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Abstract

Claudin18.2 is a tight junction protein, highly selective, generally expressed only in normal gastric mucosal epithelial cells,
which can effectively maintain the polarity of epithelial and endothelial cells, thus effectively regulating the permeability
and conductance of the paracellular pathway. Abnormal expression of Claudin18.2 can occur in various primary malignant
tumors, especially gastrointestinal tumors, and even in metastatic foci. It regulates its expression by activating the aPKC/
MAPK/AP-1 pathway, and therefore, the Claudin18.2 protein is a pan-cancer target expressed in primary and metastatic
lesions in human cancer types. Zolbetuximab (IMAB362), an antibody specific for Claudin18.2, has been successfully tested
in a phase III clinical trial, and the results of the study showed that combining Zolbetuximab with chemotherapy notably
extends patients’ survival and is expected to be a potential first-line treatment for patients with Claudin18.2(+)/HER-2(—)
gastric cancer. Here, we systematically describe the biological properties and oncogenic effects of Claudinl8.2, centering
on its clinical-pathological aspects and the progress of drug studies in gastric cancer, which can help to further explore its
clinical value.
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Introduction

Gastric cancer is one of the most common cancers in the
world, with more than one million new cases in 2020, the
fifth highest incidence rate, and the fourth highest mor-
tality rate in the world [1]. The main treatment for early
gastric cancer is endoscopic resection or cured by radical
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gastrectomy, but about 50% of the patients will recur and
most of the patients are already in the advanced stage when
they are found, so comprehensive treatment is mainly
adopted. Currently, fluorouracil combined with platinum
is the first-line chemotherapy for advanced gastric cancer,
but chemotherapy has the disadvantages of low efficiency,
high toxicity and side effects, and easy drug resistance. With
the deepening of gastric cancer research, immunotherapy
and targeted drugs have significantly improved the survival
rate of advanced gastric cancer and are gradually becom-
ing an important means to improve the overall survival
(OS) and progression-free survival (PFS) of gastric cancer
patients. Unfortunately, only HER-2-targeted drugs (trastu-
zumab) [2] or immune checkpoint inhibitors combined with
chemotherapy have shown high remission rates and have
become the standard first-line therapies for advanced GC
(Gastric Cancer) [3, 4]. However, the prognosis of patients
with advanced gastric cancer is still unsatisfactory. In recent
years, the newly discovered target Claudin18.2 (CLDN18.2)
may become a new option for targeted therapy of gastric
cancer. Studies have shown that abnormal expression of
Claudin18.2 protein leads to the disruption of tight junction
structure and function, activates the corresponding signaling
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pathway, and promotes the proliferation of tumor cells. Cur-
rently, most of the clinical studies have been conducted to
explore the correlation between CLDN18.2 and the clin-
icopathological features of gastric cancer through immuno-
histochemical staining (IHC, Immunohistochemistry) of the
tissue samples to determine its protein expression, and have
conducted drug clinical trials, among which Zolbetuximab
has made the fastest progress in the study and has already
completed the phase III clinical study. Therefore, clarifying
the biology of Clausin18.2 and understanding the molecular
mechanisms and clinical features in tumors are essential for
the development of drugs targeting Claudinl8.2.

Biological Characterization of Claudin18.2
Claudins Protein

Claudins, a tetrameric transmembrane protein encoded by
the multigene family CLDN, was first identified in chicken
liver by Furuse [5] and is a key protein in the composition
of tight junctions. Tight junctions are an essential compo-
nent of maintaining normal epithelial intercellular adhesion
function by mechanically connecting cells to form an epithe-
lial barrier. Claudins (CLDNSs) are about 20-34 kDa in size
and consist of the N-terminal region of the cytoplasm, two
extracellular loops, four transmembrane structural domains,

CLDN18 pl

m

— Exonlb —#— p2 —— Exonla —#— Exon2 —#— Exon3 —#— Exond —#H—

and the C-terminal tail of the cytoplasm [6, 7]. Claudins are
generally localized in the apical region of the cell membrane
and form cell—cell adhesions, which can maintain cell polar-
ity, function as tight junction barriers and selective perme-
ability and thus effectively regulate paracellular permeability
and conductance [8—12]. Claudin-mediated dysfunction is a
precursor to the pathogenesis of many human diseases [13],
and it is also involved in the regulation of tumor proliferation
and differentiation [14]. Currently, several Claudins family
members have been reported to be aberrantly expressed in
tumor tissues and to promote tumorigenesis and metastasis.

Claudin18 Protein

Claudin18 (CLDN18) is a protein encoded by the human
CLDN18 gene, which was first identified in 2001 as a down-
stream target gene of the T/EBP/NKX2.1 homology domain
transcription factor [15]. Claudin18 is located on chromo-
some 3q22 and has a molecular size of about 30 KD, con-
taining six exons and five introns. The alternate splicing of
the first exon divides it into Claudin18.1 (CLDN18.1) and
Claudinl8.2 (CLDN18.2) [16], which have highly similar
amino acid sequences and the differences are mainly concen-
trated in the first extracellular loop (Fig. 1). It was reported
that paracellular tight junctions and selective ion perme-
ability were associated with the first extracellular loop, thus
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Fig. 1 The upper part belongs to Schematic representation of human
CLDNI18 transcript variants. CLDN18 contains two kinds of exons
(exon la and exon 1b). pl indicates the promoter of Claudinl8.2,
while p2 indicates the promoter of Claudinl8.1. The lower half
belongs to the schematic of predicted membrane topology of clau-
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dins, noting the cytosolic NH2 (N) and COOH (C) termini and the
first (1) and second (2) extracellular domains. Claudinl8.1 differs
from Claudinl8.2 by 8 amino acid residues only in the Ist extracel-
lular structural domain
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CLDN18.1 differed from CLDN18.2 in selective ion perme-
ability [17].

