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Abstract: Gastric cancer (GC) remains one of the most common deadly malignancies worldwide.
Recently, several targeted therapeutics for treating unresectable or metastatic GC have been developed.
Comprehensive characterization of the molecular profile and of the tumor immune microenvironment
of GC has allowed researchers to explore promising biomarkers for GC treatment and has enabled
a new paradigm in precision-targeted immunotherapy. In this article, we review established and
promising new biomarkers relevant in GC, with a focus on their clinical implications, diagnostic
methods, and the efficacy of targeted agents.
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1. Introduction

Gastric cancer (GC) is one of the most common malignant tumors and is the fourth
leading cause of cancer-related deaths worldwide [1]. Locally advanced and metastatic GC
generally have a poor prognosis despite chemotherapy and remain therapeutic challenges.
Thus, both clinicians and patients benefit greatly from the availability of advanced treatment
options. The rapid development of cancer biology and sequencing techniques has enabled
precise profiling of cancer mutations and the tumor immune microenvironment of GC,
which are crucial for therapeutic decisions [2,3].

GC is a heterogeneous disease with diverse histologic and genomic subtypes. Based on
genomic and epigenomic alterations, The Cancer Genome Atlas (TCGA) research program
proposes four molecular subtypes of GC: Epstein-Barr virus (EBV), microsatellite instability
(MSI), genomically stable (GS), and chromosomal instability (CIN) [4]. These four subtypes
have distinct clinicopathological and molecular characteristics as well as distinct tumor
immune microenvironments (Table 1) [3–5]. As a result of an improved understanding of
the molecular profiles of GC, new targets and drugs have been discovered, and there have
been some remarkable success stories [2,6]. Large clinical studies have demonstrated that
molecular-targeted therapies of GC involve diverse mechanisms [6]. In the era of precision
cancer therapy, a comprehensive understanding of the underlying targeting mechanisms
and of predictive biomarkers with matched therapeutic agents can provide new insights
for GC treatment.

To date, only three molecular biomarkers have been demonstrated to predict responses
to targeted therapies in GC [2]: human epidermal growth factor receptor 2-positive (HER2+)
GC for trastuzumab and for trastuzumab deruxtecan, and microsatellite instability-high
(MSI-H) and programmed death-ligand 1-positive (PD-L1+) GC for pembrolizumab. Nev-
ertheless, an increasing number of biomarker-based clinical trials have demonstrated the
efficacy of targeted therapy alone or in combination with conventional chemotherapies [2,6].
Considering the low frequency of targets (biomarkers) in GC, the accurate detection of
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target molecules by adequate diagnostic methods is crucial for patient selection for tar-
geted therapy.

Table 1. Representative features of the four gastric cancer subtypes based on The Cancer Genome
Atlas (TCGA).

TCGA
Subtype EBV MSI CIN GS Ref.

Relative frequency ~9% ~22% ~50% ~20% [4]

Typical histological
features

GC with lymphoid
stroma None Intestinal type Diffuse type [4]

Frequent location Fundus and body Distal location GEJ/cardia Distal location [4]

Clinical
characteristics

Best prognosis
Potential benefit
from ICI treatment

Favorable prognosis
Lack of benefit from
chemotherapy
Highest benefit from
ICI treatment

Greatest benefit from
adjuvant chemotherapy

Worst prognosis
Least benefit from
adjuvant
chemotherapy

[5,7]

Representative
molecular
alterations and
methylation

CIMP
CDKN2A silencing
Frequent PIK3CA
(~80%), ARID1A
(~55%), and BCOR
(~23%) mutation

CIMP
MLH1 silencing
Frequent genomic
mutations/alterations

High TP53 mutation
(~71%)
RTK amplifications
(EGFR, ERBB2, ERBB3,
FGFR2, MET, and
JAK2)Amplification of
cell cycle genes,
KRAS/NRAS, and
VEGFA

Recurrent CDH1
(~37%) and RHOA
(~15%)
mutationCLDN18-
ARHGAP26/6
fusion (~14%)

[4]

Relevant tumor
immune
microenvironment

Increased TILs
with intense T cell
infiltrates

Increased TILs with
intense T cell infiltrates

Increased tumor
associated macrophages
CD8+ T cells
predominantly at the
invasive margin

Enrichment of
CD4+ T cell,
macrophages and
B cells
Tertiary lymphoid
structures (~50%)

[3]

Abbreviations: EBV: Epstein—Barr virus; MSI: microsatellite instable; CIN: chromosomal instability; GS: genomi-
cally stable; GC: gastric cancer; GEJ: gastroesophageal junction; ICI: immune checkpoint inhibitor; CIMP: CpG
island methylator phenotype; RTK: receptor tyrosine kinase; TIL: tumor-infiltrating lymphocytes.

In this review, we describe the key biomarkers in GC along with their clinical signifi-
cance, detection methods, limitations, associated predictive markers, and targeted agents.
In particular, we focused on well-established (PD-L1, HER2, and vascular endothelial
growth factor receptor 2 (VEGFR2)) and emerging (mesenchymal-epithelial transition
(MET), fibroblast growth factor receptor 2 (FGFR2), Claudin 18.2 (CLDN18.2), and tumor-
infiltrating lymphocytes (TIL)) biomarkers (Table 2).
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Table 2. Key biomarkers in gastric cancer with their clinicopathological relevance, alterations, diagnosis, and targeted agents.

Biomarker Clinicopathological
Relevance

Activation
Mechanism

(Frequency, %)

Detection
Methods

Representative
Therapeutic Agents

(Survival Benefit in Months *)
Ref.

Established Biomarkers

PD-L1 EBV and MSI subtypeIncreased TILs
(Inflamed phenotype)

Overexpression
(47–82%)

IHC (membranous staining for tumor,
membranous and/or cytoplasmic for
immune cells)

Pembrolizumab
(CPS ≥ 1; 0.8 months,
CPS ≥ 10; 2.4 months) Nivolumab
(all pts; 1.8 months,
CPS ≥ 1; 2.7 months,
CPS ≥ 5; 3.3 months)

[7–14]

HER2 Upper third of the stomach, CIN subtype,
Intestinal type

Overexpression/Amplification
(7–53%)

IHC (membranous staining)
FISH, NGS

Trastuzumab
(all pts; 2.7 months,
FISH +/IHC 2+ or IHC3+;
4.2 months)
Trastuzumab
deruxtecan (4.1 months)Trastuzumab +
Pembrolizumab (NA)

[15–21]

VEGFR2 NA

Overexpression †

(tumor cell; 0–54%,
endothelial cell;
~50%)

IHC † (nuclear, cytoplasmic, or
membranous staining for tumor,
cytoplasmic for endothelial cells)

Ramucirumab
(2.2 months) [22–25]

Emerging Biomarkers

MET

CIN subtype, Intestinal type
Prognostic indicators of poor survival
co-amplification in EGFR, HER2, and other
RTK

Overexpression
(22–63%)
Amplification
(2–3%)
Exon 14 skipping
Mutation (~7%)

IHC (membranous and/or
cytoplasmic)FISH, NGS, ctDNA

AMG 337 (NA)Savolitinib (NA)Crizotinib
(NA) [26–35]

FGFR2

GS (9%) > CIN (8%)
Diffuse type > intestinal type
Predictor for poor prognosisAssociated with
lymphatic metastasis

Overexpression
(FGFR2b; 4%)
Amplification
(4–7%)

IHC (membranous)FISH, NGS,
ctDNA

Bemarituzumab
(all pts; 5.7 months,
FGFR2b ≥ 10%; 14.3 months)

[36–40]

CLDN18.2
GS subtype, Diffuse type, non-antral location,
EBV positivityNo correlation with survival
outcome

Overexpression
(14–52%) IHC (membranous)

Zolbetuximab
(all pts; 4.7 months,
CLDN18.2 ≥ 70%; 7.6 months)

[41–45]

TIL EBV and MSI subtype - - TIL therapy (NA) [3,46–49]

Abbreviations: EBV: Epstein—Barr virus; MSI: microsatellite instable; TIL: tumor-infiltrating lymphocyte; IHC: immunohistochemistry; CPS: combined positive score; CIN: chromosomal
instability; FISH: fluorescence in situ hybridization; NGS: next-generation sequencing; NA: not applicable; RTK: receptor tyrosine kinase; ctDNA: circulating tumor DNA; GS: genomically
stable. * Best survival benefit in months (prolonged median overall survival in targeted therapy group compared to control group) reported from the key clinical trials. † Not predictive
for representative targeted drugs.
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2. Currently Established and Emerging Biomarkers in GC
2.1. PD-L1

Programmed death-1 (PD-1) is an inhibitory checkpoint receptor protein expressed
on cytotoxic T cells and other immune cells [50]. Some tumor cells express high levels of
PD-L1 as an immune evasion mechanism because PD-1/PD-L1 interaction induces the
inactivation of cytotoxic T cells and the downregulation of immune responses [51]. The
introduction of immune checkpoint inhibitors (ICIs) targeting PD-1 or PD-L1 has provided
a paradigm shift in treatment strategies for several solid tumors, including GC [52]. PD-L1
protein expression is generally assessed by immunohistochemistry (IHC) for the selection
of GC patients eligible for ICI treatment [9]. Thus, it is crucial that pathologists accurately
interpret the PD-L1 assessment results. PD-L1 expression is evaluated by IHC in both tumor
and immune cells [8]. For tumor cells, PD-L1 positivity is defined as a partial or complete
membranous staining at any intensity. Tumor-associated immune cells (lymphocytes and
macrophages) are considered to be PD-L1 positive when membranous and/or cytoplasmic
staining is present at any intensity. The combined positive score (CPS), which is the
number of PD-L1-stained cells (viable tumor cells, lymphocytes, and macrophages) divided
by the total number of viable tumor cells multiplied by 100, is used to determine PD-
L1 expression in GC (Figure 1A,B). Tumors are considered PD-L1 positive if the CPS
one or higher. In G/GEJ cancer, 47.3–82.0% of patients showed PD-L1 positivity across
studies [7,12–14]. Currently, four PD-L1 assays (22C3, 28-8, SP142, and SP263) are available
for the detection of PD-L1 protein expression, and each assay predicts the clinical efficacy of
four immunotherapy drugs (pembrolizumab, nivolumab, atezolizumab, and durvalumab,
respectively) [10]. Although 22C3 PharmDx (Agilent, Santa Clara, CA, USA) is the only
companion diagnostic method approved by the US Food and Drug Administration (FDA)
for GC, recent studies have reported evidence of potential interchangeability of different
PD-L1 assays [10,53,54].

Figure 1. Representative microscopic findings of immunohistochemistry for PD-L1 (A) combined
positive score 0; (B) combined positive score 90), for HER2 (C) with 3+ strong membranous staining
in the tumor cells, and for FGFR2b (D) showing heterogeneous staining with positively stained tumor
cells within lymphatic spaces. The scale length within the photograph is 300 µm.

As a biomarker, PD-L1 has some limitations that can affect its usefulness as a predictor
of ICI response. One of these limitations is the intratumoral heterogeneity of PD-L1 expres-
sion. In GC, PD-L1 expression has been shown to display a high discordance rate not only
between biopsy and surgically resected tissue but also between primary and metastatic tu-
mors [55–57]. Temporal heterogeneity of PD-L1 expression between tumors before and after
chemotherapy has also been reported [58]. For an accurate diagnosis of PD-L1 expression
and an enhanced prediction of ICI responses, multiple biopsy samples (at least five) should
be obtained in GC [55,56]. Another main limitation is the interobserver variation in PD-L1
expression evaluation. Several studies have reported a high discordance rate in PD-L1
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expression estimation, especially around a clinically relevant cut-off of 1% [54,59–61]. These
discrepancies occur even among expert pathologists. Thus, standardized and objective
methods for PD-L1 assessment are urgently required. Recent studies have demonstrated
that the application of artificial intelligence (AI)-based image analysis results in an excellent
performance in scoring PD-L1 IHC and is comparable with assessments by pathologists [62].
Moreover, the AI model showed better predictions of tumor responses and survival out-
comes of ICI in patients with non-small cell lung cancer (NSCLC) [63]. The development of
AI and digital pathology can provide an accurate diagnosis with high repeatability and can
be a standardized diagnostic method for PD-L1 interpretation.

