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Abstract: Claudins (CLDNs) are a multigene family of proteins and the principal components of
tight junctions (TJs), which normally mediate cell–cell adhesion and selectively allow the paracellular
flux of ions and small molecules between cells. Downregulation of claudin proteins increases
the paracellular permeability of nutrients and growth stimuli to malignant cells, which aids the
epithelial transition. Claudin 18.2 (CLDN18.2) was identified as a promising target for the treatment
of advanced gastroesophageal adenocarcinoma (GEAC), with high levels found in almost 30% of
metastatic cases. CLDN18.2 aberrations, enriched in the genomically stable subgroup of GEAC and
the diffuse histological subtype, are ideal candidates for monoclonal antibodies and CAR-T cells.
Zolbetuximab, a highly specific anti-CLDN18.2 monoclonal antibody, demonstrated efficacy in phase
II studies and, more recently, in the phase III SPOTLIGHT trial, with improvements in both PFS
and OS with respect to standard chemotherapy. Anti-CLDN18.2 chimeric antigen receptor (CAR)-T
cells showed a safety profile with a prevalence of hematologic toxicity in early phase clinical trials.
The aim of this review is to present new findings in the treatment of CLDN18.2-positive GEAC,
with a particular focus on the monoclonal antibody zolbetuximab and on the use of engineered
anti-CLDN18.2 CAR-T cells.

Keywords: gastric cancer; claudins; anti-claudin 18.2; esophageal cancer; zolbetuximab; car-T
cells; chemotherapy

1. Introduction

Gastroesophageal cancer (GEAC) is a highly aggressive malignancy that can be resis-
tant to treatment, with a poor prognosis and few effective targeted therapies. Classification
of GEAC includes anatomic location, histology and molecular features according to The
Cancer Genome Atlas (TCGA) classification [1]. At present, the role of molecular pathol-
ogy is challenging, because more information is needed to tailor an adequate treatment,
such as human epidermal growth factor receptor 2 (HER2) status, combined positive
score (CPS)–programmed death ligand 1 (PDL1) expression, and MSI or mismatch repair
(MMR) deficiency.

Treatment involves a multidisciplinary team, taking into consideration histology,
molecular characteristics, tumor stage, patient’s conditions, and the will and expertise
of the center [2]. In stage II/III, perioperative chemotherapy plus surgery or a surgical
approach followed by adjuvant treatment are preferred. In unresectable GEAC, the first-
line therapy includes chemotherapy plus immunotherapy in HER2-negative CPS-PDL1-
positive (≥5) tumors [3] or a combination plus trastuzumab in HER2-positive disease [4]. In
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chemorefractory HER2-positive cancer, randomized trials have demonstrated the efficacy
of the antibody–drug conjugate trastuzumab deruxtecan (T-DXd) [5]. Additionally, in
pretreated patients, new perspectives include the combination of immunotherapy and anti-
angiogenetic drugs, such as lenvatinib plus pembrolizumab in the phase 2 LEAP-005 trial
(NCT03797326) [6]. Despite recent improvements in medical approaches, new molecular
targets are urgently needed [7]. The tight junction protein claudin 18.2 (CLDN18.2) was
identified as a promising target for the treatment of advanced GEAC. In general, claudin
proteins play a fundamental role in the scaffolding for cell–cell adhesion and migration.
However, malignant transformation leads to disruption of tight junctions, which exposes
CLDN18.2 protein on the surface of tumor cells [8]. The TCGA genomically stable (GS)
subgroup is rich in mutations with the fusion of CLDN18–ARHGAP, in addition to the
diffuse histological subtype [1]. High levels of CLDN18.2 are found in almost 30% of
metastatic GEAC, with a higher prevalence in Asian populations (up to 50% of metastatic
GEAC), those of female sex, patients younger than 65 years old, tumors localized in the
gastric body, and HER2- and EBV-negative cancers [9–11].

The aim of this review is to present new findings for the treatment of CLDN18.2-
positive GE cancer, with particular interest in the monoclonal antibody zolbetuximab and
in the use of engineered anti-CLDN18.2 chimeric antigen receptor (CAR)-T cells.

