular content, reduce TUBB3 expression, and
increase sensibilization on DOC. These results
showed that the antitumor effect of miR-200c/
DOC double-drug nanoparticles was higher than
that of DOC single-drug particles.

Work with miR-200c has shown that it can
significantly  increase the expression of
E-cadherin and reduce the expression of the gas-
tric cancer stem cell marker CD44. These find-
ings led to the conclusion that the tumor’s
invasive and metastatic abilities were lower than
that those of either single-drug particles or
Taxotere. A near-infrared live imaging experi-
ment indicated that nanoparticles can localize in
the transplanted, subcutaneous sarcoma of human
gastric cancer. Laser confocal microscopy also
revealed that miR-200c marked by FAM and
nanoparticles marked by rhodamine-B both
localized around and entered tumor tissue. miR-
200c¢/DOC double-drug nanoparticles have also
been shown to effectively inhibit tumor growth.
As a result, miR-200c and E-cadherin expression
in tumor tissues increased, while TUBB3 and

CD44 expression decreased. The proliferative
activity of cells was significantly decreased,
while apoptosis increased. When the remaining
tumor cells were subcutaneously transplanted in
a nude mouse model, the growth rate of the sec-
ond transplanted tumor in the double-drug
nanoparticle group had the slowest rate in addi-
tion to longest survival time.

Additional work of us [69] found that
gelatinase-targeted PEG-Pep-PCL nanoparticles
loaded with miR-200c had radiotherapy sensibi-
lization in gastric cancer cells. Further work [70]
found that in highly expressing gelatinase gastric
cancer cell strains, gelatinase nanoparticles
loaded with docetaxel had significantly more
radiotherapy sensibilization than those treated
with simple docetaxel.

Wau et al. from our group further [71] prepared
gelatinase-targeted ~ 5-fluorouridine  (5-FU),
5-Aza-2-deoxycytidine (DAC), and double-
loaded nanoparticles. These three kinds of parti-
cles were all successfully delivered to gastric
cancer cells. Results revealed that these nanopar-
ticles enhanced DAC stability, so as to reexpress
TFAP2E. The demethylation effect of TFAP2E
also increased5-Fu sensitivity. Therefore, these
results showed that double-loaded nanoparticles
could further inhibit gastric cancer proliferation
and induce cellular apoptosis.

14.2.7 Silk Fibroin Microspheres

Silk fibroin is a natural, fibrous polymer protein,
composed of 18 kinds of amino acids. Of these,
glycine, alanine, and serine account for approxi-
mately 80% of the total amino acid content. The
protein molecular chain is folded in indentation
and is connected by hydrogen bonds, while the
interlamination is linked by van der Waals forces.
Each silk fibroin molecule is a complex com-
posed of a proportion of 6:6:1 of heavy chain (H
chain, ~350 kDa), light chain (L chain, ~26 kDa),
and P25 glycoprotein (~30 kDa). The light and
heavy chains are connected by disulfide bonds
formed by cysteine residues at the carboxy ends.
The glycoprotein P25 forms non-covalent bonds
in the complex, leading to the formation of stable
light-heavy chain complexes [72, 73]. The crys-
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talline and noncrystalline regions of silk fibroin
are distributed in an alternating fashion. The
heavy chain alternatingly passes through the
crystalline and noncrystalline regions, while the
light chain only exists in the noncrystalline
region.

When compared with other high polymer
materials, silk fibroin has good biocompatibility,
biodegradability, flexibility, and plasticity. It has
also been widely used in tissue engineering and
drug delivery systems. In addition, its character-
istics of nontoxicity, non-stimulation, and sound
stability provide favorable drug carrier
conditions.

Wu et al. from our group [73] developed silk
fibroin nanoparticles (PTX-SF-NPs) carrying
Taxol through the self-assembly of silk fibroin.
The resulting particle diameter was approxi-
mately 130 nm. In nanoparticles, the main con-
formation of silk fibroin is a silk I conformation
without p-folded structure. In cellular uptake
experiments, gastric cancer cells BGC-823 and
SGC-7901 both took up silk fibroin nanoparticles
carrying coumarin-6 in 2 hours. In vitro cytotox-
icity experiments indicated that the silk fibroin
carrier itself had no toxicity, even at 200 pg/ml.
Importantly, Taxol carried in PTX-SF-NPs kept
its pharmacological activity. Subsequent in vivo
antitumor experiments featuring subcutaneous
tumor, gastric carcinoma nude mice compared
nude drug and PTX-SF-NPs systemic adminis-
tration. Results indicated that the local adminis-
tration of PTX-SF-NPs had better antitumor
growth effects.

14.2.8 Nano-iodized Oil Emulsion

Sentinel lymph nodes (SLNs) refer to special
lymph nodules that are the first to receive primary
tumor lymphatic drainage and are also the first to
have tumor metastases. To this end, sentinel
lymph node biopsy (SLNB) is the most com-
monly used method to determine gastric cancer
metastasis. Its basic approach is as follows: [1]
inject a tracer around the tumor, and mark the
metastasized lymph nodules by marking the
extent of the tracer, and [2] determine the nature
of the metastasized nodules through biopsy. This

tracing approach can be divided into three types
depending on the tracer materials used: dye
method, nuclide method, and a combined dye-
nuclide method. To this end, using nanomaterials
as SLN tracers has received recent and extensive
attention. More specifically, common nanocarri-
ers, like liposomes, dendrimers, quantum dots,
nanoparticles, and ultrasonic vesicles, have
received wide attention and research [74].

Lim et al. [75] prepared nanometer-iodized oil
emulsion particles with a size of 117 +£ 6 nm. They
then used this nanometer-iodized oil emulsion to
conduct endoscopic submucosal injection with
subsequent CT angiography on sentinel lymph
nodes. The agreement rate of nanometer-iodized
oil emulsion CT angiography with the indocya-
nine green method was shown to be 84% (16/19).
The agreement rate with the dye method was
78.6% (11/14). These results show that the appli-
cation of this technique could be of great signifi-
cance for the early detection of gastric cancer.

14.2.9 Endosomal Nanoparticles

Endosomes are a new type of dendritic polymers.
They are kind of spherical bubble of supramolecular
materials and nucleic acid compounds that are
embedded in a lipophilic shell [76].

Farnesiferol C (FC) is a natural compound
with anticancer effects. Zohreh et al. [77] pre-
pared dendrosomal farnesiferol C (DFC) and
investigated its effects at the cellular level. They
showed that at high concentrations (>50 pM),
DFC was able to inhibit proliferation of human
gastric cancer AGS cell strains. Moreover, this
inhibitory effect was time-dose dependent.

14.2.10 Magnetic Nanoparticles

Magnetic nanoparticles typically refer to mag-
netic materials with particle sizes within the
range of 1-100 nm. Not only do they have the
surface, volume quantum size, and macroscopic
quantum tunneling effects that ordinary nano-
level materials have but also have special mag-
netic properties, which are mainly embodied in
the following four aspects:
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1. Superparamagnetism:  superparamagnetism
occurs when the particle diameter of a mag-
netic particle has reached a critical dimension
such that it will have strong magnetism within
an existing magnetic field. When the external
magnetic field disappears, there is no residual
magnetism in the material. Whether or not
magnetic nanoparticles have superparamag-
netism is a very important issue to a material’s
biomedical applications.

2. High coercivity: high coercivity is the mag-
netic field intensity that is needed for magne-
tism to return back to zero along the hysteresis
loop. When the magnetic particle size reaches
a critical size, a very large reverse magnetic
field is needed for the permanent magnet to
lose magnetism. Thus, the magnetic nanopar-
ticles would show a high coercivity.

3. Magnetic susceptibility: magnetic susceptibility
refers to the ratio of the magnetization intensity
when a material is attracted into or repelled out
of a magnetic field. Magnetic susceptibility is
closely related to the parity of the total number
of electrons contained in the particle’s
material(s). When the total electrons contained
is an odd number, the magnetic susceptibility
obeys Curie-Weiss law; when it is an even num-
ber, it does not obey Curie-Weiss law, but is in
direct proportion to thermal motion energy.

4. Curie temperature: Curie temperature is also
called the Curie point or magnetic transition
point. It refers to the temperature at which
magnetic materials change between ferromag-
netic and paramagnetic materials.

The size of magnetic nanoparticles is con-
trollable. When compared to the particle diam-
eter of cells, viruses, proteins, and/or genes, it is
of an equivalent or smaller size. This provides
them with the possibility of combining with bio-
logical entities, thereby allowing for a con-
trolled, marking strategy. Moreover, the
magnetism of magnetic nanoparticles obeys
Coulomb’s law. This means that they can be
controlled by an additional magnetic field,
allowing for the delivery of anticancer drugs
and/or radioactive atoms to the targeted (e.g.,
cancerous) location and achieving the desired

treatment effect. In the biomedical field, mag-
netic nanomaterials have potentially broad
applications in targeted drug delivery, biological
magnetic separation, and magnetic heat treat-
ment, to name a few.

Some researchers have used biosensor sys-
tem based on giant magneto-impedance effect
and superparamagnetic iron oxide particles
(RGD-Fe304 @chitosan) decorated by chito-
san. This has allowed them to combine with the
integrin present in gastric cancer cells, thus
allowing for their specific targeting of gastric
cancer cells [78].

BRCAAI1 antigens are highly expressed in
some gastric cancer cell lines, such as MKN-1,
MKN-74, SGC-7901, KATO-III, and MGC803.
Given this, some researchers have attempted to
use BRCAAL as the targeting molecule for gastric
cancer cells. For instance, Wang [79] prepared
BRCAA1 monoclonal antibody fluorescently
labeled magnetic nanoparticles (BRCAAIL-
FMNPs). Later studies confirmed that this particle
was not only able to target and enter gastric can-
cer cells but was also able to allow for magnetic
fluorescence imaging.

There is also work that has constructed fer-
roferric oxide-carboxymethyl cellulose (CMC)-
fluorouracil (5FU, fe304-cmc-5fu) nano drugs.
This work found that when compared with
5-Fu, such nano drugs could improve the eradi-
cation of gastric cells [80]. Additional mecha-
nistic research yielded results counter to
previously held beliefs. In the past, it was gen-
erally thought that nano drugs killed gastric
cells by damaging the DNA of tumor cells.
Instead, this research found that at least this
particular nano drug attacked gastric cancer
cells by damaging mitochondria.