Claudinl18.1 is predominantly expressed in the lungs is
essential for lung development and maintenance of lung cel-
lular architecture and is required for normal airway epithelial
permeability [18]. Deficiency can lead to lung hypoplasia
and lung damage [19]. Zhou et al. found that abnormal
expression of Claudinl8.1 could also lead to lung cancer
using mice in an in vitro study [20]. Furthermore, it has
been shown that claudinl8 suppresses tumor progression
by inhibiting the PI3K/PDK1/Akt signaling pathway [21].

Claudinl18.2 is a gastric-specific isoform that can par-
ticipate in the regulation of ions, which is conducive to the
maintenance of the gastric mucosal barrier function and pre-
vents the infiltration of H* from gastric acid via the paracel-
lular pathway [22, 23], and Claudin18.2 deficiency leads
to neutrophils recruitment and inflammation development
[24]. Claudin18.2 is normally buried in tightly linked com-
plexes under normal conditions, making it difficult to come
into contact with antibodies in the bloodstream. However,
the loss of cell polarity during malignant tumorigenesis, the
exposure of CLDN18.2 to the surface of tumor cells [23],
and Sahin’s discovery that Claudin18.2 is a highly selective
molecule that is widely expressed only in cancer cells [25]
are unique features that make it an ideal tumor target. The
main types of drugs targeting Claudin18.2 for the treatment
of solid tumors are monoclonal antibodies (Zolbetuximab),
ADCs, CAR-T, and bispecific antibodies. However, only
Zolbetuximab has completed phase 3 clinical studies [26].

Fundamental Research Concerning
Claudin18.2’s Carcinogenic Properties

Claudin18.2 Tumorigenicity

Claudins are adhesion molecules located at tight junctions
between epithelial cells. A series of studies have reported
aberrant expression of Claudin proteins during tumor trans-
formation, suggesting their role in tumorigenesis. However,
the mechanism of Claudin18.2 in tumorigenesis is still not
well understood, and it is currently believed that it affects
paracellular tight junctions, ion permeability, and certain
signaling molecules in oncogenic pathways.

Claudins are key proteins of tight junctions and their
aberrant expression leads to the loss of tight junctions,
which mainly serve to maintain cell polarity and paracellu-
lar pathways to regulate ion permeability. The PDZ domain
at the carboxyl-terminal end of the Claudins structure binds
to ZO-1 [27] and thus promotes the interaction of intracel-
lular actin cytoskeleton in the tight junction domain; there-
fore, the Claudins may affect cell polarity through cytoskel-
etal rearrangements, thereby promoting tumor proliferation

and invasion [28]. As mentioned previously, Claudinl18 is
divided into two isoforms, Claudin18.1 and Claudin18.2,
of which Claudin18.1 is mainly expressed in the lungs.
Clauidn18.2 is normally expressed only in the epithelial
cells of the gastric mucosa, but in malignant tumors it is
retained both in gastric cancer and its metastases, as well as
in other tumors, such as pancreatic, esophageal, and chol-
angiocarcinoma. Studies have shown that Claudin18 gene
amplification occurs predominantly in squamous cell car-
cinoma of the lung, cervix, esophagus, head and neck, and
ovary, while gene fusion is predominant in gastric cancer
[29]. The CLDN18-ARHGAP26 fusion gene is one of the
most common somatic genomic rearrangements in gastric
cancer, and fusion-positive epithelial cells exhibit epithe-
lial-mesenchymal transition (EMT), impaired cellular barri-
ers, and inhibition of the RHOA pathway, which may lead to
H* leakage, contributing to tumor aggressiveness [30]. Clau-
din18.2 was shown to correlate with overall survival and
lymph node metastasis in intra-biliary cholangiocarcinoma,
which is absent in normal gallbladder epithelial cells, and
by knocking down Claudin18 expression, researchers found
that it could reduce the proliferation of biliary adenocarci-
noma cells, and further studies showed that the overexpres-
sion of EGFR resulted in the activation of downstream RAS/
RAF/MEK/ERK cascade reaction, which induced Clauidn18
expression, and the overexpression of Claudinl8 induces
further activation of ERK1/2, forming positive feedback and
promoting cancer [31]. Biljiana et al. found that Claudin18
protein was largely absent from normal esophageal squa-
mous epithelium (SqE) and highly expressed in Barrett’s
esophagus (BE) columnar epithelium (SCE) and showed that
Claudin18 is the major compact protein in SCE TJ, which,
by reducing the permeability of H" in the tight junctions,
allows BE to have a stronger by decreasing the H" perme-
ability of tight junctions, resulting in greater acid resistance
of BE and thus promoting tumorigenesis [32]. In addition,
Claudin18.2 expression has been associated with integrin
avp5, EpCAM extracellular structural domain EpEX, and
lysozyme [33], and these molecules have been shown to
regulate the cell growth cycle and promote cell migration
and proliferation; thus, Claudinl8.2 could promote tumor
growth in this cell-dependent manner [34, 35].
Claudin18.2 downregulation can also lead to tumorigen-
esis, especially in gastric cancer. In a mouse model infected
with Helicobacter pylori (HP) constructed by HAGEN
et al., it was found that HP-infected mice reduced CLDN18
expression and progressively decreased it over time, whereas
deletion of CLDN18 in the stomach resulted in gastroin-
testinal intraepithelial neoplasia even in the absence of
HP infection. This suggests that HP infection is required
to attenuate Claudin18.2 expression, but cancer progres-
sion can occur independently once Claudinl8.2 is lost. In
addition, the investigators found that Claudinl8 activates
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the corresponding cellular signaling pathways, including
Wnt/p-linker downstream effectors (CD44, EFNB1, EFNB2,
and EPHB2) and the HIPPO/YAP1 signaling pathways
[36], thereby promoting cell proliferation, cancer stem cell
development, and tumorigenesis. Furthermore, it has been
found that downregulation of Claudin18.2 expression leads
to paracellular H* leakage, inflammatory cell infiltration,
and the development of precancerous lesions in the gas-
tric mucosa by electrophysiology and H titration and that
during gastric tumorigenesis in Claudin18 knockout mice,
expression levels of C-X-C motif chemokine 5 (CXCLS5),
Toll-like receptor 2 (TLR2), and CD44 splice variants [24],
a feature similar to the oncogenic effects associated with
HP infection. Sanada et al. [37] found that Claudin18.2 was
down-regulated in intestinal (type I) gastric cancer by quan-
titative RT-PCR analysis, speculated that the disappearance
of claudin18 (Claudin18.2) might be related to gastrointesti-
nal metaplasia, and suggested that this change occurs in the
early stages of gastric carcinogenesis. In addition, the level
of claudin18.2, the invasive front of submucosal invasive
GCs, was found to be negatively correlated with Ki-67 posi-
tivity in early GC tissues resected by endoscopic mucosal or
submucosal resection, and Claudin18.2 was down-regulated
in GCs belonging to differentiated adenocarcinomas as com-
pared to the surrounding normal mucosa of gastric and intes-
tinal metaplasia, again suggesting that the downregulation of
Claudin18.2 expression could promote early GC of cancer
invasion [38]. Therefore, the deletion of claudin18.2 may be
a key factor mediating the biological behavior of type I GC.
It was mentioned above that Claudinl8 is abnormally acti-
vated in malignant tumors, so whether the Claudin18 gene
is a tumor suppressor gene also needs further verification.