2. Claudin Proteins: Structure and Molecular Pathway

Claudins (CLDNs) are a multigene family that encode tetraspan proteins and represent
principal components of tight junctions (TJs), which normally mediate cell–cell adhesion
and selectively allow the paracellular flux of ions and small molecules between cells [12].
CLDNs consist of four transmembrane domains, including a N-terminus and a C-terminus
in the cytoplasm and two extracellular loops that span the transmembrane domains [13]
(Figure 1).
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Figure 1. Schematic structure of the claudin18.2 protein located in the tight junction of gastric cells.
Claudin18.2 is the target of the monoclonal antibody zolbetuximab and of the CT041 anti-CLDN18.2
CAR-T cell. Extracellular loops: site of interaction for potential therapeutic antibodies. C-term is
the site of phosphorylation and interactions with signaling molecules. Legend: C-term: C-terminal
domain; Extrac: extracellular; N-term: N-terminal domain; ScFv: single-chain fragment variable.

The claudin family is composed of 24 members, and according to sequence analyses,
these proteins are clustered into two separate groups, known as classic CLDNs (1–10, 14,
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15, 17, 19) and non-classic CLDNs (11–13, 16, 18, 20–24), based on their degree of sequence
similarity [14]. CLDNs are found in normal tissues, including gastric, pancreatic, and
lung tissues, following strictly tissue-specific expression patterns [15]. The downregula-
tion of CLDNs increases the paracellular permeability of nutrients and growth stimuli to
malignant cells, which aids the epithelial transition [16]. On the contrary, upregulation
of certain CLDNs has been found to increase permeability to paracellular markers [17].
Such modifications of the function of CLDNs have been associated with carcinogenesis in
the respective tissue [18]. It has been suggested that the loss of claudins and other tight
junction proteins in cancer is a mechanism underlying the loss of cell adhesion and a crucial
step in the progression of the disease toward metastasis [19].

Among the different CLDNs that have been described in the literature so far, CLDN1–5,
CLDN7–12, CLDN16, and CLDN18 are expressed in normal gastric mucosa [20]. Specifi-
cally, isoform 2 of CLDN18.2, which is confined to differentiated and stem gastric epithelial
cells, is able to regulate paracellular permeability to Na+ and H+ ions [21]. Although in
normal tissues, the epitopes of CLDN18.2 within the TJ complex are quite inaccessible, in
tumor tissues, these epitopes can be targeted by monoclonal antibodies (mAb), given the
disturbed cell polarity that occurs during carcinogenesis [8]. A recent study, which assessed
the expression of CLDN18.2 in 481 patients with GEAC, showed that the expression of this
protein was associated with certain clinicopathological features, including mucin pheno-
type, and integrin αvβ5 and lysozyme levels [22]. Moreover, EBV infection in epithelial
cells is mediated by cell-to-cell contact, and the presence of extensive cell junctions prevents
viral clearance by antibodies. Therefore, the magnitude of claudin expression in GEAC is
often associated with EBV infection [21]. By assessing the clinical implications of CLDN18.2
in GEAC patients, Baek et al. revealed a higher expression of this protein in diffuse-type
and HER2-positive GEAC, while no association was found between CLDN18.2 expression
and survival rates [23]. Evidence provided by the FAST and MONO trials [24,25] on the
efficacy of zolbetuximab, a monoclonal antibody against CLDN18.2, in patients with GEAC,
makes this protein a unique biomarker for the development of additional therapies [26].

Apart from CLDN18.2, other proteins of this family have been reported as emerging
prognostic and predictive biomarkers of GEAC. Among the most relevant, CLDN1 may
provide prognostic information, given that its low expression has been associated with
a poor prognosis in stage II colon cancer [27]. Low expression of CLDN3 was found to
be correlated with positive lymphatic invasion, advanced tumor depth, and lower TNM
stage [28], whereas overexpressed CLDN3 was related to lymph node metastasis [29].
Interestingly, high CLDN3 expression was seen in immunologically responsive tumors
and negatively correlated with GC CD8+ T cells [30]. A meta-analysis demonstrated that
CLDN4 expression was associated with an increased pathological tumor (pT) classification,
tumor size, and lymph node metastasis [31]. On the other hand, in patients with GC,
abnormal expression of CLDN6 and CLDN10 has been associated with decreased OS and
immune infiltration, respectively [32,33]. All these findings confirm the potential prognostic
and predictive role of the CLDN protein family, suggesting that further investigations are
warranted, in order to fully unravel the clinical value of these markers.