Finally, Chen et al. [81] prepared nanoparti-
cles that could not only deliver siRNA but were
(1) targeted to gastric cancer and had (2) mag-
netic resonance. These nanoparticles were
termed polyethylene glycol-polyethyleneimine-
superparamagnetic iron oxide nanoparticles,
orscFvCD44v6,-PEG-g-PEI-SPION. In vivo
work demonstrated its gastric cancer targeting
properties through nuclear magnetic resonance
(NMR) as well as immunohistochemistry.
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Local Drug Delivery Strategies
for Gastric Cancer Treatment

Qin Liu and Baorui Liu

The Clinical Need
for Localized Gastric
Cancer Therapy

15.1

Gastric cancer is associated with poor patient
prognosis and, as a result, is the leading cause of
cancer-related death worldwide [1]. Systemic
chemotherapy is the major treatment for locally
advanced and metastatic gastric cancer, despite
the fact that satisfactory clinical outcomes have
not been reached with this approach. As such,
exploring more effective modalities for gastric
cancer management is necessary. Increasing evi-
dence has shown that the most advanced gastric
cancer patients ultimately die from local recur-
rence or metastasis. To this end, it has been
reported that positive peritoneal washing cytol-
ogy is a negative prognostic factor in patients
with gastric cancer [2]. According to a phase II
study, the 1-year survival rate after receiving
treatment with modified FOLFOX-4 for 48 gas-
tric cancer patients with malignant ascites was
27.2% [3]. Many advanced gastric cancer patients
have died from local metastasis, especially peri-
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toneum metastasis. Additionally, intraperitoneal
chemotherapy has been proven to improve sur-
vival rates as well as decrease peritoneal recur-
rence in gastric cancer patients with peritoneal
dissemination [4, 5].

Both systemic and local administrations of
nanoparticles (NPs) have been shown to increase
the sensitivity and effectiveness of gastric cancer
management. Typically, NPs accumulate at the
targeted solid tumor(s), either by passive diffu-
sion via an enhanced permeability and retention
(EPR) effect or through an active targeting moi-
ety. Of these, actively targeted NPs are superior
to those that are passively targeted NPs. This is
due to their conjugation to the ligand of tumor
cells overexpressed and/or a unique marker such
as folic acid, a monoclonal antibody, and/or
transferrin. These environment-responsive nano-
carriers are then triggered to release the loaded
drugs in response to tumor cell differences in pH
and/or temperature. Generally, the ability of the
nanomaterial to accumulate at the tumor site is
the primary driving force behind the selected
therapeutic drug concentrations, particularly for
intravenous administration. That being said, the
reticuloendothelial system can take up and
remove most drug-loaded nanoparticles when
given intravenously. Larger amounts of thera-
peutic drugs can also accumulate within several
normal organs, especially the liver, spleen, and
kidney. This limits the amount of drug that can
actually accumulate at the tumoral sites. As
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such, it 1is difficult to achieve sufficient
chemotherapeutic drug concentrations within
the targeted sites. Furthermore, satisfactory anti-
tumor effects and reduced side effects are diffi-
cult to achieve due to the drug distribution and
bioavailability. For example, when given intra-
venously, nearly 50% of paclitaxel is removed
from the body 24 h post-administration with
only 0.5% of the drug capable of accumulating
at the targeted tumor. Importantly, intraperito-
neal delivery of docetaxel has a pharmacokinetic
advantage hundreds of times higher than when it
is given intravenously [5].

The local administration of drug-loaded
carriers is superior to systemic delivery in the
following aspects: [1] easy loading of water-
insoluble drugs and high loading efficiencies;
[2] maintaining high local drug concentrations
and allowing for controlled drug release; [3]
prolonging drug retention and uptake into can-
cer cells; [4] decreasing administration times,
thus improving patients’ convenience; and [5]
reducing side effects due to the less drug dis-
tribution in nontargeted organs. After intrave-
nous administration, a large percentage of
drug-loaded nanoparticles are taken up by sev-
eral healthy organs, such as the liver, spleen,
and kidney. Afterwards, only a small amount
of drug will be distributed to the tumor site(s)
themselves. However, the EPR effect can sig-
nificantly influence the distribution of nano-
medicine deposition in tumors and normal
organs. Several other factors can influence the
antitumor efficacy of nanodrugs, such as their
inherent characteristics including size, shape,
surface charge, hydrophilicity, and targeting
functionality. The tumor microenvironment
can also contribute to treatment toxicity and
influence tumor blood vessels, interstitium
penetration, and retention time at the site.

In order to minimize the systemic side effects
posed by such drugs, it is necessary to allow for
local delivery of the chemodrug. A series of stud-
ies have examined this issue, showing that such
local delivery of drug carriers is highly effective
at controlling recurrence or metastatic tumor
growth in various local tumor recurrent animal
models.

15.2 Intraperitoneal (IP) Delivery

of Therapeutic Agents

Advanced gastric cancer patients usually die from
peritoneal metastasis, which itself has a reported
association with poorer patient prognosis. Given
this, it is a pressing concern that systemic chemo-
therapy has only limited effectiveness on the con-
trol of gastric cancer metastasis. With this concern,
intraperitoneal (IP) chemotherapy has emerged as a
promising drug delivery approach, as it achieves
high local drug concentrations for an extended
period of time. Moreover, its route of delivery min-
imizes systemic exposure. Taxanes have a large
molecular weight and high fat solubility.
Noticeably, taxanes are absorbed through the open-
ings of the lymphatic system, which are important
locations for peritoneal dissemination formation.
Given its promise for use in drug delivery, IP injec-
tions have been widely used in a variety of cancers.
For instance, IP paclitaxel significantly increased
local drug concentration 1000 times that than of
systemic administration. For this reason, NCCN
recommends that patients with metastatic cancer
should receive intraperitoneal chemotherapy.

The peritoneal barrier includes blood capillary
endothelium and cellular-interstitial — matrix.
Collectively, these barriers provide the major form
of physical resistance to drug penetration. Several
recent studies have confirmed that both the intersti-
tium and capillary endothelium are major barriers
in peritoneal carcinoma patients undergoing partial
or total peritonectomy. Flessner et al. [6] explored
peritoneal transport physiology in detail (Fig. 15.1).
The residence time in the peritoneal cavity for sys-
temically injected, small-molecular-weight agents
is too short to allow for absorption through the peri-
toneal capillaries [7]. Therefore, this drug delivery
approach does not allow for high or long-lasting
therapeutic agent concentration at the targeted sites
[8]. Thus, there has been a global research push to
develop new techniques to overcome these biologi-
cal limitations to yield efficient therapeutic results.

Keeping high and long-lasting local drug concen-
tration is necessary for successful and efficient IP
therapy [7]. Drugs with a small molecular weight
(<20 kDa) enter circulation through peritoneal capil-
lary absorption. The drug is then quickly removed
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Fig. 15.1 The blood
capillary endothelium
and the cellular-
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from circulation, and its residence time in the perito-
neal cavity is not sufficient to get either high or long-
lasting drug concentrations. In order to get
satisfactory cytotoxicity, frequent or continuous dos-
ing is required. However, this increased frequency
can lead to catheter-related problems, increased risk
of infection, and bowel complications in patients.
Small molecular weight drugs do show systemic cir-
culation. Pharmacokinetic studies in animals have
shown that IP taxane (docetaxel or paclitaxel) was
quickly cleared within 24 h from the peritoneal cav-
ity. In addition, many free drugs are usually coupled
with severe side effects. For example, Cremophor
EL (Cr-EL) and dehydrated ethanol are usually used
to increase paclitaxel solubility to get solvent-based
PTX (Sb-PTX: Taxol®). Due to the large amount of
Cr-EL added as well as the nonspecific drug biodis-
tribution in other healthy organs, Sb-PTX has been
reported to have moderated antitumor efficacy and

severe side effects including hypersensitivity reac-
tions, bone marrow suppression, and neurotoxicity.
With this in mind, nanoparticle albumin-bound
paclitaxel (nab-paclitaxel, Abraxane®) [9] has been
designed to address the aforementioned problems.
Since it is an albumin-bound, 130-nm particle, nei-
ther ethanol nor Cr-EL is required. In animal mod-
els, Abraxane exhibited superior antitumor
advantages and a more favorable safety profile when
compared to free PTX. In the clinic, a randomized
Phase II study investigated the overall response and
the disease control rates for unresectable or recur-
rent gastric cancer patients treated with nab-pacli-
taxel. Results indicated responses of 27.8% and
59.3%, respectively [10]. Interestingly, one patient
had a response rate of 100%. The median progres-
sion-free survival was 2.9 months, and overall
survival time was 9.2 months. Recently, Kinoshita
et al. [11] evaluated the therapeutic efficacy of
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nab-paclitaxel and free drug Sb-PTX on gastric
cancer cell-bearing nude mice xenografts. Using
this peritoneal metastatic xenograft model, nab-
paclitaxel showed greater efficacy than Sb-PTX at
equal doses when given as an IP injection. Compared
with IP Sb-PTX, nab-paclitaxel treatment exhibited
a better tumor suppression on both subcutaneous
tumor size and ascites burden (p < 0.05).

Recently, thermosensitive hydrogel has
attracted attention as a drug delivery method since
it is a stimuli-responsive material. This is particu-
larly true for local region administration [12]. At
specified temperatures, thermosensitive hydrogel
undergo a sol-gel transformation. Moreover, ther-
mosensitive hydrogels are easy to load either with
hydrophilic or hydrophobic drugs. This loading
occurs with high loading efficiency, and the gel
allows for controlled drug release behavior. In
addition, thermosensitive hydrogels are easily
acceptable to patients because they exist in one
state when the temperature is lower than the sol-
gel transition temperature [13] (Fig. 15.2).

In order to treat peritoneal dissemination of
gastric cancer, Bae et al. [14] prepared a thermo-
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responsive hydrogel based on poloxamer and lin-
oleic acid-coupled Pluronic F127 (Plu-CLA). At
room temperature, Plu-CLA exists in a liquid
state, but is rapidly converted to a gelatin state at
body temperature. Docetaxel was successfully
encapsulated in the Plu-CLA and exhibited a
controlled release profile. Intraperitoneal admin-
istration of docetaxel-Plu-CLA (Doc-Plu-CLA)
showed better antitumor advantages than free
drug administration, as evidenced through induc-
tion of apoptosis and a reduction in the number of
peritoneal metastatic nodules. In addition, the
Doc-Plu-CLA-treated peritoneal gastric cancer
xenograft mice had the longest median survival
time (Fig. 15.3). Taken together, these results
show that IP Doc-Plu-CLA administration sig-
nificantly inhibits peritoneal metastasis and pro-
longs survival in a xenograft mouse model of
gastric cancer.