Regulation of Claudin18.2 Expression

Claudin18.2 expression in tumor cells is regulated by mul-
tiple mechanisms. It was found that PMA promotes Clau-
din18.2 mRNA transcription and protein translation by
phosphorylating activated AP-1 through inducing PKC as
well as the ERK/MAPK pathway. Research indicates that
PMA treatment increases the mRNA and protein levels of
claudinl8.2 in pancreatic and gastric cancer cell lines [39,
40]. They found that the use of PKC inhibitors, MAPK/ERK
(MEK) inhibitors, and ERK inhibitor II abrogated PMA-
stimulated Claudin18a2 promoter activity, and PMA has
been shown to activate PKC, which in turn mediates signal-
ing to MAPK and thus Claudin18a2 promoter activity can be
regulated through both the PKC and ERK-MAPK pathways.
Furthermore, it was shown that the synergistic effect of AP-1
binding sites is essential for PMA to stimulate the promoter
activity of claudin18.2 to increase its transcriptional activity,
whereas the PKC and ERK-MAPK pathways can increase
the activation of AP-1 to enhance mRNA transcription and
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protein translation of Claudinl8.2. In addition, Sun et al.
also reported that Claudin18.2 expression in gastric cancer
cells was up-regulated through the aPKC/MAPK/AP-1-de-
pendent pathway [41].

Hypomethylation of CpG islands in the promoter region
is associated with transcriptional regulation of Claudinl8.2,
with the involvement of the transcription factor CREB.
Methylation of the promoter region CpG has been reported
in the literature as a mechanism for ectopic activation of
genes in cancer [42]. Sahin et al. [23] found by sequenc-
ing the Claudin18.2 promoter that methylation of the CpG
island in the promoter region of the binding site prevents
the transcription factor CREB from binding to it, which
represses the expression of Claudin18.2, but escapes repres-
sion in malignant tumors, which leads to tumorigenesis.
In addition, a negative correlation between miR1303 and
claudin18 expression has been reported [43] in GC tissues,
and miR1303 can significantly attenuate the expression of
claudin18 (Claudin18.2) by binding to the CLDN18 mRNA
3'-UTR fragment, which therefore helps us to carry out new
therapeutic strategies for GC.

Expression of Claudin18.2 in Patients
with Gastric Cancer

Claudin18.2 Protein Method of Detection

Presently, immunohistochemical staining (IHC) stands as the
predominant technique for identifying CLDN18.2 expres-
sion. Quantitative scoring of CLDN18.2 expression is gen-
erally based on the staining intensity and the percentage of
stained tumor-positive cells. In contrast, some studies have
taken the product of the sum of the percentages of tumor
cells with different staining intensities and the respective
staining intensities for scoring purposes [44, 45]. The detec-
tion antibodies taken for most of the research generally fall
into two categories: a CLAUDETECTTM18.2 Diagnostic
Kit (Clone43-14A) and Abcam Cambridge (EPR19202)
used in the FAST study. However, when the two antibodies
were applied to the same tissue sample, the positive detec-
tion rate of the Clone43-14A antibody was slightly higher
than that of EPR19202 [46, 47]. Clone43-14A antibody
only recognizes Claudinl8, so it caused the study to need
to increase the definition value of Claudin18.2 expression
in the clinical enrollment group to screen a more suitable
population. Therefore, there is a need to establish a uniform
standard for the detection reagents and the criteria for deter-
mining positivity among clinical studies, which is essential
for the comparability of data. In addition, due to the high
amino acid sequence similarity between CLDN18.1 and
CLDNI18.2, a molecular beacon (MB) [48] for CLDN18.2
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has been designed for the identification of CLDN18.2 RNA,
which can be used not only for rapid and precise identifica-
tion of Claudin18.2 but also for the detection of circulating
tumor cells (CTC).