Monoclonal antibodies against PD-1 (pembrolizumab and nivolumab) have demon-
strated efficacy in patients with advanced GC in large clinical trials. The Phase II KEYNOTE-
59 trial showed durable responses to pembrolizumab treatment in patients with advanced
or metastatic PD-L1+ GC [12]. The tumors were considered to be PD-L1+ when the PD-L1
CPS with the 22C3 pharmDX assay was ≥1. The subsequent phase III KEYNOTE-61 trial
found that pembrolizumab did not significantly improve the median overall survival (OS)
compared to paclitaxel (9.1 vs. 8.3 months, hazard ratio (HR) 0.82, 95% confidence interval
(CI) 0.66–1.03; one-sided p = 0.0421) for advanced GC with a PD-L1 CPS ≥ 1 [13]. Nonethe-
less, patients with a high PD-L1 CPS (≥10) had considerable therapeutic benefit compared
to those with paclitaxel (median OS 10.4 vs. 8.0 months, HR 0.64, 95% CI 0.41–1.02), indi-
cating that the proportion of tumor cells that express PD-L1 may affect the ICI treatment
response [13]. In the phase III ATTRACTION-2 trial, nivolumab also resulted in meaningful
improvements in the OS of previously treated advanced gastric and gastroesophageal
junction (G/GEJ) cancer patients compared to a placebo as a third- or later-line treatment
(median OS 5.3 vs. 4.1 months, HR 0.63, 95% CI 0.51–0.78; p < 0.0001) [11]. The study
reported that a survival benefit was observed regardless of the degree of tumor PD-L1
expression. However, PD-L1 expression was assessed only in tumor cells (not in immune
cells) in 40% of patients retrospectively, and the significance of PD-L1 expression and the
nivolumab response was unclear. A recent phase III CheckMate 649 study evaluated the
clinical outcome of nivolumab plus chemotherapy versus chemotherapy alone as a first-line
treatment in patients with previously untreated, advanced, or metastatic G/GEJ cancer [14].
The study showed that the nivolumab plus chemotherapy arm had statistically significant
improvements in both the median OS and progression-free survival (PFS) in patients with
a PD-L1 CPS ≥ 5 (OS, HR 0.71, 98.4% CI 0.59–0.86; p < 0.0001, and PFS, HR 0.68, 98% CI
0.56–0.81; p < 0.0001). Additionally, patients with a PD-L1 CPS ≥ 1 showed a significant
benefit for OS (HR 0.77, 99.3% CI 0.6–0.92; p = 0.0001). These results indicate that nivolumab
also provides greater efficacy and benefits in patients with a higher PD-L1 CPS.

Another reliable predictive biomarker for anti-PD-1 ICIs in GC is the molecular sub-
type. Kim et al. investigated the determinants of treatment response to pembrolizumab
in metastatic GC patients according to TCGA molecular subtypes [7]. Patients with EBV+
and MSI-H tumors displayed dramatic responses to pembrolizumab treatment (overall
response rates [ORRs] of 100% and 85.7% in EBV+ and MSI-H GC, respectively) [7]. A
subset of MSI-H patients with a heterogeneous microsatellite mismatch repair status failed
to respond favorably to the treatment. The following study demonstrated the genomic,
immunological, and clinical outcome heterogeneity within MSI-H GC and found that the
number of whole-exome sequencing-derived nonsynonymous mutations, a diverse T cell
receptor (TCR) repertoire, and increased PD-1+/CD8+ T cells correlate with antitumor
activity and longer PFS with pembrolizumab [64]. Hence, comprehensive molecular and
immunological characterization of GC, in combination with PD-L1 expression, is necessary
to precisely and accurately predict ICI treatment.

TIL is also a key biomarker that can be assessed in conjunction with PD-L1. Previous
studies have reported that high TIL density and increased numbers of CD3+ or CD8+ T
cells are associated with favorable prognoses in GC patients [65,66]. Additionally, the distri-
bution pattern of TILs is of interest in predicting the PD-L1 immunotherapy response in a
variety of cancers. Several studies have suggested the concept of three immune phenotypes
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based on the status of the TIL distribution in tumors or peritumoral stroma: inflamed (TIL
located intratumorally), excluded (TIL retained in the peritumoral stroma), and desert
(sparse TIL in both tumor nests and stroma) [67–69]. Each phenotype displayed distinct
biological characteristics, and tumors with an inflamed phenotype showed increased PD-
L1 expression by tumor and immune cells as well as a better response to ICI treatment
compared to other phenotypes [68,69]. Additionally, a recent TIL study of GC showed
a significant association with the number of frameshift mutations, the tumor mutational
burden, and OS [70]. Taken together, the amount of TIL, immune cell subtypes, and
their distribution are important factors associated with prognostic significance and can be
predictive markers of an immunotherapy response.

2.2. HER2

HER2 is a member of the human epidermal growth factor receptor family (HER1,
HER2, HER3, and HER4) associated with tumor cell proliferation, adhesion, migration, and
differentiation [71]. Hetero- or homodimerization of HER2 results in the autophosphory-
lation of the tyrosine kinase domain and subsequent activation of downstream signaling
pathways [72,73].

Overexpression/amplification of HER2 has been identified in 7–53% of GC cases
and varies between studies [74–76]. Overexpression of HER2 depends on the location
(e.g., the upper third of the stomach), CIN subtype, differentiation (well or moderately
differentiated), and histologic (intestinal) subtype [17,18]. Genomic alterations, such as
TP53, CDKN2A, PIK3CA, and KRAS mutations, are associated with HER2+ GC [15,17].
Additionally, HER2+ GC has been reported to harbor the concurrent amplification of
CCNE1, PIK3CA, KRAS, CDK4, and CDK6 genes [15,17]. TP53 mutation and CCNE1
amplification were the most commonly identified single nucleotide variants and copy
number alterations, respectively, in these studies. The alterations of TP53 and CCNE1 were
more significant in HER2+ GC than in HER2- GC [76].

Currently, IHC and in situ hybridization (ISH) are recommended for the detection
of HER2 overexpression/amplification [16]. HER2 immunostaining is generally assessed
based on the score of the staining intensity (on a scale from 0 to 3+) and on the calculation of
the proportion of stained tumor cells [77]. HER2 overexpression is defined as an IHC score
of 3+ (Figure 1C). ISH should be performed to confirm the HER2 gene amplification status
in cases of equivocal HER2 staining (IHC 2+). ISH results are considered to be positive
when the HER2/chromosome enumeration probe 17 (HER2/CEP17) ratio is greater than 2.
If CEP17 polysomy (≥ 3 copies of CEP17) presents with HER2/CEP17 < 2, then HER2 ≥ 6
is considered to represent ISH positivity [16].

A major limitation of these slide-based HER2 assays is the intratumoral heterogeneity
of HER2. Heterogenous HER2 overexpression is common in GC and has been reported
to be present in 33–52% of cases [17,74,76]. The high incidence of HER2 heterogeneity is
considered the main reason for the high discordance rate (12.3%) between paired biopsy and
resection specimens. This discrepancy has also been identified in 20% of the paired primary
and distant metastatic HER2+ GC [74]. For the accurate prediction of HER2 positivity in
GC, multiple biopsy fragments (at least four) are needed, and HER2 IHC assays should
be performed in both biopsy/resection specimens and in primary/metastatic sites [74,78].
Additionally, intratumoral heterogeneity of HER2 expression can induce false-negative
results for HER2 amplification by next-generation sequencing (NGS) [76]. As a low tumor
heterogeneity index (the H-score of HER2 IHC multiplied by the tumor volume) affects the
detection rate of HER2 amplification by NGS, an adequate tumor heterogeneity index is
required [76].

Of the various biomarkers in use, HER2 overexpression/amplification is particularly
important in GC because the targeted therapy trastuzumab is well-established for the
treatment of HER2+ GC [19]. Trastuzumab is a monoclonal antibody that binds to the
extracellular domain of the HER2 receptor and inhibits the HER2 signaling pathway. A
multicenter phase III ToGA trial demonstrated significantly improved survival in HER2+
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advanced G/GEJ adenocarcinoma patients who received traditional chemotherapy plus
trastuzumab compared to patients who were treated with chemotherapy alone (median
OS 13.8 vs. 11.1 months, HR 0.74, 95% CI 0.60–0.91; p = 0.0046) [19]. Based on this trial,
trastuzumab is considered to be a standard first-line treatment option for patients with
HER2+ GC. Recently, the antibody-drug conjugate trastuzumab-deruxtecan, consisting
of an anti-HER2 antibody, a cleavable tetrapeptide-based linker, and a cytotoxic topoiso-
merase I inhibitor, demonstrated significant improvements in overall response and in OS
in previously treated HER2+ GC patients [20]. The patients in the trastuzumab-deruxtecan
treatment group had an ORR of 51% and a significantly longer median OS than patients in
the chemotherapy-only group (12.5 vs. 8.4 months, HR 0.59, 95% CI 0.39–0.88; p = 0.01). The
FDA approved trastuzumab-deruxtecan for HER2+ G/GEJ cancer based on these findings.

However, several HER2-targeting agents other than trastuzumab, including lapatinib,
pertuzumab, and trastuzumab-emtansine, used as first- or second-line treatments failed
to improve clinical outcomes in HER2+ GC patients [79,80]. The following underlying
resistance mechanisms may have contributed to the disappointing results of HER2-targeted
therapy and the aggressive behavior of tumors: (1) intratumoral heterogeneity of HER2,
(2) aberrant activation of the PIK3CA signaling pathway (downstream signaling of HER2),
and (3) concurrent amplification of EGFR, MET, and CCNE1 [79]. Novel HER2-targeted
therapies, including bispecific antibodies (ZW25), antibody-drug conjugates (RC48-ADC),
and pan-HER tyrosine kinase inhibitors (TKIs) (afatinib, neratinib, and tucatinib), have
been designed to overcome this resistance, and they have proven to be effective in clinical
trials [79,80]. In future studies, the simultaneous use of targeted agents for co-existing
mutations or amplifications in-line with anti-HER2 drugs can prove to be promising ways
to overcome HER2 therapy resistance.

A recent phase III trial (KEYNOTE-811) reported that pembrolizumab could bene-
fit patients with HER2+ GC [21]. In KEYNOTE-811, patients with previously untreated
advanced or metastatic HER2+ G/GEJ cancer received trastuzumab/chemotherapy plus
either pembrolizumab or a placebo. The ORR was 74.4% in patients who received pem-
brolizumab compared to 51.9% for those who received the placebo [21]. Additionally, the
pembrolizumab-treated patients showed a marked reduction in tumor size and a higher
complete response rate (11.3% for pembrolizumab vs. 3.1% for the placebo) [21]. The FDA
granted accelerated approval to pembrolizumab for HER2+ GC based on this trial. The
KEYNOTE-811 trial demonstrated that adding an ICI to targeted molecular therapy could
be another efficient strategy to overcome HER2-resistance in GC [21].

2.3. VEGFR2

VEGFR2 is a receptor tyrosine kinase which regulates angiogenesis. Activation of the
VEGFR2 signaling pathway contributes to new vessel formations to promote the transporta-
tion of nutrients, oxygen, and growth factors necessary for tumor survival, proliferation,
and metastasis [81]. In GC, the positive rate of VEGFR2 expression by IHC in tumor cells are
varied in studies (range: 0–53.5%) [24,82–85]. In contrast, VEGFR2 positivity in neoplastic
endothelial cells was observed in approximately 50% of GC cases [24,83]. It remains contro-
versial whether VEGFR2 expression in tumor cells or endothelial cells is an independent
prognostic factor in GC patients, due to conflicting data across studies [24,82–85].