As a local treatment option, photodynamic
therapy (PDT) consists of activating a photosen-
sitizing agent using a specific laser wavelength
[15]. Since photosensitizing agents allow for
accumulation specifically at tumor sites, PDT

Fig. 15.2 (a) Thermosensitive gel is liquid at 4 °C. (b) Gelation at 37 °C. (¢) Thermosensitive gel is easily injectable
through a 26-gauge needle. (d—e) Thermosensitive gel is flexible at 37 °C. Reproduced with permission from Ref. [13]
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Docetaxel
+ Plu-CLA

Control Docetaxel

Fig. 15.3 "F-FDG PET image of mice with peritoneal
metastases. (a) Tumoral '®F-FDG uptake (circle) based on
microPET images. (b) Comparison of "“F-FDG SUV

showed fewer side effects and reduced damage to
normal tissue. When compared with either radia-
tion or chemotherapy, PDT also rarely induced
drug resistance. Due to the above advantages,
PDT has been widely used to treat gastric, breast,
and lung cancers, among other diseases.
Tsujimoto et al. [16] prepared indocyanine green
(ICG) derivatives-loaded nanoparticles and ICG-
loaded lactosomes (ICGm) in order to investigate
their PDT theranostic value in the mice model of
experimental peritoneal dissemination of gastric
cancer. After photodynamic therapy, the median
survival time in ICGm- and ICG-treated mice
was 32 days and 17 days, respectively. Moreover,
body weight loss in ICG-treated group was sig-
nificantly greater than that in ICGm-treated mice
(p < 0.05). This result was taken as an indication
of the safety of ICGm treatment.

15.3 Intratumoral Delivery

of Therapeutic Agents

Local intratumoral delivery of chemotherapeutic
agents is likely to provide better drug localiza-
tion within the targeted tumor, thereby reducing
systemic exposure to healthy organs. This would
lead to increased efficacy and lower toxicity than
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treatment with aqueous, free drug solutions. To
this end, Al-Abd et al. [17] prepared an inject-
able, thermosensitive hydrogel to deliver the
anticancer drug doxorubicin (DOX). During
their experiment, 0.6% of DOX was loaded into
a 10% reversible thermal
poly(organophosphazene) (PPZ) hydrogel that
was capable of body temperature-dependent
transformation. An in vitro release study showed
that a initial burst drug release in the first few
hours after administration. However, DOX was
released in vivo in a controlled and sustained
manner over a 5-week period. The hydrogel
mass was not completely degraded over 7 weeks
(Fig. 15.4). It should be noted that an initial burst
effect is beneficial for fast control over tumor
growth, with the subsequent sustained release
ensuring long-lasting tumor control. The PPZ
hydrogel was then given intratumorally in a
human gastric tumor xenograft mice model. In
this case, the tumor T1/T2 for locally and sys-
temically administered DOX was 2.6 days to
4.6 days, respectively, showing successful
increase in local drug retention. Moreover, the
data suggest that the hydrogel decreased sys-
temic exposure and cardiac toxicity. The longer
tumor DOX exposure levels obtained in the
hydrogel delivery system mean better antitumor
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Fig. 15.4 DOX-loaded
hydrogel contacted the
tumor as a mass with a
well-defined margin.
Reproduced with
permission from

Ref. [17]

1h

1 week

efficacy. After a single intratumoral administra-
tion, the DOX hydrogel formulation controlled
gastric cancer size for up to 49 days without sig-
nificant signs of toxicity.

Combination chemotherapy has become an
important option for advanced gastric cancer
treatment. Coadministration of DOX and PTX
formulations using PPZ thermosensitive hydro-
gel has been assessed for the in vivo antitumor
efficacy in local tumor management in human
gastric cancer cell-xenografted mice [18].
Following intratumoral injection of PPZ into
human SNU-601 gastric cancer cell-bearing
mice, the combined DOX (15mg/kg) and PTX

3 weeks

5 weeks

7 weeks

(30mg/kg) containing hydrogel resulted in the
highest tumor inhibition in the tested experimen-
tal groups. The PTX-DOX hydrogel was injected
intratumorally and gelated within the tumor site.
PPZ hydrogel treatment exhibited no drug-related
adverse effects and no mortality for 97 days. In
comparison, the mortality rates in the PTX-DOX
solution intratumoral and intravenous groups are
5/8 and 4/9, respectively. These results demon-
strate that sustained release of a combined DOX
and PTX treatment yielded a reduction in drug-
induced toxicity.

Liposomes have been reported to successfully
delivery a wide range of drugs. A large amount
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of evidence has shown that drug-loaded lipo-
somes are more advantageous than free drug in
regard to cytotoxic and safety considerations. To
this end, the antitumor effects of intratumoral
docetaxel-loaded immuno-(trastuzumab)-lipo-
somes (IDL) were evaluated in a local, clinical
application of trastuzumab against NCI-N87
Her2/neu-overexpressing gastric cancer xeno-
graft mouse model [19]. In this study, the lipo-
some diameter was approximately 100 nm, as it
has been reported that this size is more favorable
for tumor uptake and retention time [20]. They
also suggested that smaller liposomes may have
greater surface-to-surface contact with the cell
membrane. The NCI-N87 gastric cancer xeno-
graft mice were treated with either IDL or
docetaxel-loaded liposomes. When compared
with docetaxel treatment alone, docetaxel-loaded
liposomes, or the combined docetaxel/trastu-
zumab treatment, the intratumoral IDL-treated
group exhibited higher drug concentration at the
tumor site. Moreover, this treatment group also
had far better antitumor efficacy in the N87 xeno-
graft model. Intratumoral administration of either
free trastuzumab or IDL significantly suppressed
tumor cell growth without evidence of severe
side effects. According to their study, intratu-
moral IDL administration resulted in a high
docetaxel concentration in the tumor region and
has great potential for use as a safe and effective
local cancer therapy. It was also noted that the
liposome delivery formations prolonged thera-
peutic retention time. Collectively, the docetaxel-
loaded liposomes conjugated with trastuzumab
exhibited several antitumor advantages, includ-
ing [1] prolonged liposome-docetaxel retention
time within tumor sites and [2] liposome promote
trastuzumab to accumulation in tumors with no
sign of decline. Furthermore nanoparticle forma-
tions could decrease the severe skin ulcerations
resulting from docetaxel treatment. In this study,
percutaneous injection of free docetaxel into the
tumor sites resulted in severe skin ulceration in
one-third (2/6) of mice. On the contrary, treat-
ment with either DL or IDL did not result in any
skin ulcerations. Thus, it is shown that docetaxel-
loaded liposome formations may reduce the

occurrence rate and severity of normal docetaxel
side effects.

Nanoparticles have been explored to deliver
their payloads at the local tumoral site and mini-
mize systemic exposure. Previously, we pre-
pared the paclitaxel (PTX) and berbamine (BA)
co-deliver nanoparticles using methoxy poly
(ethylene glycol)-polycaprolactone (mPEG-
PCL) to [21]. This formulation allowed for both
high encapsulation efficiency and controlled
release at the tumor site. Intratumoral adminis-
tration showed that when compared to free drug
administration, PTX/BA-NP exhibited superior
antitumor effects when delivered intratumorally
in a human gastric cancer mouse model. This was
evidenced by inhibition of tumor growth.

In addition to “passively” targeted nanocarri-
ers, more and more “actively” targeted nanomed-
icines have been developed to improve therapeutic
properties. Among them, stimulus-responsive
drug delivery systems have significant benefits.
These delivery systems are triggered upon expo-
sure to a specific environmental condition, such
as temperature, magnetic field, presence of tumor
matrix metalloproteinases (MMPs), or low
pH. Such stimulus-responsive nanomedicines
accumulate within tumors via EPR effects, are
transformed, and release their payloads under
the influence of external impacts or conditions of
the tumor microenvironment. Such a triggering
mechanism might overcome transport barriers,
decrease drug resistance, and allow for more
controlled drug release. MMPs are highly
expressed in various types of tumor tissues and
play an important role in tumor invasion, metas-
tasis, cancer stem cells, and drug resistance. The
conjugation of polyethylene glycol (PEG) to
nanoparticles, polymeric micelles, or liposomes
can improve biocompatibility and prolong their
time in blood circulation. However, it has been
shown that PEGylation severely reduces their
cellular uptake. To overcome this limitation, Park
et al. developed a PEG-peptide-quantum dot
(QD) that contained an MMP-2 cleavable peptide
sequence. With this formulation, they showed
that tumoral enzymatic dePEGylation effects
improved intracellular drug delivery.
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In a separate study, an antigen-binding frag-
ment of an anti-MMP antibody was conjugated to
doxorubicin-loaded liposomes via a PEG spacer.
This approach showed enhanced tumor cell
uptake and greater suppression of tumor growth
in a cancer mouse model. In our previous studies,
we have successfully synthesized PEG-PCL
nanoparticles containing gelatinase-sensitive
peptide. In the gelatinase (MMP2/9)-rich envi-
ronment presented by gastric cancer tissue,
nanoparticles have been shown to accumulate in
both a targeted and effective manner. Moreover,
nanoparticles provide a preferable platform for
the co-delivery of different hydrophilic/hydro-
phobic agents including chemotherapeutics,
nucleic acids, and small molecules of anti-gastric
cancer activities, such as docetaxel [22], miR-
200c [23], salinomycin, 5-aza-2'-deoxycytidine,
and tetrandrine. Consequently, this kind of
nanoparticles may also be used as a platform for
local and regional delivery of therapeutic agents
for the goal of tumor inhibition. We have also
used this intelligent carrier to deliver a traditional
medicine monomer evodiamine (EVO) [24].
These EVO-NPs were then intratumorally
injected into tumor-bearing mice. Subsequent
in vitro cellular uptake studies revealed
gelatinase-stimuli nanoparticles could more eas-
ily enter the cytoplasm due to their hydrophobic-
ity. Moreover, real-time in vivo nanoparticle
biodistribution demonstrated that intelligent
EVO-NPs could both efficiently accumulate and
retain in the local tumor regions. Therefore,
EVO-NPs showed higher tumor suppression and
reduced side effects when compared to freely
administered EVO (p < 0.01).