Distribution of Claudin18.2 Expression

CLDN18.2 is normally expressed only in gastric mucosal
epithelial cells and PAN cells of the duodenum, but it is now
believed to be commonly expressed in malignant tumors as
well, especially in gastric cancers, and ectopic activation of
CLDN18.2 has also been detected in pancreatic ductal carci-
noma [25], NSCLC [49], esophageal adenocarcinoma [50],
and ovarian mucinous neoplasms [23]. Among them, it was
reported in research on pancreatic ductal carcinoma [25] and
cervical gastric-type carcinoma [51] that Claudin18 could be
used as an aid in staging and early diagnosis. Claudin18.2
expression is not only limited to primary lesions but also
highly expressed in metastatic foci [44, 52], which suggests
that Claudin18.2 may be involved in malignant tumor cell
proliferation and invasiveness, and also implies that Clau-
din18.2 is an ideal target for tumor therapy. In addition,
the correlation between the positivity rate of Claudin18.2
in gastric cancer and clinical case characteristics varied in
different studies due to the different types or concentrations
of antibodies detected, different IHC interpretation crite-
ria, intra-tumor variability, and limited sample size, as well
as the different ethnic composition of the cohort (Table 1)
and therefore, a more rigorous approach is needed for more
clinical studies. However, the positive rate of Claudin18.2
reached 40% and some patients showed high expression,
suggesting that Claudin18.2 may be the second most impor-
tant target in gastric cancer after HER-2.

Correlation Between Claudin18.2 Expression
and Clinicopathological Features of Gastric Cancer

Retrospective clinical studies as well as analysis of clinical
data with larger sample sizes suggest that there are certain
molecular pathological features of Claudin18.2 expression.
Several investigations have shown [33, 44, 53-56] that Clau-
din18.2 expression in EBVaGC (EBV virus-positive gastric
cancer) is significantly higher than that in EBV virus-neg-
ative gastric cancer patients, which may be related to the
fact that EBVaGC originates from low-differentiated cells.
In addition, CLDN18.2 expression was found to be nega-
tively correlated with perineural infiltration in the dataset of
one study [57]. Downregulation of CLDN18 (Claudin18.2)
has also been shown to be a feature of GC in various pre-
vious studies [15, 33, 36, 37, 43, 58, 59] and CLDN18.2
downregulation has been observed to be associated with
poorer survival. However, most of the current retrospec-
tive studies indicated that CLDN18.2 expression status was

not associated with patients’ overall survival. Due to the
presence of too many intervening factors in the populations
included in the studies, which have received different com-
binations of treatments, the relationship of CLDN18.2 on
prognosis is still unclear and further studies are needed.

However, probably due to the highly heterogene-
ous nature of the GC microenvironment, the relationship
between CLDN18.2 expression and some of the clinico-
pathological features is controversial and has not yielded
consistent results. Some researchers state that CLDN18.2
expression does not significantly correlate with Lauren
typing [33, 46, 53], but others have shown that CLDN18.2
expression correlates with Lauren typing and is higher in the
diffuse type [37, 44, 52, 60]. In addition, Baek et al. found
higher expression in HER-2-positive (HER-2 24 or 34) gas-
tric cancer when exploring the expression of CLDN18.2 in
gastric cancer in Koreans [60]. However other investigations
have not found an association between them. However, more
studies have found that the percentage of CLDN18.2 and
HER-2 co-expression population is roughly the same as the
number of HER-2-positive population. This offers the pos-
sibility of a dual-targeting strategy for subsequent patients
with Claudinl8.2 and HER-2 co-expression. In addi-
tion, most studies concluded that there was no association
between CLDN18.2 expression and dMMR, PD-L1, p53,
or E-calmodulin, but CLDN18.2-positive patients existed
in the overlap of these biomarkers (Table 2), and further
investigation of combination therapy with these molecular
targets is needed in future. The combination of anti-Clau-
din18.2 antibodies and immunotherapy is currently the focus
of clinical research, and the association between CLDN18.2
expression and immunotherapy outcomes has not been con-
cluded. A negative correlation between CLDN18.2 expres-
sion and the prognosis of anti-PD-1/PD-L1 therapy was first
reported in an experiment using immunohistochemistry to
study the correlation between Claudin18.2-positive tumors
and the outcome of immunotherapy [56], suggesting that
CLDNI18.2-positive patients with gastric cancer are unlikely
to benefit from PD-1/PD-L1 inhibitors. This is consistent
with a previous report in which it was suggested that tar-
geting CLDN18.2 may theoretically improve the efficacy
of immune checkpoint inhibitors [61], as well as a study
reporting that there was no statistically significant differ-
ence between CLDN18.2 expression on the efficacy of cur-
rent first-line chemotherapy as well as anti-PD-1 therapy
for gastric cancer and that Claudin18.2 was not a predic-
tive factor for chemotherapy or checkpoint inhibition [62].
Accordingly, there is still a need for large samples to be
studied for the relationship between Claudinl8.2 expression
and clinicopathological features and prognosis.

Frequent fusion genes have now been shown to par-
ticipate in tumorigenesis and progression as driver events.
In 2014, the Cancer Genome Atlas Research Network
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Table2 Summary of biomarker  pogoences Definition of Claudin18.2 (+)  Biomarker overlap with CLDN18.2 (+) (%)
overlap with CLDN 18.2 in GC/
GEJC HER-2 (+) PD-L1CPS>5 dMMR P53 (+)

[79] >2+SIand >75%TCs - 13 - -

[82] >2+SIand>75%TCs - 22 - -

[62] >2+SIand>75%TCs 153 41.9 5.1 -

[56] >2+SI and >40%TCs 214 57.1 14.3 -

[60] >2+SI and a percentage of stain- 25.9 - - -

ing score of 3 (51-100)

[77] >2+ Sl and >40% TCs 12.0 - - -

[53] >2+Sland>75%TCs 4.9 6.0 43 16.3

[33] Membranous staining was present 23.5 - - -

[46] IRS>8 10.3 - 28.9

[44] Membranous staining was present 23.8 (PT) - 33.6 (PT) 31.2 (PT)

0.0 (LMN) 31.6 (LMN) 25.0 (LMN)