Ramucirumab is a human IgG1 monoclonal antibody against VEGFR2 which prevents
ligand binding and activation signaling pathways in endothelial cells [86]. Two phase
III trials (RAINBOW and REGARD) showed the efficacy of ramucirumab for advanced
G/GEJ cancer patients [22,23]. In the REGARD trial, the ramucirumab monotherapy
group exhibited a significantly improved median OS (5.2 vs. 3.8 months, HR 0.78, 95% CI
0.61–0.1; p = 0.047) in previously treated advanced G/GEJ adenocarcinoma [22]. Similarly,
the RAINBOW trial demonstrated that ramucirumab in combination with paclitaxel as a
second-line therapy significantly increased the median OS (9.6 vs. 7.4 months, HR 0.81,
95% CI 0.68–0.96; p = 0.017) compared to that of the placebo plus paclitaxel [23]. It is
noteworthy that patients in the REGARD and RAINBOW trials were not selected based
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on the VEGFR2 expression status. Ramucirumab is currently used as a second-line treat-
ment for biomarker-unselected G/GEJ cancer [2]. Apatinib, a TKI that selectively targets
VEGFR2, showed an improved median OS (6.5 vs. 4.7 months, HR 0.71, 95% CI 0.54–0.94;
p = 0.015) compared to that of the placebo in previously treated, biomarker-unselected
patients with G/GEJ cancer in a randomized phase III trial from China [87]. However, a
subsequent international phase III study (ANGEL) showed no survival benefits of Apatinib
administration in advanced/metastatic GC patients [88]. Another TKI, Fruquintinib, which
inhibits VEGFR1-3, demonstrated its efficacy in combination with paclitaxel as a second-
line treatment in patients with advanced GC in a phase I/II study [25]. Fruquintinib is
currently under phase III trial (NCT03223376).

Fuchs et al. retrospectively analyzed the predictive biomarkers in REGARD G/GEJ
carcinoma patients [24]. They investigated VEGFR2 IHC in tumor tissue samples as well
as VEGF and soluble VEGFR levels in serum samples. However, none of the biomarkers
showed a statistically significant association with ramucirumab efficacy. VEGFR2 protein
expression in the tumor nuclei, cytoplasm, and membrane was minimal, and the number
of positive samples was too small for correlative analysis with the patients’ survival. Ra-
mucirumab treatment was associated with a trend toward longer survival in both high and
low VEGFR2 endothelial expression subgroups. Similarly, Van Cutsem et al. performed a
predictive biomarker analysis in patients with advanced GC from the RAINBOW trial [89].
This study evaluated various circulating factors, including VEGF in patients’ plasma sam-
ples, but did not find any biomarkers related to ramucirumab response. These findings
support that both serum VEGF and VEGFR levels as well as both VEGFR2 expression
in tumor and vessels cannot accurately predict the response of anti-VEGFR2 treatment
in advanced GC patients. Thus, the proportion of patients who are eligible for the ra-
mucirumab treatment cannot be estimated based on VEGFR2 expression. Recent studies
suggest that molecular profiles and tumor immune microenvironments can be helpful
for stratifying clinical responses to ramucirumab treatment. Tada et al. reported that GC
patients who showed responses to ramucirumab and longer PFS had a higher popula-
tion of regulatory T cells within TIL compared to non-responders [90]. Another study by
Kim et al. suggested that EBV-positivity and somatic mutation of GNAQ is significantly
associated with ramucirumab sensitivity for GC [91]. Future research in molecular and
immunological characterization of GC can reveal more efficient predictive markers for
antiangiogenic therapies.

2.4. MET

The MET proto-oncogene encodes a receptor tyrosine kinase protein called hepatocyte
growth factor (HGF) [92]. MET activation triggers a downstream cascade of PI3K and RAS
signaling and regulates cell survival and proliferation [93]. Thus, the over-activation of
MET plays a critical role in cancer development and is frequently identified in various
types of tumors, including GC [94]. MET overexpression and amplification are significant
prognostic indicators of poor survival outcomes in GC patients [26,27,29].

In GC, MET protein overexpression, as determined by IHC, has been observed in up
to 63% of cases [33], whereas the amplification of the MET gene is rare (~4%) [34], which
reflects the possibility of discordance between protein overexpression and copy number
gain. Many studies have evaluated MET protein overexpression by the assessment of the
intensity of membranous immunostaining of tumor cells. Ha et al. found that MET protein
overexpression based on membranous and cytoplasmic staining significantly correlated
with high mRNA levels (r = 0.465, p < 0.0001), increased copy number gain (r = 0.393,
p < 0.0001), and MET gene amplification in GC [26]. Application of the aforementioned
interpretation method may reduce the discrepancy between MET overexpression and
amplification. MET exon 14 skipping mutation is another mechanism that can result
in discordance between protein overexpression and low gene amplification [28]. This
mutation delays the ubiquitination and degradation of the MET protein, leading to its
overexpression and aberrant activation. The frequency of MET exon 14 skipping mutations
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was investigated in a series of 230 solid tumor specimens, including 42 GC specimens. A
total of 13 out of 230 tumors (5.7%) and 3 out of 42 GC (7.1%) had MET exon 14 skipping
mutations. Notably, MET protein overexpression by IHC was identified in all MET exon
14-positive cases, whereas gene amplification was reported in only one case [28].

Clinical trials have used both MET protein expression level (by IHC) and MET gene
amplification (by ISH, NGS, or circulating tumor DNA (ctDNA) examination) as criteria
to select patients who were eligible for MET-targeted therapies. Several trials have evalu-
ated the efficacy of monoclonal antibodies that target MET in patients with advanced or
metastatic MET+ GC. Onartuzumab and rilotumumab, which target MET and MET-ligand
HGF, respectively, have been used in phase III trials as first-line treatment in combina-
tion with conventional chemotherapy but failed to improve the clinical outcome of GC
patients with MET overexpression [95,96]. In a phase II study, emibetuzumab, which blocks
both ligand-dependent and ligand-independent MET signaling pathways, showed limited
single-agent activity [97]. In these trials, the definition of MET positivity was confirmed by
IHC but varied in intensity and proportion.

Additionally, selective MET-TKIs have been studied in GC patients. A highly selective
small-molecule MET inhibitor, AMG 337, showed 18% ORR in advanced G/GEJ cancer
patients with MET gene amplification in a phase II trial [31]. Savolitinib, a small-molecule
inhibitor of MET kinase, demonstrated promising antitumor activity in MET-amplified
cancer cells and in GC patients in phase II VIKTORY umbrella trials [30]. In the VIKTORY
study, GC patients with MET amplification had high response rates (10/20, ORR 50%; 95%
CI 28.0–71.9) to savolitinib monotherapy, and 70% of the responders had an enhanced MET
copy number (>10 copies) [30]. The study also noted that coexisting receptor tyrosine kinase
amplification, other than MET amplification, resulted in a short response or no response
to savolitinib [30]. Thus, the use of MET TKIs with other agents targeting concomitant
genomic alterations should be considered in future studies. Another promising result of
TKIs was obtained with crizotinib, which functions as a multi-kinase inhibitor and is usually
used for the treatment of ALK- or ROS1-positive NSCLC [98,99]. A study of patients with
MET-amplified NSCLC demonstrated that a high-level amplification group (MET/CEP7
ratio ≥ 4) responded to crizotinib with the highest ORR compared to medium- or low-level
groups [100]. In GC, Aparicio et al. evaluated the efficacy of crizotinib in nine patients
(six gastric and three esophageal adenocarcinoma) with MET amplification (≥6 copies),
and the best ORR was 55.6% (95% CI 21.2–86.3), with a median PFS of 3.2 months (95% CI
1.0–5.4) and an OS of 8.1 months (95% CI 1.7–24.6) [32]. Additionally, alteration of MET
exon 14 can be a potential candidate for targeted treatment. Two MET-TKIs, capmatinib
and tepotinib, were approved in 2020 for the treatment of NSCLC harboring MET exon
14 skipping mutations [101]. In GC, patient-derived tumor cell lines exhibited profound
inhibition of growth by MET inhibitors [28]. Although only a small subset (7.1%) of GC
patients harbor MET exon 14 mutations, targeted agents for this unique alteration may
provide clinicians and patients with new treatment strategies.

2.5. FGFR2

FGFR2 is a member of the fibroblast growth factor receptor (FGFR) family of trans-
membrane tyrosine kinase receptors that regulate cell survival, differentiation, and prolifer-
ation [102,103]. Genomic aberrations of FGFR2, including amplification, point mutation,
and oncogenic fusions, have been identified in various types of cancers, including GC [104].
Among the genomic alterations, FGFR2 gene amplification is known to be a poor prognostic
factor in GC patients, and a high copy number (≥30) is significantly associated with a
shorter PFS and OS [39]. The prevalence of FGFR2 amplification is rare in GC, which varied
from 4 to 7% in previous studies, depending on the country [36,39].

Detection of FGFR2 amplification is usually performed at the molecular level by ISH
or NGS. These molecular-based analyses are time-consuming and expensive as screening
methods. Considering the low frequency of FGFR2 amplification and its poor concordance
with FGFR2 mRNA expression [105], IHC could be a faster and more efficient screening
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tool to stratify patients with GC who are likely to benefit from FGFR2-targeted therapy.
Ahn et al. reported that FGFR2b IHC staining strongly correlates with FGFR2 copy number
alterations with high sensitivity and specificity [37]. Membranous staining and cytoplasmic
staining were evaluated for positive FGFR2b expression. FGFR2b overexpression and a high
H-score by IHC are also significantly associated with an advanced N stage and a shorter
survival outcome, which is consistent with the results of FGFR2 gene amplification [37].
Hence, recent clinical trials have mainly used FGFR2b overexpression by IHC as a patient
eligibility criterion.

Intratumoral heterogeneity of FGFR2b protein expression is frequent and has been ob-
served in 55.5% of GC cases [106]. Interestingly, an analysis of matched primary and
metastatic GC cells revealed more FGFR2b+ tumors at metastatic sites than primary
GC [37]. FGFR2b overexpression was also frequently found in lymphatic tumor emboli
(Figure 1D) [37]. This finding suggests that FGFR2 amplification may play a crucial role
in tumor progression and lymphangitic metastasis in GC. Thus, tissue acquisition from
distant metastases or primary tumors with extensive lymphovascular invasion could be
adequate to accurately assay FGFR2 by IHC.

Preclinical studies have shown that AZD4547, a selective TKI of FGFR1, 2, and 3,
has antitumor activity in FGFR2-amplified GC cell lines and in patient-derived xenograft
models [107,108]. However, a randomized phase II SHINE trial that compared the out-
come of AZD4547 versus paclitaxel as a second-line treatment for advanced G/GEJ cancer
with FGFR2 amplification or polysomy did not find that there was a survival benefit in
the AZD4547 arm [105]. Recently, a novel FGFR2 inhibitor called bemarituzumab, which
is an IgG2 monoclonal antibody that targets FGFR2b, showed promising results in GC
patients with FGFR2 gene amplification in a phase II clinical trial (FIGHT trial) [38]. In the
FIGHT trial, patients with locally advanced or metastatic GC with FGFR2b overexpres-
sion (with any 2+ or 3+ staining detected by IHC) or FGFR2 amplification (detected by
circulating tumor DNA) were included and treated with bemarituzumab in combination
with mFOLFOX6 as a first-line therapy, and the survival outcome was compared to the
mFOLFOX6 plus placebo group. The median PFS was increased to 9.5 months in the
bemarituzumab-treated patients compared to 7.4 months in the placebo group (HR 0.58,
95% CI 0.35–0.95; p = 0.03). The bemarituzumab arm also showed an improved median
OS of 19.2 months vs. 13.5 months for the placebo group (HR 0.60, 95% CI 0.38–0.94).
Interestingly, in a subset of patients with ≥10% FGFR2b overexpression by IHC, the median
OS for the bemarituzumab arm was 25.4 months compared to 11.1 months for the placebo
(HR 0.41, 95% CI 0.23–0.74) [40]. This finding indicates that the higher the proportion of
tumor cells exhibiting FGFR2b expression, the greater the effect of targeted therapy. Addi-
tionally, the FIGHT trial mentioned that patients with FGFR2b overexpression benefited
from bemarituzumab administration regardless of their ctDNA gene amplification status.
Hence, the detection of gene amplification by ISH, NGS, or ctDNA assays may diminish in
importance in future studies.