15.4 Peritumoral Delivery
of Therapeutic Agents

Despite these advances, limitations still exist in
achieving optimal intratumoral administration.
For instance, it is difficult for drug-loaded
nanoparticles to penetrate deep into the tumor
mass and exert their growth inhibitory effects on
cancer cells that are distant from the injection
site. Tumor-induced lymphangiogenesis is
directly correlated with tumor metastasis and

progression. It has been found that peritumoral
lymphatic vessel density (P-LVD) plays an
important role in lymph node metastasis, while
intratumoral lymphatic vessel density (I-LVD) is
more associated with the depth of tumor inva-
sion. Although P-LVD and I-LVD both contrib-
ute to gastric cancer progression and prognosis,
peritumoral administration is superior to intratu-
moral injection [25]. This is because there is
great improvement in the diffusion of the loaded
drug throughout the tumor, resulting in improved
tumor growth inhibition. Peritumoral administra-
tion is characterized by prolonged tumor expo-
sure, enhanced drug concentration, and reduced
systemic toxicity. Li et al. [26] developed a phys-
ically cross-linked gelatin hydrogel to encapsu-
late co-delivery of paclitaxel (PTX) and
tetrandrine (TET) mPEG-PCL nanoparticles
(P/T-NPs). This prepared nanoparticle/gelatin
system (P/T-NPs-Gelatin) was locally implanted
on the tumor site to allow for continuous drug
release. Results showed that implanting P/T-NPs-
Gelatin on the tumor surface led to a gradual
melting at body temperature into a viscous sol.
Gelatin has a phase shift that is below body tem-
perature, but above its melting temperature. The
phase of gelatin hydrogel shifts from solid to lig-
uid as the temperature increases. Directly
implanting the gel onto the tumor will greatly
increase the contact area between the gel and the
tumor, thereby accelerating the diffusion and
penetration of the drug-loaded nanoparticles
inside the tumor through tumor vessels. Their
results showed the controlled release of drug-
loaded nanoparticles from the gelatin during the
melting process contributed most to the sustained
loaded drug release and enabled continuous
exposure of the tumor to the encapsulated drugs.

Previously, we reported a natural polymer
novel silk fibroin (SF) nanoparticle for paclitaxel
(PTX) delivery without adding any toxic organic
solvents and surfactants [27]. The PTX-loaded
silk fibroin nanoparticles (PTX-SF-NPs) had a
130-nm diameter and were efficiently taken up by
human gastric cancer cells. An in vivo antitumor
study showed that when compared to systemic
administration, peritumoral delivery of PTX-SF-
NPs [1] more effectively suppressed tumor growth
and [2] decreased tumor weight in a gastric cancer
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Fig. 15.5 (a) Relative tumor volumes for intraperitoneal
(IP) PTX, intraperitoneal PTX-SF-NPs, and peritumoral
(PT) injection of PTX-SF-NPs in a human gastric cancer
xenograft mouse model (PTX concentration, 10 mg/kg).
*p < 0.05, **p < 0.01. (b) Tumor weights in the group

nude mice xenograft model (Fig. 15.5).
Furthermore, subsequent organ pathological
examination clearly demonstrated that there were
no obvious toxic side effects in the PTX-SF-NPs-
treated groups, indicating the safety of in vivo
nanoparticle use. Our results indicated that a peri-
tumoral silk fibroin-based drug delivery system
provides a promising strategy for reducing current
treatment side effects and leading to overall
improvements in future clinical cancer therapies.

15.5 Drug Penetration Concerns

Local administration of a nanoparticle-based
delivery system results in high drug concentra-
tions and retention times at the tumor site. The
clinical benefits of intraperitoneal chemotherapy
in advanced stage cancer patients were verified in
work that showed local regional chemotherapy
improved their clinical outcomes. However, che-
motherapeutic efficacy also depends on the
accessibility and retention of the delivered drug
to tumor tissue. To this end, Saltzman et al. [28]
studied the pharmacokinetic and tissue distribu-
tion of local polymer implants in the rat brain.
They showed that at the end of the first day, thera-
peutic agent penetration was 5 mm from the site
of implantation. From days 3 to 14, therapeutic
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after administration of the first dose. *p < 0.05 when com-
pared with PTX injection and PTX-SF-NPs IP groups.
Reproduced with permission from Ref. [27]

penetration was reduced to 1 mm. According to
rapid in vitro release kinetics, 84% of the drug
was cumulatively released from this delivery sys-
tem during the first 24 h. In the first few days
after implantation, the penetration distance of the
polymeric drug was reduced since the drug diffu-
sion gradient was significantly diminished. It is
possible that intraoperative administration could
cause acute injury and enhance drug penetration
via convection of interstitial fluid. This phenom-
enon might also be the reason for the rapid drug
elimination seen after day 3. It should be noted
that the authors did not take into account the
effect of interstitial fluid convection to tissue
penetration.

After reaching the target site, the cell mem-
brane is an additional barrier to cross in order for
efficient delivery of the loaded drug in nanodrug
delivery systems (NDDSs) into specific organ-
elles within the cytoplasm of cancer cells. Various
strategies have been tried to stabilize lysosomal
membrane and prevent lysosomes, such as target-
ing ligands, antibodies, as well as cell-penetrating
peptides (CPPs). Suitable nanoparticle size also
influences the penetration property of nanomedi-
cines and affects their cellular uptake. It was
found that 30-nm nanoparticles could more easily
extravasate and penetrate into tumor tissue when
compared with lager size nanoparticles. Moreover,
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the penetration advantages of smaller nanoparti-
cles exhibited distinct therapeutic effects.

Cell-penetrating peptides (CPPs) have been
shown to help polymeric nanoparticles permeate
cellular membranes and internalize into cancer
cells. For instance, TATP, as a PEGylated CPPs,
has been used to modify liposomes. The prepared
micelles could be efficiently taken up by cancer
cells and provided for high transfection produc-
tivity in cell nuclei. As a result, TATP improved
cytoplasmic drug levels and overcame drug resis-
tance in tumor-bearing mice.

Finally, iRGD is a tumor-specific penetrating
peptide that can significantly enhance IP doxoru-
bicin penetration into disseminated peritoneal
tumor nodules in mice [29]. Intraperitoneally,
coadministration of iRGD and doxorubicin spe-
cifically labeled suppressed peritoneal metasta-
ses in a mouse model. Importantly, iRGD
improved intratumoral dextran and doxorubicin
concentrations up to 3 and 2.5 times, respectively.
When compared with administration of just intra-
peritoneal doxorubicin, a combination of iRGD
and doxorubicin treatment significantly inhibited
the growth of peritoneal metastatic tumors and
reduced systemic drug toxicity. According to
their study, intraperitoneal iRGD and nanodrugs
were a simple and effective strategy to improve
the IP therapeutic index and reduce systemic
cytotoxicity for peritoneal carcinomatosis.

15.6 Future Prospects

Many cancer patients, particularly those suffer-
ing from gastric and lung cancers, die from
locoregional recurrence. In order to enhance anti-
tumor efficacy and reduce the severe side effects
with systemic chemotherapy, localized delivery
has been used to achieve high intratumoral drug
distribution and cellular uptake in order to pre-
vent such local recurrence. In most cases, local-
ized chemotherapy is usually used as a supplement
to surgery and/or radiotherapy and has been
shown to play an important part in controlling
disease progression, improving curative effects,
and lowering patient morbidity due to dissemi-
nated metastatic disease. Compared with sys-

temic chemotherapy, local delivery can sterilize
the local, higher drug concentration to reduce the
incidence of locoregional tumor recurrence.

However, there are also limitations with drug
delivery systems that are based on local strate-
gies. First, most studies are preclinical or in vitro,
which currently restricts our understanding of
their clinical applications. Second, the role of
local chemotherapy in preventing locoregional or
distal metastasis is still unclear. It is both desir-
able and difficult to eliminate all residual malig-
nant tumor cells. Once a single residual cancer
cell enters systemic circulation, distal metastasis
forms and becomes an immediate life-threatening
condition. This scenario has been reported in
many gastric patients, and many of those at an
advanced stage have died of distal metastasis. In
this situation, local therapy is likely to be ineffec-
tive in prolonging a patient’s life and at prevent-
ing the formation of secondary tumor. Therefore,
more work is needed to explore the role of local
treatment in preventing metastasis due to the sup-
pression of primary tumors. Third, a large pro-
portion of the studies were derived from similar
studies about breast, lung, and colorectal cancers.
Studies based on the clinical characteristics of
gastric cancer are comparatively few.

A locoregional drug delivery system for gas-
tric cancer treatment can reduce systemic drug
exposure of normal organs and provide high drug
concentration at the tumor site. To further pro-
mote the development of polymer-based delivery
systems in the local treatment of gastric cancer,
more in-depth studies and increased interdisci-
plinary collaboration will be required. It is
believed that more intelligent local delivery sys-
tems will be extremely beneficial to extending
patients’ lives, improving the convenience of
treatment, and reducing the systemic toxicity of
treatment.

References

1. Wadhwa R, Song S, Lee JS, Yao Y, Wei Q, Ajani
JA. Gastric cancer-molecular and clinical dimensions.
Nat Rev Clin Oncol. 2013;10(11):643-55.

2. Lee SD, Ryu KW, Eom BW, Lee JH, Kook MC, Kim
YW. Prognostic significance of peritoneal washing



Local Drug Delivery Strategies for Gastric Cancer Treatment

213

10.

11.

12.

13.

. Hallaj-Nezhadi S,

cytology in patients with gastric cancer. Br J Surg.
2012;99(3):397-403.

. Oh SY, Kwon HC, Lee S, Lee DM, Yoo HS, Kim SH,

Jang JS, Kim MC, Jeong JS, Kim HJ. A Phase II study
of oxaliplatin with low-dose leucovorin and bolus and
continuous  infusion  5-fluorouracil  (modified
FOLFOX-4) for gastric cancer patients with malig-
nant ascites. Jpn J Clin Oncol. 2007;37(12):930-5.

. Kim JY, Bae HS. A controlled clinical study of serosa-

invasive gastric carcinoma patients who underwent
surgery plus intraperitoneal hyperthermo-chemo-
perfusion (IHCP). Gastric Cancer. 2001;4(1):27-33.