PT primary tumor, LNM lymph node metastasis, GC gastric cancer, GEJC gastroesophageal junction
cancer, S/ staining intensity, 7Cs tumor cells, IRS=percentage scoring of stained tumor cells (0=0%,
1=1%~25%, 2=26%~50%, 3=51%~75%, 4=76% ~100%) X staining intensity (score 0-3=no staining
to strong staining), HER-2 human epidermal growth factor receptor 2, dMMR mismatch repair deficient,
PD-LI programmed cell death-ligand 1, CPS combined positive score, p53 tumor protein 53

(TCGA) detected the CLDN18-ARHGAP26/6 fusion for
the first time in GC and showed that this isoform is the
most common (15%) among genome-stable phenotypes
[63] and can direct loss of epithelial phenotype, epithe-
lial-mesenchymal transition, and inhibition of the RHOA
signaling pathway, which can contribute to the invasive
and migratory capacity of gastric cancer cells [30, 64].
The current findings revealed a correlation between the
CLDN18-ARHGAP fusion and clinicopathological fea-
tures. Shu et al. [65] as well as Japanese studies [66, 67]
demonstrated that the CLDN18-ARHGAP fusion gene
was associated with age, gender, indolent cell carcinoma
content, and TNM stage and was significantly enriched in
female patients, younger patients, and patients with dif-
fuse and more advanced tumor stage according to Lauren’s
classification (TNM stage), but was not associated with the
location of the primary tumor. They also reported that the
CLDN18-RHGAP26/6 fusion was a risk factor for overall
survival and that this group of patients did not derive a sur-
vival benefit from 5-FU/oxaliplatin-based chemotherapy,
which may also explain the poorer prognosis of diffuse
gastric carcinoma compared to intestinal gastric carcinoma
[68]. A 2018 retrospective study similarly supports this
view [65]. Yet, no studies have analyzed the relationship
between the CLDN18-ARHGAP26 fusion gene and thera-
peutic sensitivity to chemotherapeutic agents. Although
Yan et al. established a cancer organoid model that can be
used to assess the efficacy of chemotherapy [69]. Unfor-
tunately, no patients with CLDN18-ARHGAP26 fusion
were found in their cancer organoid library. Therefore, we
need to further investigate the mechanism of this unique
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fusion of CLDN18-ARHGAP in GC and the drugs target-
ing this fusion.

Claudin18.2 Drug Mechanism of Action
and Clinical Test

The high selectivity of Claudin18.2 makes it an ideal tar-
get for tumor therapy. Different therapeutic agents targeting
Claudin18.2 have been developed, among which IMAB362
(Zolbetuximab) is the most intensively studied and has com-
pleted phase III clinical studies. In this review, the latest
clinical trial results of drugs targeting Claudin18.2 are sum-
marized in focus.

Monoclonal Antibody Therapies
IMAB362 (Zolbetuximab)

Claudin18.2 was first reported as a therapeutic target for
mADb (monoclonal antibody) in 2008 [23], and Zolbetuxi-
mab was the first drug developed against the CLDN18.2
target, and it is also the fastest progressing drug in research.
IMAB362 is a novel IgG-1 antibody that binds to CLDN18.2
[70]. It is shown that IMAB362 exerts its killing effect by
inducing antibody-dependent cellular cytotoxicity (ADCC)
and complement-dependent cytotoxicity (CDC). Also, in
combination with chemotherapy, CLDN18.2 enhances T-cell
infiltration and induces pro-inflammatory cytokines [12]. In
addition, it inhibits cell proliferation and induces apoptotic
effects [71]. The role of IMAB362 has been studied in a
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variety of solid tumors, including advanced gastric cancer
[72], pancreatic cancer [73], non-small cell lung cancer [49],
and gastric cancer of the gastroesophageal junction [74],
with the field of gastric cancer being the most extensively
studied. The clinical trials of CLDN18.2 with currently dis-
closed results are shown in Table 3.

In a Phase I IMAB362 dose escalation study published
in 2009, it was shown that IMAB362 was generally well
tolerated in humans, predominantly causing nausea and
vomiting, and it also showed that the Phase II multidose
trial used 600 mg/m? doses, which prompted follow-up
studies of IMAB 362 [70]. Subsequently, a phase I clinical
trial “PILOT” study was conducted on a limited number
of patients to evaluate the safety and efficacy of IMAB362
in combination with zoledronic acid (ZA) and interleu-
kin-2 (IL-2) in the treatment of advanced gastroesophageal
junction adenocarcinoma [75], confirming that Zolbetuxi-
mab has a favorable antitumor effect (OS: 40 weeks, PFS:
12.7 weeks) and also verified that IMAB362 can be safely
combined with ZA/IL-2. Zolbetuximab monotherapy in
relapsed or refractory progressive gastric adenocarcinoma
or low-grade esophageal cancer was shown to be well toler-
ated in a phase II clinical trial called MONO [76], which
demonstrated an objective remission rate (ORR) of 9%, a
disease control rate (DCR) of 30% and a positive correla-
tion with CLDN18.2 expression in patients with CLDN18.2-
positive expression of >70% of tumor cells had an ORR
of up to 14%. Meanwhile, in another work, chemothera-
peutic agents such as gemcitabine were found to enhance
IMAB362-induced ADCC and EC50 effects by upregulating
Claudin18.2 expression [71]. This was confirmed by subse-
quent trials, in which enrolled patients receiving IMAB362
combination chemotherapy (EOX: epirubicin + oxalipl-
atin + capecitabine) significantly prolonged the survival of
patients with progressive gastric cancer or gastroesophageal
conjugate tumors compared with chemotherapy alone (mOS:
13 months vs 8.3 months, mPFS: 7.5 months vs 5.3 months)
and was more effective in patients with >70% of expressed
cells (mPFS: 9.0 vs 5.7 months, mOS: 16.5 vs 8.9 months)
[77]. In addition, it has been reported that the OS of patients
in the FAST trial did not differ significantly from that of
HER-2-targeted therapy (FAST vs. ToGA: 13.0 months
vs. 13.8 months) [78], this also provides a solid founda-
tion for large-scale Phase III clinical studies. These studies
all suggested that monoclonal antibody therapy was well
tolerated and also found a correlation between Claudin18.2
expression and therapeutic benefit, with patients with a
high degree of expression experiencing a more pronounced
effect of use. Therefore, the inclusion criteria for both large
phase III studies conducted in 2018 were subjects with
CLDN18.2>2+by IHC and >75% of expressed cells.