2.6. CLDN18.2

Claudin family proteins are one of the main components of tight junction com-
plexes [109]. Aberrant tissue expression of claudin proteins can lead to impaired tight
junction functions, can affect cell signaling pathways, and can contribute to neoplastic
progression in some epithelial cancers [110–114]. CLDN18.2 is a member of the claudin
family and is expressed exclusively in tight junctions of gastric mucosa [113]. GC and
pancreatic cancer cells commonly express CLDN18.2 [115]. Activation of the protein kinase
C/mitogen-activated protein kinase signaling pathway is associated with upregulation
of CLDN18.2 in GC cells [116]. However, the definite biological role of CLDN18.2 ex-
pressed on the surface of GC cells and how CLDN18.2 expression contributes to tumor
progression are still unclear. Nevertheless, one of the well-studied genomic alterations,
CLDN18-ARHGAP fusion, is known to be associated with CLDN18.2 expression in GC [117].
The chimeric protein CLDN18-ARHGAP is not able to interact with actin regulatory pro-
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teins from the tight junction complexes, and this results in the loss of cell-cell adhesion and
in the gain of an epithelial-mesenchymal phenotype [117–119]. Inhibition of the RHOA
signaling pathway by Rho-GAP of ARHGAP is also known to contribute to carcinogen-
esis [117–119]. CLDN18-ARHGAP26/6 fusion has been detected in up to 15% of G/GEJ
cancer patients, predominantly in the GS subtype and among young patients with poor
prognoses [4,117]. CLDN18.2 expression has been reported in almost all CLDN18-ARHGAP
fusion-positive GCs [117,120]. In GC, high CLDN18.2 expression has been reported to
be present in 14.1–51.5% of cases and varies across studies [41–45,121,122]. CLDN18.2
expression was significantly associated with a diffuse histologic type, non-antral location,
and EBV-positivity [41–43]. A majority of the studies reported that high expression of
CLDN 18.2 was not associated with patient survival [42,121–124].

Zolbetuximab is a chimeric IgG1 monoclonal antibody that binds to CLDN18.2
molecules on the tumor cell surface and induces antibody-dependent cellular cytotox-
icity and complement-dependent cytotoxicity [44,45]. Two recent phase II clinical trials
have demonstrated the efficacy and safety of zolbetuximab. In the FAST trial, zolbetuximab
was used with epirubicin, oxaliplatin, and capecitabine in advanced G/GEJ and esophageal
adenocarcinoma patients, significantly prolonging the PFS (7.5 vs. 5.3 months, HR 0.44,
95% CI 0.29–0.67; p < 0.0005) and OS (13.0 vs. 8.3 months, HR 0.55, 95% CI 0.39–0.77;
p < 0.0005) of the patients compared to chemotherapy alone [45]. The MONO trial, in
which zolbetuximab single therapy was used, documented that 9% of locally advanced
metastatic GC patients with CLDN18.2 expression achieved clinical benefits from the
treatment [44]. Based on these encouraging results, two phase III trials are in progress
to evaluate the efficacy of zolbetuximab plus chemotherapy as a first-line treatment in
patients with CLDN18.2+/HER2-, locally advanced, unresectable, or metastatic G/GEJ
adenocarcinoma [125,126].

In previous studies, CLDN18.2 expression in tumor cells was only determined by
IHC [124]. Membranous staining of moderate to strong (2+/3+) intensity was regarded as
high expression in tumor cells, and the proportion of CLDN18.2+ cells was calculated. Al-
though the clinically relevant cut-off value for CLDN18.2+ GC has not yet been established
and varies between studies, a cut-off value of approximately 70% can be recommended
based on the FAST and MONO trial results [44,45]. In the FAST trial, which enrolled
patients with CLDN18.2 expression in ≥40% of tumor cells, the magnitude of the survival
benefit was better in patients with CLDN18.2 expression in ≥70% of the tumor cells (me-
dian OS 16.5 vs. 8.9 months, HR 0.50, 95% CI 0.33–0.74; p < 0.0005) than in the overall
population [45]. Similarly, in the MONO trial, patients with high CLDN18.2 expression
(≥70%) showed higher ORR (14%), and in all the best responders ≥70% of tumor cells had
CLDN18.2 immunoreactivity [44]. The ongoing phase III trials are using a cut-off value
of ≥75% for CLDN18.2+ patients [125,126]. The optimal cut-off values are expected to be
established through these trials and future studies.

Aberrant nuclear or cytoplasmic CLDN18.2 expression in IHC, as well as heterogeneity,
is frequent in GC [41,42]. Strong nuclear or cytoplasmic CLDN18.2 positivity was detected
in 22.5% of cases, and intratumoral variability of membranous CLDN18.2 expression was
found in 33.6% of cases [41]. Additionally, Dottermusch et al. noted that the intensity of
CLDN18.2 immunostaining decreased towards the invasive front of the tumor in many
cases, which may cause diagnostic problems for biopsy examinations [42]. Although the
clinical significance of abnormal expression and intratumoral heterogeneity of CLDN18.2
is unclear, these features can represent diagnostic pitfalls for interpretation and challenges
for selecting patients eligible for treatment.

2.7. TIL and Adoptive Cell Therapy

The significance of TIL as a predictive biomarker for immunotherapy was briefly
discussed in the PD-L1 section. An increased number of TILs is frequently identified in
EBV+ and MSI-H GC and is associated with a favorable response to ICI treatment and
prolonged OS. A recent study investigated the distinct immunological profiles of GC using
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TCGA data [3]. EBV+ and MSI-H tumors displayed intense T cell infiltration, whereas
CIN tumors contained few CD8+ T cells but abundant CD68+ macrophages. The GS
group displayed enrichment of CD4+ T cells, tumor-associated macrophages, and B cells,
and approximately 50% of the cases had tertiary lymphoid structures. Current anti-PD1
treatments with pembrolizumab showed less of an effect in CIN or GS subtypes than in EBV
or MSI subtypes [7]. Thus, more effective immunotherapy is needed for anti-PD-1-resistant
metastatic GC patients with CIN or GS subtypes.

A novel potent strategy, called TIL therapy, is based on adoptive cell therapy using
TILs [46,49]. For this TIL therapy, TILs were isolated from the resected tumor specimen,
expanded in culture with interleukin-2 to a clinically relevant level, and then infused
back into the patients [46,49]. The advantages of TIL therapy for treating solid tumors
are as follows: (1) TILs express diverse TCR repertoires that are capable of recognizing
multiple tumor antigens, thereby overcoming the high intratumoral heterogeneity that
tends to result in resistance to targeted therapy. (2) TILs have been stimulated by tumor
antigens in vivo and are predominantly composed of effector memory T cells, which have
chemokine receptors on the cell surface, thereby resulting in better tumor-homing ability.
(3) There have been few reports to-date regarding TIL therapy off-target toxicity, and the
negative selection of TCR of TIL may contribute to the safety of this treatment [49].

Several trials have reported the clinical benefits of TIL therapy, mainly in metastatic
melanoma [47,48]. A recent phase II study demonstrated that Lifileucel (LN-144), an autol-
ogous TIL product, showed durable responses in patients with unresectable or metastatic
melanoma who had been previously treated with ICIs [48]. TIL treatment has also been
reported to be effective with other solid tumors, including cervical cancer, NSCLC, col-
orectal cancer, and breast cancer [127–130]. Currently, four clinical trials are ongoing for
GC patients [49]. The application of novel TIL treatments can address an unmet need in
advanced GC patients who are refractory to anti-PD-1 or other targeted therapies.

3. Conclusions

We reviewed the established and emerging biomarkers for GC treatment. GC is a
histologically, molecularly, and immunologically heterogeneous disease. Various targeted
therapies and biomarkers have been discovered based on an in-depth understanding of
tumor molecular biology. Recent studies of the tumor immune microenvironment have
also contributed to accurate predictions of chemotherapy and immunotherapy responses
in GC. Targeted therapies for PD-L1 and HER2 have shown significant survival benefits in
advanced GC patients with well-established diagnostic criteria. Anti-angiogenic therapy
has demonstrated its efficacy in unselected patients, but additional predictive markers for
treatment response should be further explored. Therapeutic agents targeting emerging
biomarkers have remarkably improved patient survival or have achieved high ORR in
clinical trials, but standardized diagnostic methods and interpretation guidelines should
be established. Understanding the mechanisms of biomarkers, current diagnostic methods
with limitations, and their implications for targeted therapy response is crucial in precision
medicine. Comprehensive examination of these biomarkers in GC can provide better patient
stratification and selection, allowing them to benefit from specific targeted therapies.
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Chung, H.C.; et al. Pembrolizumab versus paclitaxel for previously treated, advanced gastric or gastro-oesophageal junction
cancer (KEYNOTE-061): A randomised, open-label, controlled, phase 3 trial. Lancet 2018, 392, 123–133. [CrossRef]

14. Janjigian, Y.Y.; Shitara, K.; Moehler, M.; Garrido, M.; Salman, P.; Shen, L.; Wyrwicz, L.; Yamaguchi, K.; Skoczylas, T.;
Bragagnoli, A.C.; et al. First-line nivolumab plus chemotherapy versus chemotherapy alone for advanced gastric, gastro-
oesophageal junction, and oesophageal adenocarcinoma (CheckMate 649): A randomised, open-label, phase 3 trial. Lancet 2021,
398, 27–40. [CrossRef]

15. Lee, J.Y.; Hong, M.; Kim, S.T.; Park, S.H.; Kang, W.K.; Kim, K.M.; Lee, J. The impact of concomitant genomic alterations on
treatment outcome for trastuzumab therapy in HER2-positive gastric cancer. Sci. Rep. 2015, 5, 9289. [CrossRef]

16. Bartley, A.N.; Washington, M.K.; Colasacco, C.; Ventura, C.B.; Ismaila, N.; Benson, A.B., III; Carrato, A.; Gulley, M.L.; Jain, D.;
Kakar, S.; et al. HER2 Testing and Clinical Decision Making in Gastroesophageal Adenocarcinoma: Guideline from the College of
American Pathologists, American Society for Clinical Pathology, and the American Society of Clinical Oncology. J. Clin. Oncol.
2017, 35, 446–464. [CrossRef]

17. Lee, J.; Kim, K.-M. Biomarkers for gastric cancer: Molecular classification revisited. Precis. Future Med. 2017, 1, 59–68. [CrossRef]
18. Alessandrini, L.; Manchi, M.; De Re, V.; Dolcetti, R.; Canzonieri, V. Proposed Molecular and miRNA Classification of Gastric

Cancer. Int. J. Mol. Sci. 2018, 19, 1683. [CrossRef]
19. Bang, Y.J.; Van Cutsem, E.; Feyereislova, A.; Chung, H.C.; Shen, L.; Sawaki, A.; Lordick, F.; Ohtsu, A.; Omuro, Y.; Satoh, T.; et al.

Trastuzumab in combination with chemotherapy versus chemotherapy alone for treatment of HER2-positive advanced gastric
or gastro-oesophageal junction cancer (ToGA): A phase 3, open-label, randomised controlled trial. Lancet 2010, 376, 687–697.
[CrossRef]

http://doi.org/10.3322/caac.21660
http://www.ncbi.nlm.nih.gov/pubmed/33538338
http://doi.org/10.1038/s41571-021-00492-2
http://www.ncbi.nlm.nih.gov/pubmed/33790428
http://doi.org/10.1016/j.annonc.2020.04.011
http://www.ncbi.nlm.nih.gov/pubmed/32387455
http://doi.org/10.1038/nature13480
http://doi.org/10.1158/1078-0432.CCR-16-2211
http://doi.org/10.3390/cancers13205216
http://doi.org/10.1038/s41591-018-0101-z
http://doi.org/10.1097/PAI.0000000000000256
http://doi.org/10.1634/theoncologist.2018-0221
http://doi.org/10.1038/s41379-021-00823-9
http://doi.org/10.1016/S0140-6736(17)31827-5
http://doi.org/10.1001/jamaoncol.2018.0013
http://doi.org/10.1016/S0140-6736(18)31257-1
http://doi.org/10.1016/S0140-6736(21)00797-2
http://doi.org/10.1038/srep09289
http://doi.org/10.1200/JCO.2016.69.4836
http://doi.org/10.23838/pfm.2017.00079
http://doi.org/10.3390/ijms19061683
http://doi.org/10.1016/S0140-6736(10)61121-X


Biomedicines 2022, 10, 543 14 of 18

20. Shitara, K.; Bang, Y.J.; Iwasa, S.; Sugimoto, N.; Ryu, M.H.; Sakai, D.; Chung, H.C.; Kawakami, H.; Yabusaki, H.; Lee, J.; et al.
Trastuzumab Deruxtecan in Previously Treated HER2-Positive Gastric Cancer. N. Engl. J. Med. 2020, 382, 2419–2430. [CrossRef]