. Fushida S, Kinoshita J, Kaji M, Hirono Y, Goda F, Yagi

Y, Oyama K, Sudo Y, Watanabe Y, Fujimura T. Phase I/
II study of intraperitoneal docetaxel plus S-1 for the
gastric cancer patients with peritoneal carcinomatosis.
Cancer Chemother Pharmacol. 2013;71(5):1265-72.
Dass CR, Lotfipour
F. Intraperitoneal delivery of nanoparticles for cancer
gene therapy. Future Oncol. 2013;9(1):59-68.

. Bajaj G, Yeo Y. Drug delivery systems for intraperito-

neal therapy. Pharm Res. 2010;27(5):735-8.

. Poveda A, Salazar R, del Campo JM, Mendiola C,

Cassinello J, Ojeda B, Arranz JA, Oaknin A, Garcia-
Foncillas J, Rubio MJ, Gonzalez MA. Update in the
management of ovarian and cervical carcinoma. Clin
Transl Oncol. 2007;9(7):443-51.

. Gradishar WJ, Tjulandin S, Davidson N, Shaw H,

Desai N, Bhar P, Hawkins M, O'Shaughnessy J. Phase
IIT trial of nanoparticle albumin-bound paclitaxel
compared with polyethylated castor oil-based pacli-
taxel in women with breast cancer. J Clin Oncol.
2005;23(31):7794-803.

Rugo HS, Barry WT, Moreno-Aspitia A, Lyss AP,
Cirrincione C, Leung E, Mayer EL, Naughton M,
Toppmeyer D, Carey LA, Perez EA, Hudis C, Winer
EP. Randomized phase iii trial of paclitaxel once per
week compared with nanoparticle albumin-bound
nab-paclitaxel once per week or ixabepilone with
bevacizumab as first-line chemotherapy for locally
recurrent or metastatic breast cancer: CALGB 40502/
NCCTG NO63H (alliance). J Clin Oncol.
2015;33(21):2361-9.

Kinoshita J, Fushida S, Tsukada T, Oyama K,
Watanabe T, Shoji M, Okamoto K, Nakanuma S,
Sakai S, Makino I, Furukawa H, Hayashi H,
Nakamura K, Inokuchi M, Nakagawara H, Miyashita
T, Tajima H, Takamura H, Ninomiya I, Fujimura T,
Masakazu Y, Hirakawa K, Ohta T. Comparative study
of the antitumor activity of Nab-paclitaxel and intra-
peritoneal solvent-based paclitaxel regarding perito-
neal metastasis in gastric cancer. Oncol Rep.
2014;32(1):89-96.

Gong C, Qi T, Wei X, Qu Y, Wu Q, Luo F, Qian
Z. Thermosensitive polymeric hydrogels as drug deliv-
ery systems. Curr Med Chem. 2013;20(1):79-94.

Li Z, Wang F, Roy S, Sen CK, Guan J. Injectable,
highly flexible, and thermosensitive hydrogels
capable of delivering superoxide dismutase.
Biomacromolecules. 2009;10(12):3306-16.

14.

15.

16.

18.

19

20.

21.

22

23.

24

25.

Bae WK, Park MS, Lee JH, Hwang JE, Shim HJ, Cho
SH, Kim DE, Ko HM, Cho CS, Park IK, Chung
1J. Docetaxel-loaded thermoresponsive conjugated
linoleic acid-incorporated poloxamer hydrogel for the
suppression of peritoneal metastasis of gastric cancer.
Biomaterials. 2013;34(4):1433-41.

Wang X, Sun K, Tan Y, Wu S, Zhang J. Efficacy and
safety of selenium nanoparticles administered intra-
peritoneally for the prevention of growth of cancer
cells in the peritoneal cavity. Free Radic Biol Med.
2014;72:1-10.

Tsujimoto H, Morimoto Y, Takahata R, Nomura S,
Yoshida K, Horiguchi H, Hiraki S, Ono S, Miyazaki
H, Saito D, Hara I, Ozeki E, Yamamoto J, Hase
K. Photodynamic therapy using nanoparticle loaded
with indocyanine green for experimental peritoneal

dissemination of gastric cancer. Cancer Sci.
2014;105(12):1626-30.
. Al-Abd  AM, Hong KY, Song SC, Kuh

HIJ. Pharmacokinetics of doxorubicin after intratumoral
injection using a thermosensitive hydrogel in tumor-
bearing mice. J Control Release. 2010;142(1):101-7.
Cho JK, Kuh HJ, Song SC. Injectable
poly(organophosphazene) hydrogel system for effec-
tive paclitaxel and doxorubicin combination therapy.
J Drug Target. 2014;22(8):761-7.

. Yamamoto Y, Yoshida M, Sato M, Sato K, Kikuchi S,

Sugishita H, Kuwabara J, Matsuno Y, Kojima Y,
Morimoto M, Horiuchi A, Watanabe Y. Feasibility of
tailored, selective and effective anticancer chemother-
apy by direct injection of docetaxel-loaded immunoli-
posomes into Her2/neu positive gastric tumor
xenografts. Int J Oncol. 2011;38(1):33-9.

Wang SX, Bao A, Phillips WT, Goins B, Herrera SJ,
Santoyo C, Miller FR, Otto RA. Intraoperative therapy
with liposomal drug delivery: retention and distribution
in human head and neck squamous cell carcinoma
xenograft model. Int J Pharm. 2009;373(1-2):156-64.

Zhu L, Zhang B, Lu X, Shu Y, Liu B. Delivery of
paclitaxel and berbamine by polymeric carriers to
cure gastric cancer. Oncol Res. 2013;20(7):265-74.

. Liu Q, Li RT, Qian HQ, Yang M, Zhu ZS, Wu W, Qian

XP, Yu LX, Jiang XQ, Liu BR. Gelatinase-stimuli
strategy enhances the tumor delivery and therapeutic
efficacy of docetaxel-loaded poly(ethylene glycol)-
poly(varepsilon-caprolactone)  nanoparticles.  Int
J Nanomedicine. 2012;7:281-95.

Liu Q, Li RT, Qian HQ, Wei J, Xie L, Shen J, Yang M,
Qian XP, Yu LX, Jiang XQ, Liu BR. Targeted delivery
of miR-200¢/DOC to inhibit cancer stem cells and
cancer cells by the gelatinases-stimuli nanoparticles.
Biomaterials. 2013;34(29):7191-203.

. Zhang Q, Liu Q, Shen J, Chen H, Liu B. Tumor deliv-

ery efficiency and apoptosis enhancement by EVO
nanoparticles on murie hepatic carcinoma cell line
H22. J Biomed Nanotechnol. 2013;9(8):1354-61.
Pak KH, Jo A, Choi HJ, Choi Y, Kim H, Cheong
JH. The different role of intratumoral and peritumoral
lymphangiogenesis in gastric cancer progression and
prognosis. BMC Cancer. 2015;15:498.



214

Q. Liuand B. Liu

26.

27.

Zhang H, Tian Y, Zhu Z, Xu H, Li X, Zheng D, Sun
W. Efficient antitumor effect of co-drug-loaded
nanoparticles with gelatin hydrogel by local implanta-
tion. Sci Rep. 2016;6:26546.

Wu P, Liu Q, Li R, Wang J, Zhen X, Yue G, Wang H,
Cui F, Wu F, Yang M, Qian X, Yu L, Jiang X, Liu
B. Facile preparation of paclitaxel loaded silk fibroin
nanoparticles for enhanced antitumor efficacy by
locoregional drug delivery. ACS Appl Mater
Interfaces. 2013;5(23):12638-45.

28.

29.

Fung LK, Shin M, Tyler B, Brem H, Saltzman
WM. Chemotherapeutic drugs released from polymers:
distribution of 1,3-bis(2-chloroethyl)-1-nitrosourea in
the rat brain. Pharm Res. 1996;13(5):671-82.
Sugahara KN, Scodeller P, Braun GB, de Mendoza
TH, Yamazaki CM, Kluger MD, Kitayama J, Alvarez
E, Howell SB, Teesalu T, Ruoslahti E, Lowy AM. A
tumor-penetrating peptide enhances circulation-
independent targeting of peritoneal carcinomatosis.
J Control Release. 2015;212:59-69.



Drug Delivery in Synergistic
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Treatments
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16.1 Introduction

“Combined therapy” is a term referring to either
the coadministration of two or more pharmaco-
therapies or to the combination of different types
of therapy methods. Combined therapy has played
an important role in the treatment of gastric can-
cer, with the routine use of combination chemo-
therapy in the clinic. The FOLFOX, XELOX, and
ECF have been adopted as important regimens for
the treatment of gastric cancer [1, 2]. Combination
chemotherapy has also been used as an adjuvant/
neoadjuvant treatment both pre- and post-surgery
[3]. Collectively, there has been wide use of che-
motherapy and radiotherapy (RT) combinations
which has led to enhanced response and survival
rates in gastric cancer patients [4].

Recently, a great deal of interest has been
focused on the application of combinational
therapies in drug delivery systems [5]. As shown
in Fig. 16.1, nanoparticle-based combination
strategies include more than just the co-encap-
sulation of different chemotherapeutic agents in
nanoparticles:
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1. Combination of chemotherapeutics with other
drugs (e.g., chemosensitizing agents, molecu-
lar targeting and nucleic acid-based drugs)

2. Combination of chemotherapeutics with other
treatments (e.g., radiotherapy, photodynamic
therapy, thermotherapy, and immunotherapy)

3. Combination of drug delivery with diagnoses

Due to the different pharmocokinetics of
drugs administered in combinatorial regimens,
the therapeutic effect of combination chemother-
apy is often suboptimal. However, when drugs
are co-encapsulated into one nanoparticle, they
are simultaneously delivered to the tumor site
and modulate tumor cells via different pathways.
This allows for the synergistic effect to be maxi-
mized, thereby improving target selectivity,
overcoming drug resistance, and reducing side
effects.

It should be noted that since a lower drug dos-
age is required for combination therapies [6],
their side effects are often reduced as well. When
combining drug delivery systems with other
therapies, therapeutic efficacy could also be
enhanced by this synergistic effect. Drug-loaded
nanoparticles themselves also act as sensitizers
for other treatments due to their exceptional
physical and chemical properties. In this chapter,
we will summarize the current state of nanopar-
ticle-based combination strategies for use in gas-
tric cancer treatment. These will include both
in vitro and in vivo approaches and will also
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Fig.16.1 Various
strategies for
nanoparticle-based
combinational drug
delivery systems

attempt to highlight their benefits, potential
applications, and remaining challenges to their
use in clinical translational research.