The SPOTLIGHT study [79] was a multicenter, rand-
omized, double-blind phase III trial to evaluate the efficacy

of zolbetuximab in combination with mFOLFOX6 (5-fluo-
rouracil + calcium folinic acid + oxaliplatin) for the first-line
treatment of CLDN18.2-positive/HER-2-negative locally
advanced (LA) unresectable or metastatic gastric cancer
or gastroesophageal junction (mG/ GEJ) adenocarcinoma
patients, data analysis indicated that a significant reduc-
tion in the risk of death was achieved in the Zolbetuximab-
treated group, with a statistically significant improvement in
the primary study endpoint of PFS and the secondary end-
point of OS compared to the placebo group (mPFS: 10.61 vs.
8.67 months, and mOS: 18.23 vs. 15.54 months) and a statis-
tically significant improvement in the class of longest mOS
observed in a Phase III trial. Notably, PD-L1 CPS > 5 was
observed in 41 of 311 evaluable patients (13%), and the trial
of zolbetuximab combination chemotherapy plus anti-PD-1
antibody in the ILUSTRO Phase II study is currently under-
way, with promising results. Furthermore, the efficacy of
zolbetuximab in combination with mFOLFOX®6 in the first-
line treatment of a Claudin18.2 high-expressing population
was evaluated in Cohort 2 of the ILUSTRO Phase II study
[80], with a DCR of 100% for disease control, an ORR of
71.4% for objective remission, and an mPFS of 17.8 months
confirming the SPOTLIGHT study’s Results. Nevertheless,
a 2023 article reported that ZOL-FO (zolbetuximab plus
mFOLFOXG6) is unlikely to be cost-effective as a first-line
treatment option for CLDN18.2-positive, HER-2-negative
advanced G/GEJ adenocarcinomas from the perspective
of the Chinese healthcare system [81]. Another China-led
GLOW study [82], a clinical trial of Zolbetuximab in com-
bination with CAPOX (cisplatin + pemetrexed + oxalipl-
atin) for the first-line treatment of advanced gastric cancer,
demonstrated that real-world data showed that mPFS and
mOS were significantly prolonged by the addition of Zol-
betuximab to CAPOX (mPFS: 8.21 vs. 6.8 months, mOS:
14.39 vs. 12.16 months). 14.39 vs 12.16 months). Since
the GLOW study is focused on gastric cancer, which is a
highly prevalent cancer in China, it is an important guide
for our clinic. The success of the SPOTLIGHT trial and
the GLOW trial confirms that treatment targeting Clau-
din18.2 is feasible. Differences between the phase I/II/III
studies may be related to the different degrees of clinical
benefit and treatment efficacy observed due to differences
in chemotherapy regimens, population distribution, and
number of enrollments. It has also been noted that gastroin-
testinal adverse effects have been observed with all targeted
therapies using IMAB362, with vomiting being the most
common [12]. Thus, management of gastrointestinal toxicity
remains a challenge. In addition, for CLDN18.2-positive/
HER-2-negative patients, chemotherapy in combination with
immune checkpoint inhibitors is currently the standard first-
line treatment for advanced HER-2-negative gastric cancer.
For CLDN18.2-positive and HER-2-negative patients,
is chemotherapy combined with CLDN18.2 monoclonal

@ Springer
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antibody or chemotherapy combined with immunotherapy
better or worse? Is chemotherapy combined with CLDN18.2
monoclonal antibody and immunotherapy more effective?
These questions need to be further explored, and we need to
further investigate the correlation between CLDN18.2 levels
and PD-L1.

cytopenia; Grade 1
or 2 (CRS)

toxicity: leukope-
Lymphocytes,

Grade 3 or higher
hematologic
nia,, neutropenia,
anemia, thrombo-
neutrophils, and
white blood cells
decreased

Adverse effect

TST001 (Osemitamab)

Claudinl8.2 expression subgroup analysis showed that
Zolbetuximab treatment was difficult to cover the low and
medium Claudin18.2 expression population, so the newly
developed TSTO001, a humanized monoclonal antibody tar-
geting Claudin18.2, binds to Claudin18.2-expressing cells
with high affinity, and this class of drugs reduces the Fc-
terminal fucoidan content and further enhanced binding
to Fc receptors on NK cells, resulting in enhanced ADCC
activity. In the presence of human PBMC and NK cells,
TSTO001 showed antitumor activity against gastric cancer
cells expressing moderate to low CLDN18.2 [83].
Transtar102/TST001-1002 is a Phase I/Ila study with
Cohort C evaluating the efficacy and safety of TST0O1 in
combination with CAPOX chemotherapy for the first-line
treatment of gastric cancer in both dose escalation and dose
expansion components. Expanding the beneficiary popula-
tion compared to the IMAB362 study, whose inclusion cri-
teria were the inclusion of patients exhibiting mild (>1+) or
greater intensity of CLDN18.2 membrane staining in > 10%
of tumor cells as detected by immunohistochemistry for
LDT. At 11.3 months of follow-up [84], the cohort had a
median duration of remission (DoR) of 12.7 months, an
estimated median progression-free survival of 14 months,
and an overall survival rate of 88.9% (95% CI: 74.2, 95.4)
for the 64 patients in Cohort C. The most common adverse
reactions were nausea, vomiting, and hypoalbuminemia,
most of which were grade 1 or 2 TEAE (Treatment Emer-
gency Adverse Event) and occurred 2 weeks ago and did
not result in a grade 4 TEAE, which can be managed or
prevented in the clinic in patients with adverse reaction
symptoms. Furthermore, preclinical findings indicated a
notable increase in PD-L1 expression in gastric cancer cells
due to Osemitamab [85], and the enhanced cancer-fighting
effectiveness of Osemitamab combined with nivolumab, a
PD-L1 antibody, and chemotherapy over Osemitamab alone
or nivolumab with chemotherapy in the experimental mouse
model, thereby supporting the practicality of using Osemi-
tamab in combination with nivolumab and chemotherapy
as a first-line therapeutic regimen for CLDN18.2-positive
adenocarcinoma at the stomach/gastroesophageal junction.