21. Janjigian, Y.Y.; Kawazoe, A.; Yanez, P.; Li, N.; Lonardi, S.; Kolesnik, O.; Barajas, O.; Bai, Y.; Shen, L.; Tang, Y.; et al. The
KEYNOTE-811 trial of dual PD-1 and HER2 blockade in HER2-positive gastric cancer. Nature 2021, 600, 727–730. [CrossRef]

22. Fuchs, C.S.; Tomasek, J.; Yong, C.J.; Dumitru, F.; Passalacqua, R.; Goswami, C.; Safran, H.; dos Santos, L.V.; Aprile, G.;
Ferry, D.R.; et al. Ramucirumab monotherapy for previously treated advanced gastric or gastro-oesophageal junction adeno-
carcinoma (REGARD): An international, randomised, multicentre, placebo-controlled, phase 3 trial. Lancet 2014, 383, 31–39.
[CrossRef]

23. Wilke, H.; Muro, K.; Van Cutsem, E.; Oh, S.-C.; Bodoky, G.; Shimada, Y.; Hironaka, S.; Sugimoto, N.; Lipatov, O.; Kim, T.-Y.; et al.
Ramucirumab plus paclitaxel versus placebo plus paclitaxel in patients with previously treated advanced gastric or gastro-
oesophageal junction adenocarcinoma (RAINBOW): A double-blind, randomised phase 3 trial. Lancet Oncol. 2014, 15, 1224–1235.
[CrossRef]

24. Fuchs, C.S.; Tabernero, J.; Tomasek, J.; Chau, I.; Melichar, B.; Safran, H.; Tehfe, M.A.; Filip, D.; Topuzov, E.; Schlittler, L.; et al.
Biomarker analyses in REGARD gastric/GEJ carcinoma patients treated with VEGFR2-targeted antibody ramucirumab. Br. J.
Cancer 2016, 115, 974–982. [CrossRef] [PubMed]

25. Xu, R.-H.; Zhang, D.; Shen, L.; Li, J.; Huang, J.; Gong, J.; Guo, W.; Zhang, Y.; Fan, S.; Li, K.; et al. A Phase I/II trial of fruquintinib
in combination with paclitaxel for second-line treatment in patients with advanced gastric cancer. J. Clin. Oncol. 2017, 35, 128.
[CrossRef]

26. Ha, S.Y.; Lee, J.; Kang, S.Y.; Do, I.G.; Ahn, S.; Park, J.O.; Kang, W.K.; Choi, M.G.; Sohn, T.S.; Bae, J.M.; et al. MET overexpression
assessed by new interpretation method predicts gene amplification and poor survival in advanced gastric carcinomas. Mod.
Pathol. 2013, 26, 1632–1641. [CrossRef] [PubMed]

27. Peng, Z.; Zhu, Y.; Wang, Q.; Gao, J.; Li, Y.; Li, Y.; Ge, S.; Shen, L. Prognostic significance of MET amplification and expression in
gastric cancer: A systematic review with meta-analysis. PLoS ONE 2014, 9, e84502. [CrossRef]

28. Lee, J.; Ou, S.H.; Lee, J.M.; Kim, H.C.; Hong, M.; Kim, S.Y.; Jang, J.; Ahn, S.; Kang, S.Y.; Lee, S.; et al. Gastrointestinal malignancies
harbor actionable MET exon 14 deletions. Oncotarget 2015, 6, 28211–28222. [CrossRef]

29. Fuse, N.; Kuboki, Y.; Kuwata, T.; Nishina, T.; Kadowaki, S.; Shinozaki, E.; Machida, N.; Yuki, S.; Ooki, A.; Kajiura, S.; et al.
Prognostic impact of HER2, EGFR, and c-MET status on overall survival of advanced gastric cancer patients. Gastric Cancer 2016,
19, 183–191. [CrossRef]

30. Lee, J.; Kim, S.T.; Kim, K.; Lee, H.; Kozarewa, I.; Mortimer, P.G.S.; Odegaard, J.I.; Harrington, E.A.; Lee, J.; Lee, T.; et al. Tumor
Genomic Profiling Guides Patients with Metastatic Gastric Cancer to Targeted Treatment: The VIKTORY Umbrella Trial. Cancer
Discov. 2019, 9, 1388–1405. [CrossRef]

31. Van Cutsem, E.; Karaszewska, B.; Kang, Y.-K.; Chung, H.C.; Shankaran, V.; Siena, S.; Go, N.F.; Yang, H.; Schupp, M.;
Cunningham, D. A Multicenter Phase II Study of AMG 337 in Patients with MET-Amplified Gastric/Gastroesophageal Junc-
tion/Esophageal Adenocarcinoma and Other MET-Amplified Solid Tumors. Clin. Cancer Res. 2019, 25, 2414–2423. [CrossRef]

32. Aparicio, T.; Cozic, N.; de la Fouchardiere, C.; Meriaux, E.; Plaza, J.; Mineur, L.; Guimbaud, R.; Samalin, E.; Mary, F.;
Lecomte, T.; et al. The Activity of Crizotinib in Chemo-Refractory MET-Amplified Esophageal and Gastric Adenocarcinomas:
Results from the AcSe-Crizotinib Program. Target. Oncol. 2021, 16, 381–388. [CrossRef]

33. Janjigian, Y.Y.; Tang, L.H.; Coit, D.G.; Kelsen, D.P.; Francone, T.D.; Weiser, M.R.; Jhanwar, S.C.; Shah, M.A. MET expression and
amplification in patients with localized gastric cancer. Cancer Epidemiol. Biomark. Prev. 2011, 20, 1021–1027. [CrossRef]

34. Lee, H.E.; Kim, M.A.; Lee, H.S.; Jung, E.J.; Yang, H.K.; Lee, B.L.; Bang, Y.J.; Kim, W.H. MET in gastric carcinomas: Comparison
between protein expression and gene copy number and impact on clinical outcome. Br. J. Cancer 2012, 107, 325–333. [CrossRef]

35. Lennerz, J.K.; Kwak, E.L.; Ackerman, A.; Michael, M.; Fox, S.B.; Bergethon, K.; Lauwers, G.Y.; Christensen, J.G.; Wilner, K.D.;
Haber, D.A.; et al. MET amplification identifies a small and aggressive subgroup of esophagogastric adenocarcinoma with
evidence of responsiveness to crizotinib. J. Clin. Oncol. 2011, 29, 4803–4810. [CrossRef]

36. Su, X.; Zhan, P.; Gavine, P.R.; Morgan, S.; Womack, C.; Ni, X.; Shen, D.; Bang, Y.J.; Im, S.A.; Kim, W.H.; et al. FGFR2 amplification
has prognostic significance in gastric cancer: Results from a large international multicentre study. Br. J. Cancer 2014, 110, 967–975.
[CrossRef]

37. Ahn, S.; Lee, J.; Hong, M.; Kim, S.T.; Park, S.H.; Choi, M.G.; Lee, J.H.; Sohn, T.S.; Bae, J.M.; Kim, S.; et al. FGFR2 in gastric cancer:
Protein overexpression predicts gene amplification and high H-index predicts poor survival. Mod. Pathol. 2016, 29, 1095–1103.
[CrossRef]

38. Catenacci, D.V.; Tesfaye, A.; Tejani, M.; Cheung, E.; Eisenberg, P.; Scott, A.J.; Eng, C.; Hnatyszyn, J.; Marina, N.; Powers, J.; et al.
Bemarituzumab with modified FOLFOX6 for advanced FGFR2-positive gastroesophageal cancer: FIGHT Phase III study design.
Future Oncol. 2019, 15, 2073–2082. [CrossRef]

39. Hur, J.Y.; Chao, J.; Kim, K.; Kim, S.T.; Kim, K.M.; Klempner, S.J.; Lee, J. High-level FGFR2 amplification is associated with poor
prognosis and Lower response to chemotherapy in gastric cancers. Pathol. Res. Pract. 2020, 216, 152878. [CrossRef]

40. Wainberg, Z.A.; Enzinger, P.C.; Kang, Y.-K.; Yamaguchi, K.; Qin, S.; Lee, K.-W.; Oh, S.C.; Li, J.; Turk, H.M.; Teixeira, A.C.; et al.
Randomized double-blind placebo-controlled phase 2 study of bemarituzumab combined with modified FOLFOX6 (mFOLFOX6)
in first-line (1L) treatment of advanced gastric/gastroesophageal junction adenocarcinoma (FIGHT). J. Clin. Oncol. 2021, 39, 160.
[CrossRef]

http://doi.org/10.1056/NEJMoa2004413
http://doi.org/10.1038/s41586-021-04161-3
http://doi.org/10.1016/S0140-6736(13)61719-5
http://doi.org/10.1016/S1470-2045(14)70420-6
http://doi.org/10.1038/bjc.2016.293
http://www.ncbi.nlm.nih.gov/pubmed/27623234
http://doi.org/10.1200/JCO.2017.35.4_suppl.128
http://doi.org/10.1038/modpathol.2013.108
http://www.ncbi.nlm.nih.gov/pubmed/23807774
http://doi.org/10.1371/journal.pone.0084502
http://doi.org/10.18632/oncotarget.4721
http://doi.org/10.1007/s10120-015-0471-6
http://doi.org/10.1158/2159-8290.CD-19-0442
http://doi.org/10.1158/1078-0432.CCR-18-1337
http://doi.org/10.1007/s11523-021-00811-8
http://doi.org/10.1158/1055-9965.EPI-10-1080
http://doi.org/10.1038/bjc.2012.237
http://doi.org/10.1200/JCO.2011.35.4928
http://doi.org/10.1038/bjc.2013.802
http://doi.org/10.1038/modpathol.2016.96
http://doi.org/10.2217/fon-2019-0141
http://doi.org/10.1016/j.prp.2020.152878
http://doi.org/10.1200/JCO.2021.39.3_suppl.160


Biomedicines 2022, 10, 543 15 of 18

41. Coati, I.; Lotz, G.; Fanelli, G.N.; Brignola, S.; Lanza, C.; Cappellesso, R.; Pellino, A.; Pucciarelli, S.; Spolverato, G.;
Guzzardo, V.; et al. Claudin-18 expression in oesophagogastric adenocarcinomas: A tissue microarray study of 523 molecularly
profiled cases. Br. J. Cancer 2019, 121, 257–263. [CrossRef] [PubMed]

42. Dottermusch, M.; Kruger, S.; Behrens, H.M.; Halske, C.; Rocken, C. Expression of the potential therapeutic target claudin-18.2 is
frequently decreased in gastric cancer: Results from a large Caucasian cohort study. Virchows Arch. 2019, 475, 563–571. [CrossRef]

43. Rohde, C.; Yamaguchi, R.; Mukhina, S.; Sahin, U.; Itoh, K.; Tureci, O. Comparison of Claudin 18.2 expression in primary tumors
and lymph node metastases in Japanese patients with gastric adenocarcinoma. Jpn. J. Clin. Oncol. 2019, 49, 870–876. [CrossRef]

44. Tureci, O.; Sahin, U.; Schulze-Bergkamen, H.; Zvirbule, Z.; Lordick, F.; Koeberle, D.; Thuss-Patience, P.; Ettrich, T.; Arnold, D.;
Bassermann, F.; et al. A multicentre, phase IIa study of zolbetuximab as a single agent in patients with recurrent or refractory
advanced adenocarcinoma of the stomach or lower oesophagus: The MONO study. Ann. Oncol. 2019, 30, 1487–1495. [CrossRef]

45. Sahin, U.; Tureci, O.; Manikhas, G.; Lordick, F.; Rusyn, A.; Vynnychenko, I.; Dudov, A.; Bazin, I.; Bondarenko, I.; Melichar, B.; et al.
FAST: A randomised phase II study of zolbetuximab (IMAB362) plus EOX versus EOX alone for first-line treatment of advanced
CLDN18.2-positive gastric and gastro-oesophageal adenocarcinoma. Ann. Oncol. 2021, 32, 609–619. [CrossRef]

46. Jimenez-Reinoso, A.; Nehme-Alvarez, D.; Dominguez-Alonso, C.; Alvarez-Vallina, L. Synthetic TILs: Engineered Tumor-
Infiltrating Lymphocytes with Improved Therapeutic Potential. Front. Oncol. 2020, 10, 593848. [CrossRef]