16.2 Combination
of Chemotherapeutics
with Other Drugs

Anticancer drugs are often used in combination
so as to achieve the maximum synergistic thera-
peutic effect, itself greater than the sum of each
drug’s individual effects. This provides a marked
advantage: When only one signal pathway is
blocked by a single drug, tumor cells can com-
pensate by either regulating relative protein
expression or mutations, resulting in resistance,
which is considered as the major reason for many
anticancer treatment failures [7]. Alternatively,
using two or more drugs that target different cel-
lular pathways can overcome developed chemo-
therapeutic resistance. However, obtaining the
optimal parameters for both the drug cocktail

Therapeutic
Treatment

ratio and the treatment sequence is one of the
major challenges facing combination drug ther-
apy [6]. This is due in large part to the fact that
different drugs have different pharmacokinetic
and pharmacodynamic characteristics, biodistri-
bution behavior, and bioavailability when used in
combination with each other.

Given this, simultaneous encapsulation of dif-
ferent drugs into one nanoparticle is designed to
take advantage of combination therapy as well as
the nano-drug delivery system. In addition to using
traditional anticancer chemotherapeutics, chemo-
sensitizer agents, molecular targeting drugs, and
gene and/or protein therapeutics are often adopted
within the sphere of “‘combinational nanotherapy.”
We will now discuss each of these in turn.

16.2.1 Chemosensitizing Agents
Multidrug resistance (MDR) is a major obstacle

to the effectiveness of chemotherapy. Tumor
cells often increase the efflux of drugs through
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Fig.16.2 Chemosensitizing agents used in combination with traditional chemotherapeutics

upregulation of P-glycoprotein (P-gp) or multi-
drug resistance protein 1 (MRP1), resulting in
enhanced chemotherapy resistance. In particular,
P-gp has been shown to be overexpressed in
many types of cancer, including gastrointestinal,
ovarian, and liver cancers [8, 9]. To combat this
problem, cyclosporin A, verapamil, tariquidar,
and quinacrine (Fig. 16.2) are all capable of
inhibiting efflux pump activity. As such, they are
the main chemosensitizing agents used to over-
come multidrug resistance and enhance the ther-
apy effectiveness [10, 11].

The response rate of 5-fluorouridine (5-FU) in
gastric cancer is only about 11% [12]. The che-
moresistance to 5-FU in many cancers is associ-
ated with the hypermethylation of transcription
factor AP-2 epsilon (TFAP2E) [13]. Therefore, it
is reasonable to suppose that a combination of
DNA methyltransferase inhibitors and 5-FU
could promote the sensitivity of many kinds of
tumors to chemotherapy, further improving its
therapeutic response. To this end, 5-Aza-2’-
deoxycytidine (DAC) is one of the most widely
investigated demethylating agents and is able to

increase the expression of TFAP2E through its
demethylating activity [14]. However, the effi-
cacy of DAC in cancer treatment is inhibited by
the drug’s inherent instability [15]. When DAC
and 5-FU were co-delivered using nanoparticles
(NPs-5-FU-DAC) into a single gastric cancer
cell, not only was DAC stability enhanced, but
targeted cellular uptake was also achieved [16].
Importantly, the synergistic effect of NPs-5-FU-
DAC could be detected 72 h after treatment in
MKN-45 cells with high TFAP2E methylation
levels. In contrast, this synergistic effect was not
present in MKN28 cells after any length of incu-
bation [16].

Paclitaxel (PTX) chemoresistance in tumor
cells is proportional to total cellular antioxidant
capacity. Importantly, PTX cytotoxicity is
enhanced when the cell’s endogenous antioxidant
capacity is also inhibited by agents that can
induce the formation of intracellular reactive
oxygen species (ROS) [17]. Tetrandrine (Tet, an
alkaloid isolated from Hang-Fang-Chi) is one
such compound that can effectively increase the
generation of intracellular ROS by enhancing
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cellular oxidative stress [18]. To illustrate this
effect, Li et al. co-encapsulated PTX and Tet in
PEG-PCL nanoparticles [19]. The synergistic
antitumor effects of co-loaded Tet and PTX
(PTX/Tet) were then shown in vitro in a gastric
cancer cell line (BGC-823) [11]. Specifically, the
viability of BGC-823 cells treated with PTX/Tet
nanoparticles was significantly lower than cells
treated singly with either nanoparticles contain-
ing PTX or Tet. In this study, the combination
index (CI) [20] was below 1 when fraction
affected (FA, fractional cell growth inhibition)
was below 0.75, which indicated a synergistic
therapeutic effect for nanoparticles co-loaded
with PTX and Tet. Further research investigating
the mechanism behind this synergistic antitumor
effect when using combinational nanoparticles
revealed that it acted to increase ROS production
in tumor cells. Moreover, such co-loading also
engendered its effect via suppression of the
downstream Akt pathway, including Bcl2, Bax,
and Caspase 3. Collectively, this resulted in the
activation of tumor cells apoptosis [19].

Nanomedicine enables clinicians to precisely
modulate the pharmacological properties of mul-
tidrug cocktails with cell-specific targeting.
Accordingly, delivery of chemotherapeutics in
combination with chemosensitizing agents using
either passive or active targeting nanoparticles is
a powerful approach to overcoming tumor.

16.2.2 Monoclonal Antibody Drugs

Monoclonal antibodies (mAbs) have been har-
nessed as a type of targeted therapeutic drug and
have been primarily in the development for cancer
treatment and immunological disorders. For
instance, trastuzumab (Herceptin) was approved
by the US Food and Drug Administration in com-
bination with 5-fluorouracil and cisplatin for the
treatment of HER2-overexpressing metastatic
gastric cancer [21]. In the context of nanomedi-
cine, mAbs have typically been used as conju-
gates on the surface of drug-loaded nanoparticles.
In this way, specific tumor targeting can increase
drug accumulation to the tumor site as well as
resulting in enhanced intracellular uptake [22]. To

this end, Li et al. covalently decorated an anti-
HER?2 Fab onto doxorubicin (Dox)-loaded, ther-
mosensitive, polymeric micelles, which are
self-assembled from poly(N-isopropylacrylomide-
co-N,N-dimethylacrylamide);s-b-poly(D,L-
Lactide);; (PID;;3-b-PLA;;) [23]. The resulting
Fab-conjugated immunomicelles (FCIMs) have
dual-targeting properties. Accordingly, it is
expected that the tumor accumulation and cellular
uptake of Dox would be enhanced by both of
these properties—specific recognition and tem-
perature. For the latter, the nanoparticle shell
undergoes a hydrophilic-to-hydrophobic transi-
tion when the temperature is above the volume
phase transition temperature (VPTT). This results
in increased antibody-antigen interactions
between the nanoparticles and the cell membrane.
When incubated with N87 (HER2-overexpressing
human gastric cancer cells), the ICs, of FCIM was
9 times lower than that of Doxil. It was also half
that of non-targeting micelles. After injection,
FCIMs accumulated at the tumor site through pas-
sive targeting (EPR effect) and active targeting
(HER?2). Moreover, a hydrophilic-to-hydrophobic
transition was also expected to occur, since solid
tumor temperatures are often slightly higher than
the VPTT of FCIMs. Based on an in vivo antican-
cer experiment, the relative tumor volume of the
FCIMs group was <2. This is markedly lower
than the volumes seen for the non-targeting
micelle and Doxil groups 3 and 4, respectively.
Thus, the antitumor activity was promoted both
in vitro and in vivo by the combined effect of tem-
perature and active targeting.

Similarly, epidermal growth factor receptor
(EGFR) is overexpressed in many solid tumors.
Synergistic effects have been observed when an
EGFR inhibitor is combined with chemothera-
peutics, such as PTX, irinotecan, and pemetrexed
[24, 25]. Moreover, tumor-penetrating iRGD
peptide is often used in drug delivery systems to
enhance the accumulation of drug-loaded
nanoparticles at the tumor site. This is done by
increasing the vascular as well as tissue permea-
bility. To this end, Bian et al. incorporated a
recombinant protein—iRGD-fused EGFR single-
domain antibody (anti-EGFR-iRGD)—to PTX-
loadedsilk fibroin nanoparticles (A-PTX-SF-NPs)
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by way of a carbodiimide-mediated coupling
procedure [26]. This combined active tumor-
targeting drug delivery system showed superior
in vitro antitumor efficacy in a highly expressing
EGFR cancer cell line (Hela) than in the low
expressing line (MKN-45). These results were
also corroborated in vivo.

16.3 Genetic-Based Therapeutics
(DNA, siRNA, and miRNA)

Cancer gene therapy is the delivery of therapeu-
tic nucleic acids at the tumor site. This treatment
can eliminate tumors by (1) substituting in for
mutated genes, (2) downregulating or silencing
oncogenic pathways, (3) expressing pro-
apoptotic proteins, and/or (4) activating the
immune system. Co-delivery of a chemothera-
peutic agent and genetic therapeutics against
one or more targets could induce cancer cell
apoptosis synergistically. Due to their different
physicochemical properties, there are great
challenges in effectively engineering encapsula-
tion of macromolecular nucleic acids and small-
molecule drugs to yield a combined gene and
chemotherapy delivery system. Plasmid DNA,
siRNA, and miRNA are the most widely used
nucleic acid therapeutics that can be delivered
using nanoparticles. Among them, micro-RNA
(miRNA) is a type of small noncoding RNA
molecule that contains about 22 nucleotides.
They can act as oncogenes or tumor suppressors
during the process of cancer initiation and pro-
gression [27]. The advantages of miRNA/small-
molecule anticancer drugs combination are
numerous, including the promotion of apoptosis
and autophagy, downregulating adenosine tri-
phosphate (ATP)-binding cassette (ABC) trans-
porters, suppressing tumor angiogenesis, and
reverting the epithelial-to-mesenchymal transi-
tion (EMT) [28]. However, owing to their rela-
tively small molecular weight, miRNA are
quickly eliminated from circulation and rapidly
cleared via renal excretion [28]. In addition, the
oligonucleotides are not stable in the acidic
environment presented by endosomes/lyso-
somes and are thus susceptible to degradation

before even reaching their cytosolic targets.
Therefore, co-delivery of miRNA and antican-
cer drugs in the same nanovehicles could not
only overcome the above miRNA delivery hur-
dles but also afford a synergistic antitumor
effect through simultaneous cargo delivery to
the same cancer cells.