ORR
48.6%, GC
patients: 57.1%

33%

mPFS

3.7 months,
GC patients:
4.2 months

130 days

Outcome
mOS

and >40% tumor
cells

Cut-off value of
Claudinl8.2
>2+stain-

ing intensity

CAR-T
CAR-T

Phase No of patients Design
70
11

Clinical trial

GC gastric cancer, IMAB362 zolbetuximab, mOS median survival, mPFS median progression-free survival, ORR objective response rate, ZA zoledronic acid, /L-2 interleukin-2, EOX Epiru-

bicin + Oxaliplatin + Capecitabine, mFOLFOX6 modified folinic acid + Fluorouracil + Oxaliplatin, CAPOX: CRS Capecitabine + Oxaliplatin; cytokine release syndrome

Table 3 (continued)
NCT03874897 [92]
NCT03159819 [107]

NCT Number

@ Springer
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Other Monoclonal Antibodies

ABO11 [86] is a monoclonal antibody against Claudin 18.2
independently developed in China. Preclinical studies have
shown good safety and efficacy, and single-agent incremen-
tal and dose amplification studies have been completed. Fur-
thermore, phase I or II studies of ASKB589 [87], ZL-1211
[88], and MIL93 [89] are in progress, with previously
revealed data indicating effective results. The most recent
findings regarding the main objectives of these studies are
consolidated in Table 4, anticipating additional clinical data
for future reference.

Table 4 Ongoing clinical trial of CLDN18.2

Chimeric Antigen Receptor T-Cell Inmunotherapy
(CAR-T)

CAR-T has made significant progress in hematologic malig-
nancies in recent years and has also shown good results in
some advanced solid tumors [90], including in Claudin18.2-
positive gastric cancer. A 2018 study [91] using both a
mouse gastric cancer cell line model and a Claudin18.2-pos-
itive human-derived tumor xenograft (PDX) model of gastric
cancer found that CAR-T cells were effective at infiltrating
into the tumor tissue without causing damage to normal gas-
tric tissue or organs. In addition, two clinical phase I trials
have now disclosed results for CT041 (Table 2). The results

NCT Number Country Tumor

Type of drug Phase Drug

Experiment subject Latest disclosure of
primary endpoint

NCT04632108 [87] China Advanced solid mAb

tumors

China Advanced solid mAb

tumors

NCT04495296 [84]

United States Advanced solid mAb
tumors

NCT05065710 [88]

NCTO04671875 [89] China Advanced solid mAb

tumors

NCTO04400383 [86] China Solid tumor, GC, PC  mAb

NCTO04856150 [108] China Advanced solid

tumors

BsAb

NCT04805307 [101] China Advanced solid

tumors

ADC

Advanced solid
tumors

NCT05009966 [102] China ADC

/11 ASKB589 51 DLT: not observed

MTD: not reached

AEs: nausea, vomiting,
hypoalbuminemia,
granulocytopenia,

and hypoleukemia

I/Ila  TSTO001-1002 64 AEs: nausea, vomiting,
hypoalbuminemia
DoR: 12.7months

mPFS: 14months

DLT: not observed
AEs: nausea, vomiting,
and abdominal pain

ORR: -

MTD: not reached

DLT: observed in one
patient at 30 mg/kg

AEs: nausea, hypoalbu-
minemia, vomiting,
anemia et

v ZL-1211 19

I MIL93 30

I ABO11 59 DLT: observed in one
patient at 30 mg/kg
AESs: neutrophil count
decreased, anemia,
hypoalbuminemia,

nausea, and vomiting

MTD: not reached
AEs: gastrointestinal
AE and IRR

MTD: not reached

AEs: vomiting, anemia,
hypoalbuminemia,

ORR: 32.6%

mPFS: 4.76 months

AEs: nausea, vomiting,
dry eye syndrome and
anemia

ORR: 38.1% (47.1%),

DCR: 57.1% (64.7%)

I Q-1802 9

I CMGY01 113

I SYSA-1801 33 (17GC)

mAb monoclonal antibody, BsAbs bispecific antibody, ADC antibody—drug conjugate, GC gastric cancer, PC pancreas cancer, ORR objective
response rate, AE adverse event, DLT dose-limiting toxicity, MTD maximum tolerated dose, DCR disease control rate
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of a phase 1 study of CT041 in patients with CLDN18.2-
positive gastrointestinal cancers showed an mPFS of
4.2 months and an ORR of 57.1% for objective remission
in China [92]. The results of the phase Ia clinical study of
IBI345 were presented at European Society for Medical
Oncology (ESMO) 2023 [93], demonstrating that one of the
four efficacious patients achieved PR and two achieved SD,
illustrating the manageable safety and preliminary efficacy
of IBI345 in CLDN18.2-positive solid tumors. In terms of
additional information, LY011 [94] has entered a Phase I
clinical trial to determine its safety and efficacy and is cur-
rently completing the DLT observation phase. All of these
results show the effectiveness of CAR-CLDN18.2 T-cell
therapy in Claudinl8.2 tumors and are expected to be a
therapeutic strategy for Claudin18.2-positive gastric cancer
or other solid tumors. However, the majority of these studies
recruited post-operative patients, and drug efficacy studies
are now being recruited primarily in patients with inoperable
solid tumors to make up for the prior shortfall.