47. Sarnaik, A.; Khushalani, N.I.; Chesney, J.A.; Lewis, K.D.; Medina, T.M.; Kluger, H.M.; Thomas, S.S.; Musibay, E.D.; Pavlick, A.C.;
Whitman, E.D.; et al. Long-term follow up of lifileucel (LN-144) cryopreserved autologous tumor infiltrating lymphocyte therapy
in patients with advanced melanoma progressed on multiple prior therapies. J. Clin. Oncol. 2020, 38, 10006. [CrossRef]

48. Sarnaik, A.A.; Hamid, O.; Khushalani, N.I.; Lewis, K.D.; Medina, T.; Kluger, H.M.; Thomas, S.S.; Domingo-Musibay, E.;
Pavlick, A.C.; Whitman, E.D.; et al. Lifileucel, a Tumor-Infiltrating Lymphocyte Therapy, in Metastatic Melanoma. J. Clin. Oncol.
2021, 39, 2656–2666. [CrossRef] [PubMed]

49. Wang, S.; Sun, J.; Chen, K.; Ma, P.; Lei, Q.; Xing, S.; Cao, Z.; Sun, S.; Yu, Z.; Liu, Y.; et al. Perspectives of tumor-infiltrating
lymphocyte treatment in solid tumors. BMC Med. 2021, 19, 140. [CrossRef] [PubMed]

50. Pardoll, D.M. The blockade of immune checkpoints in cancer immunotherapy. Nat. Rev. Cancer 2012, 12, 252–264. [CrossRef]
[PubMed]

51. Schreiber, R.D.; Old, L.J.; Smyth, M.J. Cancer immunoediting: Integrating immunity’s roles in cancer suppression and promotion.
Science 2011, 331, 1565–1570. [CrossRef]

52. Ribas, A.; Wolchok, J.D. Cancer immunotherapy using checkpoint blockade. Science 2018, 359, 1350–1355. [CrossRef]
53. Ma, J.; Li, J.; Qian, M.; Han, W.; Tian, M.; Li, Z.; Wang, Z.; He, S.; Wu, K. PD-L1 expression and the prognostic significance in

gastric cancer: A retrospective comparison of three PD-L1 antibody clones (SP142, 28–8 and E1L3N). Diagn. Pathol. 2018, 13, 91.
[CrossRef]

54. Park, Y.; Koh, J.; Na, H.Y.; Kwak, Y.; Lee, K.W.; Ahn, S.H.; Park, D.J.; Kim, H.H.; Lee, H.S. PD-L1 Testing in Gastric Cancer by the
Combined Positive Score of the 22C3 PharmDx and SP263 Assay with Clinically Relevant Cut-offs. Cancer Res. Treat. 2020, 52,
661–670. [CrossRef]

55. Yamashita, K.; Iwatsuki, M.; Harada, K.; Koga, Y.; Kiyozumi, Y.; Eto, K.; Hiyoshi, Y.; Ishimoto, T.; Iwagami, S.; Baba, Y.; et al. Can
PD-L1 expression evaluated by biopsy sample accurately reflect its expression in the whole tumour in gastric cancer? Br. J. Cancer
2019, 121, 278–280. [CrossRef]

56. Ye, M.; Huang, D.; Zhang, Q.; Weng, W.; Tan, C.; Qin, G.; Jiang, W.; Sheng, W.; Wang, L. Heterogeneous programmed death-ligand
1 expression in gastric cancer: Comparison of tissue microarrays and whole sections. Cancer Cell Int. 2020, 20, 186. [CrossRef]

57. Heo, Y.J.; Kim, B.; Kim, H.; Kim, S.; Jang, M.S.; Kim, K.M. PD-L1 expression in paired biopsies and surgical specimens in gastric
adenocarcinoma: A digital image analysis study. Pathol. Res. Pract. 2021, 218, 153338. [CrossRef]

58. Zhou, K.I.; Peterson, B.; Serritella, A.; Thomas, J.; Reizine, N.; Moya, S.; Tan, C.; Wang, Y.; Catenacci, D.V.T. Spatial and Temporal
Heterogeneity of PD-L1 Expression and Tumor Mutational Burden in Gastroesophageal Adenocarcinoma at Baseline Diagnosis
and after Chemotherapy. Clin. Cancer Res. 2020, 26, 6453–6463. [CrossRef]

59. Brunnstrom, H.; Johansson, A.; Westbom-Fremer, S.; Backman, M.; Djureinovic, D.; Patthey, A.; Isaksson-Mettavainio, M.;
Gulyas, M.; Micke, P. PD-L1 immunohistochemistry in clinical diagnostics of lung cancer: Inter-pathologist variability is higher
than assay variability. Mod. Pathol. 2017, 30, 1411–1421. [CrossRef]

60. Chang, S.; Park, H.K.; Choi, Y.L.; Jang, S.J. Interobserver Reproducibility of PD-L1 Biomarker in Non-small Cell Lung Cancer: A
Multi-Institutional Study by 27 Pathologists. J. Pathol. Transl. Med. 2019, 53, 347–353. [CrossRef]

61. Humphries, M.P.; McQuaid, S.; Craig, S.G.; Bingham, V.; Maxwell, P.; Maurya, M.; McLean, F.; Sampson, J.; Higgins, P.;
Greene, C.; et al. Critical Appraisal of Programmed Death Ligand 1 Reflex Diagnostic Testing: Current Standards and Future
Opportunities. J. Thorac. Oncol. 2019, 14, 45–53. [CrossRef] [PubMed]

62. Inge, L.J.; Dennis, E. Development and applications of computer image analysis algorithms for scoring of PD-L1 immunohisto-
chemistry. Immuno-Oncol. Technol. 2020, 6, 2–8. [CrossRef]

63. Kim, H.; Choi, S.; Kim, S.; Aum, J.; Pereira, S.; Park, S.; Ma, M.; Shin, S.; Paeng, K.; Yoo, D.; et al. Clinical performance of artificial
intelligence-powered annotation of tumor cell PD-L1 expression for treatment of immune-checkpoint inhibitor (ICI) in advanced
non-small cell lung cancer (NSCLC). J. Clin. Oncol. 2021, 39, 9026. [CrossRef]

http://doi.org/10.1038/s41416-019-0508-4
http://www.ncbi.nlm.nih.gov/pubmed/31235864
http://doi.org/10.1007/s00428-019-02624-7
http://doi.org/10.1093/jjco/hyz068
http://doi.org/10.1093/annonc/mdz199
http://doi.org/10.1016/j.annonc.2021.02.005
http://doi.org/10.3389/fonc.2020.593848
http://doi.org/10.1200/JCO.2020.38.15_suppl.10006
http://doi.org/10.1200/JCO.21.00612
http://www.ncbi.nlm.nih.gov/pubmed/33979178
http://doi.org/10.1186/s12916-021-02006-4
http://www.ncbi.nlm.nih.gov/pubmed/34112147
http://doi.org/10.1038/nrc3239
http://www.ncbi.nlm.nih.gov/pubmed/22437870
http://doi.org/10.1126/science.1203486
http://doi.org/10.1126/science.aar4060
http://doi.org/10.1186/s13000-018-0766-0
http://doi.org/10.4143/crt.2019.718
http://doi.org/10.1038/s41416-019-0515-5
http://doi.org/10.1186/s12935-020-01273-0
http://doi.org/10.1016/j.prp.2020.153338
http://doi.org/10.1158/1078-0432.CCR-20-2085
http://doi.org/10.1038/modpathol.2017.59
http://doi.org/10.4132/jptm.2019.09.29
http://doi.org/10.1016/j.jtho.2018.09.025
http://www.ncbi.nlm.nih.gov/pubmed/30296485
http://doi.org/10.1016/j.iotech.2020.04.001
http://doi.org/10.1200/JCO.2021.39.15_suppl.9026


Biomedicines 2022, 10, 543 16 of 18

64. Kwon, M.; An, M.; Klempner, S.J.; Lee, H.; Kim, K.M.; Sa, J.K.; Cho, H.J.; Hong, J.Y.; Lee, T.; Min, Y.W.; et al. Determinants of
Response and Intrinsic Resistance to PD-1 Blockade in Microsatellite Instability-High Gastric Cancer. Cancer Discov. 2021, 11,
2168–2185. [CrossRef] [PubMed]

65. Lee, J.S.; Won, H.S.; Sun, S.; Hong, J.H.; Ko, Y.H. Prognostic role of tumor-infiltrating lymphocytes in gastric cancer: A systematic
review and meta-analysis. Medicine 2018, 97, e11769. [CrossRef] [PubMed]

66. Zhang, D.; He, W.; Wu, C.; Tan, Y.; He, Y.; Xu, B.; Chen, L.; Li, Q.; Jiang, J. Scoring System for Tumor-Infiltrating Lymphocytes and
Its Prognostic Value for Gastric Cancer. Front. Immunol. 2019, 10, 71. [CrossRef] [PubMed]

67. Hegde, P.S.; Karanikas, V.; Evers, S. The Where, the When, and the How of Immune Monitoring for Cancer Immunotherapies in
the Era of Checkpoint Inhibition. Clin. Cancer Res. 2016, 22, 1865–1874. [CrossRef] [PubMed]

68. Chen, D.S.; Mellman, I. Elements of cancer immunity and the cancer-immune set point. Nature 2017, 541, 321–330. [CrossRef]
69. Mariathasan, S.; Turley, S.J.; Nickles, D.; Castiglioni, A.; Yuen, K.; Wang, Y.; Kadel, E.E., III; Koeppen, H.; Astarita, J.L.;

Cubas, R.; et al. TGFβ attenuates tumour response to PD-L1 blockade by contributing to exclusion of T cells. Nature 2018, 554,
544–548. [CrossRef]

70. Kim, H.; Heo, Y.J.; Cho, Y.A.; Kang, S.Y.; Ahn, S.; Kim, K. Tumor immune microenvironment is influenced by frameshift mutations
and tumor mutational burden in gastric cancer. Clin. Transl. Oncol. 2021. [CrossRef]

71. Gravalos, C.; Jimeno, A. HER2 in gastric cancer: A new prognostic factor and a novel therapeutic target. Ann. Oncol. 2008, 19,
1523–1529. [CrossRef]

72. Fornaro, L.; Lucchesi, M.; Caparello, C.; Vasile, E.; Caponi, S.; Ginocchi, L.; Masi, G.; Falcone, A. Anti-HER agents in gastric
cancer: From bench to bedside. Nat. Rev. Gastroenterol. Hepatol. 2011, 8, 369–383. [CrossRef]

73. Tebbutt, N.; Pedersen, M.W.; Johns, T.G. Targeting the ERBB family in cancer: Couples therapy. Nat. Rev. Cancer 2013, 13, 663–673.
[CrossRef]

74. Cho, E.Y.; Park, K.; Do, I.; Cho, J.; Kim, J.; Lee, J.; Kim, S.; Kim, K.M.; Sohn, T.S.; Kang, W.K.; et al. Heterogeneity of ERBB2 in
gastric carcinomas: A study of tissue microarray and matched primary and metastatic carcinomas. Mod. Pathol. 2013, 26, 677–684.
[CrossRef]

75. Abrahao-Machado, L.F.; Scapulatempo-Neto, C. HER2 testing in gastric cancer: An update. World J. Gastroenterol. 2016, 22,
4619–4625. [CrossRef]

76. Choi, S.; Chu, J.; Kim, B.; Ha, S.Y.; Kim, S.T.; Lee, J.; Kang, W.K.; Han, H.; Sohn, I.; Kim, K.M. Tumor Heterogeneity Index to Detect
Human Epidermal Growth Factor Receptor 2 Amplification by Next-Generation Sequencing: A Direct Comparison Study with
Immunohistochemistry. J. Mol. Diagn. 2019, 21, 612–622. [CrossRef]

77. Ruschoff, J.; Hanna, W.; Bilous, M.; Hofmann, M.; Osamura, R.Y.; Penault-Llorca, F.; van de Vijver, M.; Viale, G. HER2 testing in
gastric cancer: A practical approach. Mod. Pathol. 2012, 25, 637–650. [CrossRef]

78. Ahn, S.; Ahn, S.; Van Vrancken, M.; Lee, M.; Ha, S.Y.; Lee, H.; Min, B.H.; Lee, J.H.; Kim, J.J.; Choi, S.; et al. Ideal number of biopsy
tumor fragments for predicting HER2 status in gastric carcinoma resection specimens. Oncotarget 2015, 6, 38372–38380. [CrossRef]