3. Anti-Claudin 18.2 Treatments
3.1. Anti-Claudin 18.2 Inhibitors

Zolbetuximab (IMAB362) is a chimeric IgG1 monoclonal antibody that binds to CLDN
18.2 on the cell surface and which subsequently induces cancer death through the pro-
cesses of antibody-dependent cellular cytotoxicity and complement-dependent cytotox-
icity. The phase II multicentric MONO study evaluated zolbetuximab monotherapy in
the second- and further-line treatment of patients with GEAC. Included patients had
moderate-to-strong CLDN 18.2 expression in ≥50% or more of the total tumor cells. Pa-
tients were enrolled in two sequential cohorts (cohort 1300 mg/m2; cohort 2600 mg/m2)
and a dose-expansion cohort (cohort 3600 mg/m2). The primary endpoint was the objec-
tive response rate (ORR), while secondary endpoints were clinical benefit (ORR + stable
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disease), progression-free survival (PFS), safety, tolerability, and pharmacokinetic profile.
Treatment was well tolerated and achieved a 9% overall response rate (ORR) in a pop-
ulation of the 43 patients for whom antitumor activity data were available. In patients
with high claudin expression (≥70%), the ORR was 14% [25]. The subsequent phase II ran-
domized FAST trial evaluated zolbetuximab (loading dose, 800 mg/m2 then 600 mg/m2

every three weeks) + EOX (epirubicin, oxaliplatin, capecitabine) chemotherapy versus
EOX alone in the first-line treatment of advanced GEAC patients with moderate-to-strong
CLDN18.2 expression in ≥40% of tumor cells. The primary endpoint was PFS, and the
secondary endpoint was OS. A total of 252 patients were randomized into treatments, with
both progression-free survival (PFS) (median 7.5 versus (vs.) 5.3 months, hazard ratio
(HR) = 0.44; 95% confidence interval (CI), 0.29–0.67; p < 0.0005) and overall survival (OS)
(median 13 vs. 8.3 months, HR = 0.55; 95% CI, 0.39–0.77; p < 0.0005) significantly improved
in the combination arm (zolbetuximab + EOX) compared to the EOX arm. The PFS and OS
benefits were maintained in patients with a high claudin expression of ≥70%, while no OS
advantage was seen in the population with CLDN18.2 expression where 40%–69% of tumor
cells were positive. The ORR was 39% in the experimental arm vs. 25% in the control arm
(p = 0.034) [24]. Therefore, the survival advantage seen in this study was primarily driven
by the population with a CLDN 18.2 expression of ≥70% of tumor cells. Interestingly,
the control arm of this study (EOX chemotherapy) performed poorly in comparison with
previous studies (median survival of 8.3 months in the FAST versus 11.2 months and
11.3 months in the REAL-2 and REAL-3 studies, respectively). This might be explained by
CLDN18.2 aberrations being most frequently associated with a genetically stable subgroup
of cancers and diffuse histology, with a poorer prognosis. Moreover, the lack of further
treatments after the first-line treatment (60% of patients) could be an additional explanation
for the poorer outcome of the EOX comparator arm with respect to a previous trial [34]. On
the whole, although CLDN18.2 expression retains a predictive role for response to therapy,
its prognostic impact is not clear yet [24]. Indeed, while study results suggested that a
reduction of expression of CLDN 18 may be an independent indicator of poor prognosis in
patients with GC [35], the same was not true for esophageal cancer [36].

The ongoing multicohort ILUSTRO phase II trial aims to evaluate the antitumor
activity and safety/tolerability of zolbetuximab as a monotherapy, in combination with
modified FOLFOX6 (with or without nivolumab) and in combination with pembrolizumab
in an unblinded fashion. Cohort 2 in this trial includes previously untreated GEAC patients
with high CLDN18.2 expression (≥75% of tumor cells demonstrating moderate-to-strong
membranous staining with central IHC testing) and receiving zolbetuximab + mFOLFOX6.
With 21 patients enrolled and 19 evaluable for the primary endpoint of response, the ORR
was 63.2 (95% CI: 38.4–83.7), the median PFS was 13.7 months (95% CI: 7.4—not estimable),
and the 12-month PFS rate was 58%. Two multicenter phase III trials, the SPOTLIGHT and
GLOW trials, have concluded enrollment [37]. This phase III double-blind randomized
SPOTLIGHT trial compared zolbetuximab plus mFOLFOX6 chemotherapy (mFOLFOX6)
with a placebo plus mFOLFOX6 in unresectable or metastatic CLDN18.2-positive (moderate-
to-strong membrane staining in ≥75% tumor cells by IHC) and HER-2 negative GEAC.
Patients were randomized 1:1 to zolbetuximab 800 mg/m2 cycle 1 day 1, followed by 600
mg/m2 cycle 1 day 22 and every 3 weeks in later cycles + mFOLFOX6 (days 1, 15, 29) for
four 42-day cycles vs. placebo + mFOLFOX6; patients without progression (PD) continued
for >4 cycles with zolbetuximab or placebo, + folinic acid and 5 FU at investigator’s
discretion, until PD or discontinuation criteria were met. The primary endpoint was PFS,
and secondary endpoints included OS, ORR, and safety. Among the 565 randomized
patients, the mFOLFOX6 + zolbetuximab arm showed a significantly longer PFS (median
10.6 vs. 8.7 months, HR 0.75, 95% CI 0.589–0.942, p = 0.0066) and OS (median 18.2 vs.
15.5 months, HR 0.75, 95% CI 0.601–0.936, p = 0.0053) compared to the control arm, while
the ORR was similar between the treatment arms (60.7 vs. 62.1%). Subgroup analyses
showed that patients treated with zolbetuximab + mFOLFOX6 had significantly longer
PFS and OS for both the diffuse and intestinal Lauren subtypes with respect to the control
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arm. Differently, patients with mixed and other subtypes gained no advantage from the
experimental treatment, in terms of survival outcomes [38]. Conversely, the phase III
randomized GLOW trial enrolled 500 patients globally using capecitabine and oxaliplatin
(CAPOX) as the chemotherapy partner and comparator. Positivity to CLDN18.2 was
assessed, similarly to the SPOTLIGHT trial [39]. Recently, Astellas Pharma Inc. announced
positive results for the trial, with statistically significant improvements in both median PFS
and OS produced by zolbetuximab + CAPOX. Detailed results will be presented at a future
scientific congress and submitted for publication.