To investigate this option, Liu et al. fabricated
poly(ethylene glycol)-peptide-poly(e-caprolactone)
(PEG-PEP-PCL) nanoparticles for co-delivery of
miR-200c and docetaxel (Doc). With this system,
nanoparticles accumulated in the tumor region by
EPR effect and the PEG corona was subsequently
shed under gelatinase stimuli, resulting in enhanced
delivery efficiency [29]. The miR-200c/DOC
nanoparticles exhibited a significantly superior anti-
tumor effect than either DOC or DOC-loaded
nanoparticles alone. Collectively, their results dem-
onstrated the miR-200c/DOC nanoparticles remark-
ably inhibited tumor growth in a synergistic manner.
This combinational delivery system increased
E-cadherin expression levels and decreased CD44
mRNA expression to simultaneously inhibit both
cancer stem cells (CSC) and EMT cells. In addition,
miR-200c also downregulated TUBB3 expression
levels and restored the chemosensitivity of gastric
cancer BGC-823 cells to DOC both in vitro and
in vivo [17].

Special AT-rich binding protein (SATB1) is a
critical regulator of cancer progression that regu-
lates the expression of E-cadherin, ABLI,
MMP2, and ERRB2 [30]. It has been reported
that inhibiting SATB1 expression can induce the
apoptosis of many tumor cells as well as inhibit
their proliferation and invasion [31]. To investi-
gate SATB 1-focused therapies, Peng et al. fabri-
cated a doxorubicin and SATB1 shRNA
co-loaded thermosensitive magnetic cationic
liposome. This magnetic-targeting delivery sys-
tem had a phase transition temperature of
40.8 °C, thereby allowing its wuse for
hyperthermic-response release of therapeutic
agents [32]. Additionally, gene delivery effi-
ciency could also be improved by the magnetic
targeting properties of the delivery system.
Collectively, their results showed that the com-
bined delivery of DOX and SATB1 shRNA not
only led to tumor cell apoptosis but also to
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in vitro as well as in vivo synergistic antitumor
effects. Thus, this approach and delivery system
resulted in improved tumor inhibition than other
previously used formulations.

16.4 Combination
of Chemotherapeutics
with Other Treatments

In addition to chemotherapy, radiotherapy, pho-
tothermal therapy (PTT), and immunotherapy
have all been used in the clinic as important
cancer treatment options. Standard treatment
plans in select European and American guide-
lines recommend that gastric cancer patients
receive concurrent chemo- and radiotherapy
(chemoradiotherapy) after surgery [4]. Physical
therapies have the advantage of irreversibly
destroying tumors. They also offer a synergistic
treatment to eradicating cancer by generating a
variety of therapeutic outcomes. Overall, the
clinical efficacy in cancer patients would bene-
fit from a specific combination of novel drug
delivery system and some—or all—of these
therapeutic treatments. A deeper discussion of
each is provided below:

16.4.1 Radiotherapy

Radiotherapy (RT) is one of the dominant can-
cer treatment strategies. DNA double-strand
breaks and induced tumor cell apoptosis are the
key mechanisms through which radiotherapy
kills cancer cells. It has been reported that this
localized radiation effect can be enhanced by
high-Z-containing material. To harness this
effect, nanoparticles that are made of noble met-
als may be useful in increasing the radiation
energy absorption due to their unique physical
and chemical properties. The mechanisms
involved in this synergistic anticancer effect
have been attributed to increased ROS, oxida-
tive stress, as well as vascular damage, resulting
in apoptosis, necrosis, and autophagy of tumor
cells [33, 34].

Many chemotherapeutics are often applied in
the clinic with the goal of augmenting radiotherapy
tumor effects, termed ‘“radiosensitization.”
Docetaxel and concurrent radiotherapy are com-
monly used for a variety of cancers, including head
and neck cancer, non-small cell lung cancer, and
gastric cancer [35-37]. However, owing to the non-
specific distribution and side effects caused by
docetaxel itself, further insights into effective sen-
sitizer delivery of this combination treatment are
needed to improve the therapeutic approach.
Doxorubicin-, paclitaxel-, and etanidazole-loaded
nanoparticles have been investigated and show bet-
ter radiosensitizing effects than their free drug for-
mulations [38, 39]. For instance, Cui et al.
constructed a docetaxel-loaded nanoparticle
(DOC-NPs) using the abovementioned gelatinase-
responsive polymer, PEG-PEP-PCL. This was
done to selectively enhance the radiation-induced
cell death efficacy at the tumor site in addition to
reducing the toxicity to normal tissue [40]. When
compared with free docetaxel, the nanoparticle for-
mulation exhibited higher drug concentrations and
longer time acting in the tumor tissue. Given these
results, it is quite possible that nanoparticles have
the potential to support the radiation process in
fewer doses. Sensitization enhancement ratios of
DOC-NPs were 1.09-, 1.18-, and 1.24-fold higher
than free docetaxel, respectively, in three gelatin-
ase overexpressing GC cell lines. This is compared
to only a 1.02-fold increase in normal, gelatinase-
deficient gastric mucosa cells. In a subcutaneous
transplant tumor model, DOC-NPs were more
effective radiosensitizers than docetaxel and also
had a superior ability to delay tumor growth
in vivo. Mechanistic research revealed that
79.7 £4.9% cells arrested at the G2/M phase when
treated with DOC-NPs, which is significantly
higher than both the docetaxel and control groups.
Since cells in the G2/M phase are more radiosensi-
tive, this might be a major factor behind the
enhanced radiosensitization observed in DOC-
NPs. Furthermore, the improved radiosensitiza-
tion efficacy of DOC-NPs was also associated
with increased generation of ROS, promotion of
cellular apoptosis, and more effective DNA dou-
ble-strand breaks.
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16.4.2 Photothermal Therapy

Tumor cells appear to be more sensitive to heat-
induced destruction than normal cells, and treat-
ment approaches have been developed to take
advantage of this fact [41]. Photothermal therapy
(PTT) refers to treatment utilizing (typically) near-
infrared wavelengths of laser-generated heat for the
treatment of cancer. Accordingly, tumor tissue can
be hyperthermically eradicated through various
mechanisms, including protein structural changes
and/or tissue carbonization. To this end, several
kinds of nanomaterials with the ability to convert
light into hyperthermia have been exploited for
minimally invasive tumor ablation [42]. Among
them, gold-based nanomaterials and carbon mate-
rials exhibit unique photothermal properties have
been widely investigated as therapeutic agents in
photothermal therapy. Furthermore, combinations
of photothermal and chemotherapies have also
been shown to be a useful approach for cancer
treatment [43]. During laser irradiation, the encap-
sulated drugs can be released under a controllable
manner. Importantly, the permeability of tumor
cells is increased due to the laser-induced hyper-
thermia, leading to overall more effective perme-
ation of drugs across cancer cell membranes.

Furthermore, combining tumor imaging and
targeted therapy in one nanoparticle holds great
promise for the treatment of cancer. This would
include all stages of cancer, from diagnosis to
evaluation to treatment. Recently, a folic acid
(FA)-modified gold nanorods/silica hybrid
nanodelivery system (GNR-SiO,-FA) was devel-
oped and investigated as a multifunctional nano-
probe for X-ray/CT imaging-guided targeting
dual-mode radio- and photothermal therapies
[44]. The weight of the conjugated FA on the sur-
face of the prepared nanoparticles was approxi-
mately 15.21%, thus ensuring a highly selective
targeting ability. The GNR-SiO,-FA nanoparti-
cles also showed enhanced RT and PTT effects
in vitro, which depended on the targeted uptake
efficiency of gold by MGC-803 gastric cancer
cells. Therefore, these nanoparticles are a good
candidate for in vivo X-ray/CT imaging due to
their strong X-ray attenuation.

16.5 Combination of Therapy
and Diagnoses

When combining therapeutic drugs with imaging
agents, the integrated nanoparticles are referred to
as a “theranostic system.” This multifunctional
and integrated system combines different proper-
ties, including the tumor targeting, imaging, selec-
tive cancer therapy, and response monitoring in an
all-in-one system, thereby providing more useful
multimodal methods for cancer treatment.
Coupling therapeutic effects and contrast proper-
ties in combinational delivery system shows great
potential in applications such as targeted primary/
metastasis tumor diagnosis, simultaneous therapy,
and in vivo tracking. Nanoparticles are good alter-
natives to realize theranostic function, thanks to its
particular properties [45, 46]. There are generally
two categories of theranostic nanoparticles: (1) the
nanoparticles themselves can be detected by imag-
ing modalities, such as gold-, magnetic- and other
inorganic nanoparticles [47, 48] and (2) targeted
co-delivery of diagnostic and therapeutic agents
by nanoparticles. Up till now, a number of various
nanoparticle-based theranostic modalities have
been reported in the simultaneous diagnosis and
treatment of gastric cancer.

16.5.1 Primary Tumor Imaging

Quantum dots (QDs) are a kind of photolumines-
cence material with strong fluorescent intensity
and a tunable emission spectrum. QDs have
begun to be widely used in live-cell imaging,
immunoassays, and other biological application.
For example, Jing et al. synthesized a targeting
quantum dot nanoprobe (HER2-RQDs) by
conjugating an HER2 monoclonal antibody to
the surface of RNase A-associated CdTe quan-
tum dot clusters [49]. The prepared HER2-RQDs
were 40 nm in diameter and had an emission
peak at 600 nm. Results showed that HER2-
RQDs nanoprobes could perform in situ targeted
imaging of a gastric cancer-bearing mouse model
a mere 6 h after intravenous injection. In addi-
tion, this RNase A-loaded nanoprobe could
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selectively kill HER2 overexpressed gastric can-
cer MGC803 cells in vitro, inhibit tumor growth,
and extend survival time in an in situ gastric can-
cer-bearing mouse model. This effect was caused
by the degradation of total cytoplasmic RNA,
inhibition of mRNA translation, and protein syn-
thesis, which ultimately led to the induction of
cellular apoptosis [49].