79. Mitani, S.; Kawakami, H. Emerging Targeted Therapies for HER2 Positive Gastric Cancer That Can Overcome Trastuzumab
Resistance. Cancers 2020, 12, 400. [CrossRef]

80. Zhu, Y.; Zhu, X.; Wei, X.; Tang, C.; Zhang, W. HER2-targeted therapies in gastric cancer. Biochim. Biophys. Acta (BBA)-Rev. Cancer
2021, 1876, 188549. [CrossRef]

81. Simons, M.; Gordon, E.; Claesson-Welsh, L. Mechanisms and regulation of endothelial VEGF receptor signalling. Nat. Rev. Mol.
Cell Biol. 2016, 17, 611–625. [CrossRef] [PubMed]

82. Ozdemir, F.; Akdogan, R.; Aydin, F.; Reis, A.; Kavgaci, H.; Gul, S.; Akdogan, E. The effects of VEGF and VEGFR-2 on survival in
patients with gastric cancer. J. Exp. Clin. Cancer Res. 2006, 25, 83–88. [PubMed]

83. Hirashima, Y.; Yamada, Y.; Matsubara, J.; Takahari, D.; Okita, N.; Takashima, A.; Kato, K.; Hamaguchi, T.; Shirao, K.;
Shimada, Y.; et al. Impact of vascular endothelial growth factor receptor 1, 2, and 3 expression on the outcome of patients
with gastric cancer. Cancer Sci. 2009, 100, 310–315. [CrossRef] [PubMed]

84. Kim, J.Y.; Jeon, T.J.; Bae, B.N.; Kwon, J.E.; Kim, H.J.; Park, K.; Shin, E. The prognostic significance of growth factors and growth
factor receptors in gastric adenocarcinoma. APMIS 2013, 121, 95–104. [CrossRef] [PubMed]

85. Chang, Y.; Niu, W.; Lian, P.L.; Wang, X.Q.; Meng, Z.X.; Liu, Y.; Zhao, R. Endocan-expressing microvessel density as a prognostic
factor for survival in human gastric cancer. World J. Gastroenterol. 2016, 22, 5422–5429. [CrossRef] [PubMed]

86. Spratlin, J.L.; Cohen, R.B.; Eadens, M.; Gore, L.; Camidge, D.R.; Diab, S.; Leong, S.; O’Bryant, C.; Chow, L.Q.; Serkova, N.J.; et al.
Phase I pharmacologic and biologic study of ramucirumab (IMC-1121B), a fully human immunoglobulin G1 monoclonal antibody
targeting the vascular endothelial growth factor receptor-2. J. Clin. Oncol. 2010, 28, 780–787. [CrossRef]

87. Li, J.; Qin, S.; Xu, J.; Xiong, J.; Wu, C.; Bai, Y.; Liu, W.; Tong, J.; Liu, Y.; Xu, R.; et al. Randomized, Double-Blind, Placebo-Controlled
Phase III Trial of Apatinib in Patients with Chemotherapy-Refractory Advanced or Metastatic Adenocarcinoma of the Stomach or
Gastroesophageal Junction. J. Clin. Oncol. 2016, 34, 1448–1454. [CrossRef]

88. Kang, Y.K.; Kang, W.K.; Di Bartolomeo, M.; Chau, I.; Yoon, H.H.; Cascinu, S.; Ryu, M.H.; Kim, J.G.; Lee, K.W.; Oh, S.C.; et al.
LBA43—Randomized phase III ANGEL study of rivoceranib (apatinib) + best supportive care (BSC) vs placebo + BSC in
patients with advanced/metastatic gastric cancer who failed ≥2 prior chemotherapy regimens. Ann. Oncol. 2019, 30, v877–v878.
[CrossRef]

http://doi.org/10.1158/2159-8290.CD-21-0219
http://www.ncbi.nlm.nih.gov/pubmed/33846173
http://doi.org/10.1097/MD.0000000000011769
http://www.ncbi.nlm.nih.gov/pubmed/30095632
http://doi.org/10.3389/fimmu.2019.00071
http://www.ncbi.nlm.nih.gov/pubmed/30761139
http://doi.org/10.1158/1078-0432.CCR-15-1507
http://www.ncbi.nlm.nih.gov/pubmed/27084740
http://doi.org/10.1038/nature21349
http://doi.org/10.1038/nature25501
http://doi.org/10.1007/s12094-021-02714-6
http://doi.org/10.1093/annonc/mdn169
http://doi.org/10.1038/nrgastro.2011.81
http://doi.org/10.1038/nrc3559
http://doi.org/10.1038/modpathol.2012.205
http://doi.org/10.3748/wjg.v22.i19.4619
http://doi.org/10.1016/j.jmoldx.2019.02.007
http://doi.org/10.1038/modpathol.2011.198
http://doi.org/10.18632/oncotarget.5368
http://doi.org/10.3390/cancers12020400
http://doi.org/10.1016/j.bbcan.2021.188549
http://doi.org/10.1038/nrm.2016.87
http://www.ncbi.nlm.nih.gov/pubmed/27461391
http://www.ncbi.nlm.nih.gov/pubmed/16761623
http://doi.org/10.1111/j.1349-7006.2008.01020.x
http://www.ncbi.nlm.nih.gov/pubmed/19068081
http://doi.org/10.1111/j.1600-0463.2012.02942.x
http://www.ncbi.nlm.nih.gov/pubmed/23030255
http://doi.org/10.3748/wjg.v22.i23.5422
http://www.ncbi.nlm.nih.gov/pubmed/27340359
http://doi.org/10.1200/JCO.2009.23.7537
http://doi.org/10.1200/JCO.2015.63.5995
http://doi.org/10.1093/annonc/mdz394.034


Biomedicines 2022, 10, 543 17 of 18

89. Van Cutsem, E.; Muro, K.; Cunningham, D.; Bodoky, G.; Sobrero, A.; Cascinu, S.; Ajani, J.; Oh, S.C.; Al-Batran, S.E.;
Wainberg, Z.A.; et al. Biomarker analyses of second-line ramucirumab in patients with advanced gastric cancer from RAINBOW,
a global, randomized, double-blind, phase 3 study. Eur. J. Cancer 2020, 127, 150–157. [CrossRef]

90. Tada, Y.; Togashi, Y.; Kotani, D.; Kuwata, T.; Sato, E.; Kawazoe, A.; Doi, T.; Wada, H.; Nishikawa, H.; Shitara, K. Targeting VEGFR2
with Ramucirumab strongly impacts effector/ activated regulatory T cells and CD8(+) T cells in the tumor microenvironment. J.
Immunother. Cancer 2018, 6, 106. [CrossRef]

91. Kim, S.T.; Sa, J.K.; Oh, S.Y.; Kim, K.; Hong, J.Y.; Kang, W.K.; Kim, K.M.; Lee, J. Comprehensive molecular characterization of
gastric cancer patients from phase II second-line ramucirumab plus paclitaxel therapy trial. Genome Med. 2021, 13, 11. [CrossRef]

92. Bottaro, D.P.; Rubin, J.S.; Faletto, D.L.; Chan, A.M.; Kmiecik, T.E.; Vande Woude, G.F.; Aaronson, S.A. Identification of the
hepatocyte growth factor receptor as the c-met proto-oncogene product. Science 1991, 251, 802–804. [CrossRef]

93. Zhang, Y.; Xia, M.; Jin, K.; Wang, S.; Wei, H.; Fan, C.; Wu, Y.; Li, X.; Li, X.; Li, G.; et al. Function of the c-Met receptor tyrosine
kinase in carcinogenesis and associated therapeutic opportunities. Mol. Cancer 2018, 17, 45. [CrossRef]

94. Ariyawutyakorn, W.; Saichaemchan, S.; Varella-Garcia, M. Understanding and Targeting MET Signaling in Solid Tumors—Are
We There Yet? J. Cancer 2016, 7, 633–649. [CrossRef] [PubMed]

95. Catenacci, D.V.T.; Tebbutt, N.C.; Davidenko, I.; Murad, A.M.; Al-Batran, S.-E.; Ilson, D.H.; Tjulandin, S.; Gotovkin, E.;
Karaszewska, B.; Bondarenko, I.; et al. Rilotumumab plus epirubicin, cisplatin, and capecitabine as first-line therapy in advanced
MET-positive gastric or gastro-oesophageal junction cancer (RILOMET-1): A randomised, double-blind, placebo-controlled,
phase 3 trial. Lancet Oncol. 2017, 18, 1467–1482. [CrossRef]

96. Shah, M.A.; Bang, Y.J.; Lordick, F.; Alsina, M.; Chen, M.; Hack, S.P.; Bruey, J.M.; Smith, D.; McCaffery, I.; Shames, D.S.; et al. Effect
of Fluorouracil, Leucovorin, and Oxaliplatin with or without Onartuzumab in HER2-Negative, MET-Positive Gastroesophageal
Adenocarcinoma: The METGastric Randomized Clinical Trial. JAMA Oncol. 2017, 3, 620–627. [CrossRef]

97. Sakai, D.; Chung, H.C.; Oh, D.Y.; Park, S.H.; Kadowaki, S.; Kim, Y.H.; Tsuji, A.; Komatsu, Y.; Kang, Y.K.; Uenaka, K.; et al.
A non-randomized, open-label, single-arm, Phase 2 study of emibetuzumab in Asian patients with MET diagnostic positive,
advanced gastric cancer. Cancer Chemother. Pharmacol. 2017, 80, 1197–1207. [CrossRef]

98. Camidge, D.R.; Doebele, R.C. Treating ALK-positive lung cancer—Early successes and future challenges. Nat. Rev. Clin. Oncol.
2012, 9, 268–277. [CrossRef]

99. Shaw, A.T.; Ou, S.-H.I.; Bang, Y.-J.; Camidge, D.R.; Solomon, B.J.; Salgia, R.; Riely, G.J.; Varella-Garcia, M.; Shapiro, G.I.;
Costa, D.B.; et al. Crizotinib in ROS1-Rearranged Non–Small-Cell Lung Cancer. N. Engl. J. Med. 2014, 371, 1963–1971. [CrossRef]

100. Camidge, D.R.; Otterson, G.A.; Clark, J.W.; Ou, S.H.I.; Weiss, J.; Ades, S.; Shapiro, G.I.; Socinski, M.A.; Murphy, D.A.;
Conte, U.; et al. Crizotinib in Patients with MET-Amplified NSCLC. J. Thorac. Oncol. 2021, 16, 1017–1029. [CrossRef]

101. Fujino, T.; Suda, K.; Mitsudomi, T. Lung Cancer with MET exon 14 Skipping Mutation: Genetic Feature, Current Treatments, and
Future Challenges. Lung Cancer Targets Ther. 2021, 12, 35–50. [CrossRef] [PubMed]

102. Brooks, A.N.; Kilgour, E.; Smith, P.D. Molecular pathways: Fibroblast growth factor signaling: A new therapeutic opportunity in
cancer. Clin. Cancer Res. 2012, 18, 1855–1862. [CrossRef] [PubMed]

103. Katoh, M.; Nakagama, H. FGF receptors: Cancer biology and therapeutics. Med. Res. Rev. 2014, 34, 280–300. [CrossRef]
104. Helsten, T.; Elkin, S.; Arthur, E.; Tomson, B.N.; Carter, J.; Kurzrock, R. The FGFR Landscape in Cancer: Analysis of 4853 Tumors

by Next-Generation Sequencing. Clin. Cancer Res. 2016, 22, 259–267. [CrossRef]
105. Van Cutsem, E.; Bang, Y.J.; Mansoor, W.; Petty, R.D.; Chao, Y.; Cunningham, D.; Ferry, D.R.; Smith, N.R.; Frewer, P.;

Ratnayake, J.; et al. A randomized, open-label study of the efficacy and safety of AZD4547 monotherapy versus paclitaxel for the
treatment of advanced gastric adenocarcinoma with FGFR2 polysomy or gene amplification. Ann. Oncol. 2017, 28, 1316–1324.
[CrossRef]