On the whole, treatment with zolbetuximab has shown a good tolerability profile in
association with chemotherapy. In the phase II MONO and FAST trials, use of zolbetux-
imab was associated with increased nausea and vomiting with respect to the standard
therapy [24,25,40]. In particular, any grade nausea was reported in 61–82% of cases, while
vomiting was reported in 50–67.5% of cases [24,25]. Other common reported toxicities
were anemia, neutropenia, weight loss, and fatigue [24,25]. In the phase III SPOTLIGHT
trial, the most common adverse events reported with zolbetuximab + mFOLFOX6 were
nausea (82%), vomiting (67%), and decreased appetite (47%), while the incidence of serious
adverse events was similar between both arms (45% vs. 43%) [38]. Table 1 summarizes the
available phase II and III trials with the anti-CLDN18.2 monoclonal antibody zolbetuximab
in GEAC.

Table 1. Phase II and III clinical trials with the anti-CLDN18.2 monoclonal antibody zolbetuximab
in GEAC.

Study Name NCT
Number Phase Number of

Patients Design OS PFS ORR

ILUSTRO
cohort 2 [37] NCT03505320 II 19 zolbetuximab + mFOLFOX6 - 13.7 mo

12 mo PFS 58% 63.2%

MONO [25] NCT01197885 IIa 54 zolbetuximab monotherapy,
multiple doses - - 23% clinical

benefit rate

FAST [24] NCT01630083 Iib 246 EOX vs. EOX +
zolbetuximab 8.3 mo vs. 13 5.3 mo vs. 7.5 25% vs. 39%

SPOTLIGHT [38] NCT03504397 III 566
Double-blind randomized

mFOLFOX6 vs. mFOLFOX6
+ zolbetuximab

15.5 mo vs. 18.2 8.7 mo vs. 10.6 62.1% vs. 60.7%

Legend: DCR: disease control rate; EOX: epirubicin, oxaliplatin, capecitabine; mo: months; mFOLFOX6: modi-
fied 5-fluorouracil, oxaliplatin, leucovorin; ORR: overall response rate; OS: overall survival; PFS: progression-
free survival.

3.2. CLDN18.2 CAR T-Cell Therapy

One of the most promising treatments in the immunotherapy landscape is the use of
chimeric antigen receptor (CAR)-T cells [41]. This innovative technology allows autologous
T-lymphocytes to be isolated from the patient’s bloodstream and modified with the use of
viral vectors that enable the introduction of the CAR. This process gives T-lymphocytes the
ability to recognize specific tumor-associated antigens. Moreover, costimulatory molecules,
such as CD28 and CD137, can be incorporated to increase the functional activation and
in vivo survival.