Bispecific Antibody (BsAb)

BsAb is antibodies with two specific antigen-binding sites,
targeting one antigen-binding site to immune cells (e.g., T
cells) and the other to target cells (e.g., cancer cells), which
can redirect T cells to tumor-targeting antigens and activate
T-cell-mediated cytocidal effects [95]. PD-L1/Claudin18.2
bispecific antibody is a hotspot of present research, and
the results of the first clinical trial of PD-L1/Claudin18.2
bispecific antibody-SPX301 were published in 2020, which
demonstrated that it could effectively inhibit CLDN18.2-
positive tumors with a favorable safety profile [96]. Q-1802,
which was developed in China, is also a bi-characteristic
antibody against PD-L1 and CLDN18.2, and single-agent
dose escalation dosing has been completed in China, with
dose expansion studies still underway. In addition, CD3/
Claudin18.2 bispecific antibodies are also the most devel-
oped drugs. Data from Zhu et al. showed that targeting CD3/
Claudin18.2 could effectively inhibit the growth of GC cells,
and the safety and efficacy were verified in an in vitro animal
live model [45]. The announcement at the European Soci-
ety for Medical Oncology (ESMO) in 2020 of the trial of
AMG-910, a CD3/Claudinl8.2 bispecific antibody, which
is currently in Phase I clinical trial (NCT04260191) phase
[97]. Yet, some studies [98] have shown that CD3BsAb has
systemic side effects and can cause severe cytokine release
syndromes, so further studies are needed to investigate the
safety of Claudin18.2BsAb application. In addition to this,
Liang et al. [99] designed a bispecific antibody to CD28/
CLDN18.2 which was also found to reduce immunosuppres-
sion in tumor tissues and thus play a role in killing tumor
cells in their study.

Antibody-Coupled Drugs (ADC)

Many researchers have indicated that antibody-coupled
drugs (ADCs) are effective therapeutic approaches for the
treatment of GC [45]. Antibody-coupled drugs make use of
chemical connectors to couple monoclonal antibodies and
cytotoxic drugs, so that they have both the specific binding
characteristics of antigen—antibody and the high antitumor
activity of cytotoxic drugs and achieve specific killing of
tumor cells through endocytosis release and the “bystander
effect” [100]. At present, CMG901 is the fastest growing
drug among ADCs targeting Claudin18.2. Preclinical studies
have shown that CMG901 can effectively kill gastric can-
cer cells and exhibit good tolerability and safety, in which
the ORR value of Claudinl18.2-positive GC/GEJ patients
(n=289) was 32.6%, and in the 5.98 months of follow-up, the
mPFS was 4.76 months, and OS has not yet been achieved
[101]. Also entering clinical phase I are the drugs SYSA-
1801 and RC118 [94], with SYSA-1801 now announcing
preliminary results from the dose escalation phase. Among
the 17 GC-assessable sites, the ORR and DCR were 47.1%
and 64.7%, respectively, indicating that SYSA-1801 has a
well-tolerated safety profile in drug-resistant/refractory
solid tumors expressing CLDN18.2 [102]. All of the stud-
ies of ADCs for the treatment of CLDN18.2-positive gastric
cancer are still ongoing, with unpublished results, and their
safety and efficacy have yet to be verified.

Other Applications

With the in-depth study of Claudinl8.2, molecularly tar-
geted probes are of guiding significance for patient strati-
fication and treatment. Zhao et al. [103] explored an
antibody-dependent molecular imaging strategy based on
the CLDN18.2-specific antibody 5C9 for the detection
of Claudinl18.2 antibodies and for guiding the surgery of
Claudin18.2-positive tumors. Furthermore, a fundamen-
tal trial in 2023 [104] demonstrated that Jian Excel Yang
Zheng Tang (JPYZ) had an inhibitory effect on GC growth
and metastasis, which may be due to increased CLDN18.2
expression in GC cells and significant rescue of CLDN18.2
loss-induced GC cell proliferation, suggesting that a larger
number of patients may benefit from the combination ther-
apy of JPYZ and the upcoming CLDN18.2-targeting drug
combination therapy.

Conclusion

Addressing advanced gastric cancer remains a complex
task, as detailed research in targeted therapy and geno-
typing has led to the emergence of targeted therapy as a
novel approach for personalized, all-encompassing cancer
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treatment offering an innovative blend of chemotherapy,
radiotherapy, and immunotherapy. Presently, Claudin18.2
stands out as a prime therapeutic target for gastric cancer,
owing to its specific targeting in tumor tissues and its nota-
bly high expression rate among gastric cancer patients. In
addition, available clinical study data show that mono-
clonal antibodies, bispecific antibodies, antibody-cou-
pled drugs, and CAR-T cellular immunotherapy targeting
Claudin18.2 have demonstrated good efficacy and safety,
in which the CLDN18-ARHGAP fusion gene was identi-
fied in anti-Claudin18.2 antibody drug development and
GS and is expected to become a new therapeutic target.
Moreover, some studies have identified an overlap of
Clauidn18.2 with other biomarkers, providing additional
combination therapy options.

However, the impact of Claudin18.2 on patient prognosis
is still unclear, the testing reagents used in various clinical
studies and the criteria for determining positivity need to be
established as a unified standard; secondly, the differences
in the positive expression rate of Claudinl8.2 in different
ethnic populations need to be further evaluated, thus we are
still faced with a huge uncharted territory to be continually
explored.
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