106. Han, N.; Kim, M.A.; Lee, H.S.; Kim, W.H. Evaluation of Fibroblast Growth Factor Receptor 2 Expression, Heterogeneity and
Clinical Significance in Gastric Cancer. Pathobiology 2015, 82, 269–279. [CrossRef]

107. Xie, L.; Su, X.; Zhang, L.; Yin, X.; Tang, L.; Zhang, X.; Xu, Y.; Gao, Z.; Liu, K.; Zhou, M.; et al. FGFR2 gene amplification in gastric
cancer predicts sensitivity to the selective FGFR inhibitor AZD4547. Clin. Cancer Res. 2013, 19, 2572–2583. [CrossRef]

108. Jang, J.; Kim, H.K.; Bang, H.; Kim, S.T.; Kim, S.Y.; Park, S.H.; Lim, H.Y.; Kang, W.K.; Lee, J.; Kim, K.M. Antitumor Effect of
AZD4547 in a Fibroblast Growth Factor Receptor 2-Amplified Gastric Cancer Patient-Derived Cell Model. Transl. Oncol. 2017, 10,
469–475. [CrossRef]

109. Tsukita, S.; Furuse, M. The structure and function of claudins, cell adhesion molecules at tight junctions. Ann. N. Y. Acad. Sci.
2000, 915, 129–135. [CrossRef]

110. Mullin, J.M.; Laughlin, K.V.; Ginanni, N.; Marano, C.W.; Clarke, H.M.; Soler, A.P. Increased tight junction permeability can result
from protein kinase C activation/translocation and act as a tumor promotional event in epithelial cancers. Ann. N. Y. Acad. Sci.
2000, 915, 231–236. [CrossRef] [PubMed]

111. Morin, P.J. Claudin proteins in human cancer: Promising new targets for diagnosis and therapy. Cancer Res. 2005, 65, 9603–9606.
[CrossRef] [PubMed]

112. Gonzalez-Mariscal, L.; Tapia, R.; Chamorro, D. Crosstalk of tight junction components with signaling pathways. Biochim. Biophys.
Acta (BBA)-Biomembr. 2008, 1778, 729–756. [CrossRef] [PubMed]

113. Sahin, U.; Koslowski, M.; Dhaene, K.; Usener, D.; Brandenburg, G.; Seitz, G.; Huber, C.; Tureci, O. Claudin-18 splice variant 2 is a
pan-cancer target suitable for therapeutic antibody development. Clin. Cancer Res. 2008, 14, 7624–7634. [CrossRef] [PubMed]

http://doi.org/10.1016/j.ejca.2019.10.026
http://doi.org/10.1186/s40425-018-0403-1
http://doi.org/10.1186/s13073-021-00826-w
http://doi.org/10.1126/science.1846706
http://doi.org/10.1186/s12943-018-0796-y
http://doi.org/10.7150/jca.12663
http://www.ncbi.nlm.nih.gov/pubmed/27076844
http://doi.org/10.1016/S1470-2045(17)30566-1
http://doi.org/10.1001/jamaoncol.2016.5580
http://doi.org/10.1007/s00280-017-3445-z
http://doi.org/10.1038/nrclinonc.2012.43
http://doi.org/10.1056/NEJMoa1406766
http://doi.org/10.1016/j.jtho.2021.02.010
http://doi.org/10.2147/LCTT.S269307
http://www.ncbi.nlm.nih.gov/pubmed/34295201
http://doi.org/10.1158/1078-0432.CCR-11-0699
http://www.ncbi.nlm.nih.gov/pubmed/22388515
http://doi.org/10.1002/med.21288
http://doi.org/10.1158/1078-0432.CCR-14-3212
http://doi.org/10.1093/annonc/mdx107
http://doi.org/10.1159/000441149
http://doi.org/10.1158/1078-0432.CCR-12-3898
http://doi.org/10.1016/j.tranon.2017.03.001
http://doi.org/10.1111/j.1749-6632.2000.tb05235.x
http://doi.org/10.1111/j.1749-6632.2000.tb05246.x
http://www.ncbi.nlm.nih.gov/pubmed/11193580
http://doi.org/10.1158/0008-5472.CAN-05-2782
http://www.ncbi.nlm.nih.gov/pubmed/16266975
http://doi.org/10.1016/j.bbamem.2007.08.018
http://www.ncbi.nlm.nih.gov/pubmed/17950242
http://doi.org/10.1158/1078-0432.CCR-08-1547
http://www.ncbi.nlm.nih.gov/pubmed/19047087


Biomedicines 2022, 10, 543 18 of 18

114. Singh, A.B.; Sharma, A.; Dhawan, P. Claudin family of proteins and cancer: An overview. J. Oncol. 2010, 2010, 541957. [CrossRef]
[PubMed]

115. Li, W.T.; Jeng, Y.M.; Yang, C.Y. Claudin-18 as a Marker for Identifying the Stomach and Pancreatobiliary Tract as the Primary Sites
of Metastatic Adenocarcinoma. Am. J. Surg. Pathol. 2020, 44, 1643–1648. [CrossRef] [PubMed]

116. Yano, K.; Imaeda, T.; Niimi, T. Transcriptional activation of the human claudin-18 gene promoter through two AP-1 motifs
in PMA-stimulated MKN45 gastric cancer cells. Am. J. Physiol.-Gastrointest. Liver Physiol. 2008, 294, G336–G343. [CrossRef]
[PubMed]

117. Nakayama, I.; Shinozaki, E.; Sakata, S.; Yamamoto, N.; Fujisaki, J.; Muramatsu, Y.; Hirota, T.; Takeuchi, K.; Takahashi, S.;
Yamaguchi, K.; et al. Enrichment of CLDN18-ARHGAP fusion gene in gastric cancers in young adults. Cancer Sci. 2019, 110,
1352–1363. [CrossRef]

118. Zhang, W.H.; Zhang, S.Y.; Hou, Q.Q.; Qin, Y.; Chen, X.Z.; Zhou, Z.G.; Shu, Y.; Xu, H.; Hu, J.K. The Significance of the CLDN18-
ARHGAP Fusion Gene in Gastric Cancer: A Systematic Review and Meta-Analysis. Front. Oncol. 2020, 10, 1214. [CrossRef]

119. Hashimoto, I.; Oshima, T. Claudins and Gastric Cancer: An Overview. Cancers 2022, 14, 290. [CrossRef]
120. Tanaka, A.; Ishikawa, S.; Ushiku, T.; Yamazawa, S.; Katoh, H.; Hayashi, A.; Kunita, A.; Fukayama, M. Frequent CLDN18-ARHGAP

fusion in highly metastatic diffuse-type gastric cancer with relatively early onset. Oncotarget 2018, 9, 29336–29350. [CrossRef]
121. Baek, J.H.; Park, D.J.; Kim, G.Y.; Cheon, J.; Kang, B.W.; Cha, H.J.; Kim, J.G. Clinical Implications of Claudin18.2 Expression in

Patients with Gastric Cancer. Anticancer Res. 2019, 39, 6973–6979. [CrossRef]
122. Hong, J.Y.; An, J.Y.; Lee, J.; Park, S.H.; Park, J.O.; Park, Y.S.; Lim, H.Y.; Kim, K.M.; Kang, W.K.; Kim, S.T. Claudin 18.2 expression in

various tumor types and its role as a potential target in advanced gastric cancer. Transl. Cancer Res. 2020, 9, 3367–3374. [CrossRef]
123. Pellino, A.; Brignola, S.; Riello, E.; Niero, M.; Murgioni, S.; Guido, M.; Nappo, F.; Businello, G.; Sbaraglia, M.; Bergamo, F.; et al.

Association of CLDN18 Protein Expression with Clinicopathological Features and Prognosis in Advanced Gastric and Gastroe-
sophageal Junction Adenocarcinomas. J. Pers. Med. 2021, 11, 1095. [CrossRef]

124. Ungureanu, B.S.; Lungulescu, C.V.; Pirici, D.; Turcu-Stiolica, A.; Gheonea, D.I.; Sacerdotianu, V.M.; Liliac, I.M.; Moraru, E.;
Bende, F.; Saftoiu, A. Clinicopathologic Relevance of Claudin 18.2 Expression in Gastric Cancer: A Meta-Analysis. Front. Oncol.
2021, 11, 643872. [CrossRef]

125. Yamaguchi, K.; Shitara, K.; Al-Batran, S.E.; Bang, Y.J.; Catenacci, D.; Enzinger, P.; Ilson, D.; Kim, S.; Lordick, F.; Shah, M.; et al.
198TiP—SPOTLIGHT: Comparison of zolbetuximab or placebo + mFOLFOX6 as first-line treatment in patients with
claudin18.2+/HER2– locally advanced unresectable or metastatic gastric or gastroesophageal junction adenocarcinoma (GEJ): A
randomized phase III study. Ann. Oncol. 2019, 30, ix66–ix67. [CrossRef]

126. Shah, M.; Ajani, J.A.; Al-Batran, S.E.; Bang, Y.J.; Catenacci, D.V.; Enzinger, P.; Ilson, D.; Kim, S.; Lordick, F.; Shitara, K.; et al.
836TiP—GLOW: Randomized phase III study of zolbetuximab + CAPOX compared with placebo + CAPOX as first-line treatment
of patients with CLD18.2+/HER2− locally advanced unresectable or metastatic gastric or gastroesophageal junction (GEJ)
adenocarcinoma. Ann. Oncol. 2019, 30, v322. [CrossRef]

127. Stevanovic, S.; Draper, L.M.; Langhan, M.M.; Campbell, T.E.; Kwong, M.L.; Wunderlich, J.R.; Dudley, M.E.; Yang, J.C.; Sherry, R.M.;
Kammula, U.S.; et al. Complete regression of metastatic cervical cancer after treatment with human papillomavirus-targeted
tumor-infiltrating T cells. J. Clin. Oncol. 2015, 33, 1543–1550. [CrossRef]

128. Zacharakis, N.; Chinnasamy, H.; Black, M.; Xu, H.; Lu, Y.C.; Zheng, Z.; Pasetto, A.; Langhan, M.; Shelton, T.; Prickett, T.; et al.
Immune recognition of somatic mutations leading to complete durable regression in metastatic breast cancer. Nat. Med. 2018, 24,
724–730. [CrossRef]

129. Tran, E.; Robbins, P.F.; Lu, Y.C.; Prickett, T.D.; Gartner, J.J.; Jia, L.; Pasetto, A.; Zheng, Z.; Ray, S.; Groh, E.M.; et al. T-Cell Transfer
Therapy Targeting Mutant KRAS in Cancer. N. Engl. J. Med. 2016, 375, 2255–2262. [CrossRef]

130. Creelan, B.C.; Wang, C.; Teer, J.K.; Toloza, E.M.; Yao, J.; Kim, S.; Landin, A.M.; Mullinax, J.E.; Saller, J.J.; Saltos, A.N.; et al.
Tumor-infiltrating lymphocyte treatment for anti-PD-1-resistant metastatic lung cancer: A phase 1 trial. Nat. Med. 2021, 27,
1410–1418. [CrossRef]

http://doi.org/10.1155/2010/541957
http://www.ncbi.nlm.nih.gov/pubmed/20671913
http://doi.org/10.1097/PAS.0000000000001583
http://www.ncbi.nlm.nih.gov/pubmed/32925194
http://doi.org/10.1152/ajpgi.00328.2007
http://www.ncbi.nlm.nih.gov/pubmed/18032479
http://doi.org/10.1111/cas.13967
http://doi.org/10.3389/fonc.2020.01214
http://doi.org/10.3390/cancers14020290
http://doi.org/10.18632/oncotarget.25464
http://doi.org/10.21873/anticanres.13919
http://doi.org/10.21037/tcr-19-1876
http://doi.org/10.3390/jpm11111095
http://doi.org/10.3389/fonc.2021.643872
http://doi.org/10.1093/annonc/mdz422.074
http://doi.org/10.1093/annonc/mdz247.162
http://doi.org/10.1200/JCO.2014.58.9093
http://doi.org/10.1038/s41591-018-0040-8
http://doi.org/10.1056/NEJMoa1609279
http://doi.org/10.1038/s41591-021-01462-y

	Introduction 
	Currently Established and Emerging Biomarkers in GC 
	PD-L1 
	HER2 
	VEGFR2 
	MET 
	FGFR2 
	CLDN18.2 
	TIL and Adoptive Cell Therapy 

	Conclusions 
	References