Cancer stem cells are cancer cells that possess
the ability of self-renewal and the capacity to ini-
tiate tumor formation. They are also considered
the responsible members of tumor invasion,
metastasis, and resistance to anticancer treatment
such as chemotherapy and radiotherapy [50].
Specifically, the CD44* subpopulation of gastric
cancer cells within tumor tissue is endowed with
stem cell properties [51]. Given this, CD44 has
been taken as a gastric cancer stem cell (GCSC)
surface marker. To harness this property of CD44,
Liang et al. prepared PEGylated gold nanostars
conjugated with CD44v6 monoclonal antibodies
(CD44v6-GNS) [52]. These multifunctional
nanoprobes were used for photoacoustic, infrared
microscopic imaging, as well as photothermal
therapy of GCSCs. CD44* cells were sorted from
the MKN-45 GC cell line and then incubated
with CD44v6-GNS. After the 24 h incubation,
83% of the CD44v6-GNS was either internalized
or bound to CD44" spherical cells, thereby dem-
onstrating a highly affinity with the stem cell-like
CD44* subset of cells.

As shown in Fig. 16.3, photoacoustic imaging
has revealed that the CD44v6-GNS is capable of
targeting the tumor vascular system at 4 h postin-
jection in both orthotopic and subcutaneous xeno-
grafted tumor models in vivo [52]. In the
subcutaneous xenografted model, photoacoustic
imaging enhancements of CD44v6-GNS were
4.7-fold higher at 4 h postinjection. Comparatively,
non-targeting gold nanostars were 1.75-fold higher
at the same time point. The orthotopic xenografted
model featured a deeper location of the orthotopic
tumor and disturbance of the dermal vasculature.
As a result, only slight enhancements were
observed. However, with increasing time, a local-
ized enhancement of the photoacoustic signal
could be detected in the stomach area, indicating
the accumulation of the nanoprobe in the tumors.

Owing to the plasmon absorption band in the
near-infrared region, gold nanostars generate
heat upon laser irradiation and could also be used
in photothermal therapy. The high-affinity bind-
ing to GCSC sphere cells by CD44v6-GNS
means that tumor ablation could occur with low-
power density upon NIR laser radiation. Cell
viability was only 0.7% when CD44* spheroid
colonies had been incubated for 24 h with
CD44v6-GNS, which were then exposed to NIR
laser treatment (790 nm, 1.5 W/cm?). The photo-
thermal therapeutic effect of CD44v6-GNS was
also investigated in vivo. Four hours after injec-
tion of CD44v6-GNS, photothermal therapy was
performed at a density of 0.8 W/cm? for 5 min.
After this, necrotic areas could be observed in the
treatment center of the tumorous tissue. The
tumor volume in the CD44v6-GNS group was
reduced within 2 weeks after photothermal ther-
apy and showed a significant difference when
compared with controls. Taken together, these
results showed that the multifunctional CD44v6-
GNS nanoprobes displayed a great potential for
GCSC-targeted combinational therapy of photo-
acoustic imaging and photothermal therapy,
overcoming the resistance of CSCs to anticancer
treatment [52].

Similarly, CD44v6 single-chain variable frag-
ment (ScFvepase) Was utilized by Chen et al. to
fabricate gastric cancer-targeting multifunctional
nanoparticles [53]. These nanoparticles com-
bined an siRNA delivery system and magnetic
resonance imaging (MRI) that consisted of super-
paramagnetic iron oxide nanoparticles (SPION)
and polyethylene glycol-grafted polyethyleni-
mine (PEG-g-PEI). The content of scFvcpu
attached to the nanoparticle surface was shown to
be 16.7%. MRI revealed that the targeting
SCFvepays-PEG-PEI-SPION nanoparticles pref-
erentially accumulated at the SGC-7901 tumor
site of mice simultaneously bearing SGC-7901
(high CD44v6 expression) and A375 (low
CD44v6 expression) tumors, demonstrating spe-
cific, in vivo gastric cancer targeting properties.
In a follow-up study, the condensed siCD44v6
transferred by PEG-g-PEI-SPION downregu-
lated the CD44v6 expression of gastric carci-
noma cell line SGC-7901 in vitro and knocked
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Fig. 16.3 Representative photoacoustic imaging before
(0 h) and after injection (2, 4, and 24 h) of the GNS-
PEG-CD44 (first row subtumor, second row orthotopic

down the migrating and invasive abilities of
SGC-7901 cells. Furthermore, PEG-g-PEI-
SPION itself was a highly efficient MRI contrast
agent in vivo [54].

Sun et al. used magnetic nanoparticles to
deliver microRNA-16 (miRNA-16), with the
purpose of reversing drug resistance to chemo-
therapy in a mouse model of gastric cancer. The

tumor), GNS-PEG-CD44v6 (third row subtumor, fourth
row orthotopic tumor), and GNS-PEG (fifth row control)
Reproduced with permission from Ref. [52]

magnetic nanoparticles used in this study were
PEG-coated Fe;O, nanoparticles. Apart from
in vivo imaging, the nanoparticles significantly
suppressed SGC7901  (adriamycin-resistant)
tumor growth, probably through increasing
SGC7901/ADR cells’ sensitivity to adriamycin
[55]. In the studies of Ma et al., magnetic-polymer
nanoparticles with folate receptor-targeting and
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pH-sensitive multifunctionalities was synthe-
sized for DOX delivery in the treatment of
advanced gastric cancer. The better efficacy of
nanoparticles than free DOX was confirmed by
in vitro and in vivo studies. Moreover, the accu-
mulation of nanoparticles in the tumor site was
detected by MRI [56].

Photosensitive nanoparticles are also used in
the theranostics of gastric cancer. Huang et al.
reported photosensitizer-conjugated magnetic
nanoparticles applicated in gastric cancer imag-
ing and therapy simultaneously. The nanoparti-
cles were approximately 20 nm in diameter, and
the photosensitizer chlorin e6 (Ce6) was cova-
lently conjugated on the surface of magnetic
nanoparticles. Therefore, the incorporated Ce6
molecules retained their spectroscopic and func-
tional properties for photodynamic therapy, and
the core magnetic nanoparticles offered the func-
tions of magnetically guided drug delivery and
MRI. The nanoparticles are suitable for simulta-
neous targeting photodynamic therapy and
in vivo MRI of nude mice loaded with gastric
cancer [57, 58].

16.5.2 Lymphatic Metastasis Imaging

Lymph node (LN) metastasis is an important fac-
tor for the prognosis of gastric cancer (GC)
patients [47]. Due to the high risk of metastasis, a
lymphadenectomy is the normal surgical course
of treatment. However, a highly sensitive and
specific pretreatment diagnosis of the LN meta-
static status would be extremely helpful in better
establishing individualized treatment strategies.
To this end, Qiao et al. developed a sensitive
detection system for lymphatic metastasis [59]
using core-shell structured upconversion nanopar-
ticles consisting of NaGdF4:Yb, Er@NaGdF4
that had been coated with polyethylene glycol
(PEG) and an antigastric tumor antibody MGb2.
The upconversion nanoprobes emitted green and
red light under 980 nm laser excitation. It is pre-
sumed that after injection, the sub-20 nm probes
accumulated at the tumor interstitium via normal
circulation, subsequently drained to the lymphatic
vessels, and finally targeted the malignant lesions

via antibody-antigen recognition. As a result, an
orthotopic mouse model of human gastric cancer
showed that this method allowed for in vivo,
postinjection, optical detection of both primary
and omental lymph node metastatic sites at 4 and
6 h, respectively. In particular, lymphatic metasta-
ses, which were smaller than 1 mm, were success-
fully detected with both high sensitivity and
specificity. No detectable luminescence was
obtained in benign lymph nodes, which is attrib-
uted to the specific binding affinity between the
MGb2 antibody-modified nanoprobes and the
tumor and lymphatic metastasis lesion.

In addition, Hironori Tsujimoto et al. used
indocyanine  green-loaded  poly(sarcosine)-
poly(L-lactic acid) polymeric nanoparticles
(ICGm) to (1) image the metastatic LNs of gastric
cancer and (2) perform photodynamic therapy
[60]. ICG is a type of FDA-approved, infrared
fluorescence dye used in medical diagnostic stud-
ies. It also has been used as a photosensitizer. In
this particular study, 48 h after tail vein injection,
metastatic popliteal lymph nodes (PLN) were
clearly visualized in ICGm-treated mice, but not
ICG-treated mice. This effect was evidence both
in vivo and ex vivo. Meanwhile, photoirradiation
was performed using an 808 nm laser system at a
photon fluence rate of 500 mW/cm? for 1000s. On
day 7, post-photodynamic therapy, the PLN vol-
ume of mice treated withICGm was 3.1 0.3 mm?>.
This was significantly smaller than that seen in
ICG-treated mice (6.8 + 2.4 mm?®). Enhanced cel-
lular apoptosis in metastatic LNs was also
observed in the ICGm-treated mice when com-
pared with those in the ICG treatment group.
Collectively, an ICG-based theranostic system
presents a promising approach for LN metastases
in the treatment of gastric cancer.

16.6 Conclusion and Perspectives:
From Bench to Bedside

Due to the dynamic nature and heterogeneous
nature of cancer, a single therapeutic modality is
unable to achieve a satisfactory and curative
effect. Moreover, current treatment options often
lead to drug resistance and continued disease
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progression. As such, the development of novel
technology and combinational methods is critical
to the future of clinical cancer therapies.
Therefore, using a combination of drug delivery
and other therapeutic agents and/or treatment to
obtain synergistic effects is a promising approach.
Employing nanotechnology in multimodality
therapy provides significant advantages, includ-
ing the controlled release of drug payloads, pas-
sive/active  targeting  accumulation,  and
normalized pharmacokinetics. However, despite
the enhanced efficacy and reduced side effects
established in preclinical research, taking combi-
national nanotherapeutics from bench to bedside
is an extremely challenging task. There are still
few clinical trials investigating the effectiveness
of combination therapy involving drug delivery
systems, with the exception of several combina-
tion, chemotherapeutic nanoparticles such as
CPX-1 and CPX-351. The remaining key chal-
lenges in translating this drug delivery system
include biocompatibility issues, targeting capac-
ity, overcoming drug delivery barriers, and man-
ufacturability [61, 62]. Despite these hurdles, we
believe that with the advance of cancer biology,
the growing knowledge and expertise of bioinfor-
matics, increased genomic data, improvements to
drug screening technologies, as well as increased
understanding of our animal models can all be
further exploited for the validation of new
nanomedicine-based combination therapies. The
combination of drug delivery systems and multi-
dimensional therapies, such as gene therapy,
radiotherapy, photothermal/photodynamic ther-
apy, and immunotherapy, allows for synergistic
effects to occur. Ultimately, this will translate
into benefits for patients with cancer, leading to
improvements in both their longevity and quality
of life.
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