CT041 is a molecule composed of engineered autologous T cells that express the
CLDN18.2-specific CAR. CT041 was the first CLDN18.2-CAR-T cell to demonstrate promis-
ing preclinical tumor regression in mice bearing a GEAC cell line and in patient-derived
tumor xenograft (PDX) models [42]. The first in-human phase I pilot study demonstrated
the safety profile of CT041 in seven advanced pretreated GEAC patients [43]. Recently, the
interim results of a phase I clinical trial confirmed the acceptable safety profile of CT041 in
37 patients with heavily pretreated gastrointestinal cancers [44]. The most common adverse
event was the expected transient hematologic toxicity (grade 3 or higher in all patients),
which was mainly related to the preconditioning regimen with fludarabine, cyclophos-
phamide, and nab-paclitaxel. Grade 1 or 2 cytokine release syndrome (CRS) was observed
in 94.6% of patients. In this study there was no evidence of grade 3 or higher, dose-limiting
toxicities, or treatment-related deaths. ORR, DCR, and OS outcomes were reported in an
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exploratory manner in the overall population and in GC patients. In the 28/37 patients
affected by GEAC, the ORR and disease control rate (DCR) reached 57.1% and 75.0%,
respectively, and the 6-month OS rate was 81.2%. Among these patients, 42.9% presented
signet-ring cell carcinoma, 57.1% Lauren diffused/mixed type and 67.9% peritoneal metas-
tasis on baseline CT imaging, which are well-known poor prognostic characteristics.

Recently, safety and efficacy data were presented regarding 14 patients with GEAC
and treated with CT041 in a phase Ib/II trial [45]. In the phase Ib part of the study, no
dose-limiting toxicities and treatment-related deaths were observed. Hematologic toxicity
was the most common grade 3 or higher adverse event, while CRS were mostly of grade
1 or 2, and only one patient experienced a grade 4 injury and then fully recovered. The
exploratory efficacy outcomes showed 57.1% partial responses (PR, 8/14 patients), a mPFS
of 5.6 months (95%CI 1.9–7.4), and a mOS of 10.8 months (95% CI 5.1–not estimable [NE]).
The same safety profile was confirmed in a phase Ib clinical trial in a western population
of 11 patients with gastric and pancreatic adenocarcinomas [46]. Despite the obvious
limitations related to the small number of patients included, in those who reached the
time for assessment, the ORR was 100% (3/3) in the gastric subgroup, including one
complete response.

Despite these promising reports, the use of CAR-T cell therapy has some limits. First of
all, compared to standard chemo-immunotherapy, it requires a long production process and
is more expensive. Second, the effectiveness of CAR-T cell treatment can be compromised by
the heterogeneity of tumor antigens and by problems due to the proliferation and stability
of the T-cells inside the tumor [47,48]. Furthermore, a hostile tumor microenvironment
(TME) with overexpression of inhibitory receptors and the presence of immunosuppressive
cells (tumor-associated macrophages, myeloid-derived suppressor cells, and T-regulatory
cells) can lead to tumor immune escape.

Currently, many preclinical and clinical trials with CLDN18.2 CAR-T cells are ongoing
in CLDN18.2-positive GEAC. A preclinical study using KD-496, a tandem CAR molecule
targeting the two tumor-associated antigens NKG2DL and CLDN18.2 was conducted in
mice [49]. KD-496 CAR-T cells showed a strong response to gastric cancer in PDX models,
with no obvious safety issues. Several early phase clinical trials with specific CLDN18.2
CAR-T cells (NCT03874897, NCT04404595, NCT04966143, and NCT04467853) are ongoing,
and these results are expected to significantly modify clinical practice and improve GEAC
patient outcomes.

4. Conclusions

GEAC remains the second highest cause of cancer-related mortality worldwide, and
cytotoxic chemotherapy remains the milestone treatment in a first-line setting for advanced
disease. However, during recent years, the therapeutic scenario has been modified by the
introduction of specific biomarker-targeted agents in HER2- and PDL1-positive GEAC.
However, to date, targeted therapy combined with chemotherapy has prolonged survival
in a limited number of patients. In fact, only 15–20% of GEAC patients may benefit from
trastuzumab, and only patients with PDL-1 CPS ≥ 5 benefit from nivolumab. However,
the increase in treatment costs with the addition of zolbetuximab is counterbalanced by a
higher number of treatable patients (roughly 30% of metastatic GEAC).

CLDN18.2 aberrations, which are enriched in the genomically stable subgroup and
diffuse histological subtype of GEAC, are ideal candidates for targeted drugs such as
monoclonal antibodies and CAR-T cells. Zolbetuximab, a monoclonal antibody that is
highly specific for CLDN18.2, demonstrated its efficacy in phase II studies and, more
recently, in the phase III SPOTLIGHT trial [38], with an improvement of both PFS and
OS with respect to the standard treatment. Anti-CLDN18.2 CAR-T cells showed a safety
profile in early phase clinical trials with a prevalence of hematologic toxicity, mainly related
to the preconditioning regimen [45]. Despite the limited number of patients enrolled,
promising outcome effects were reported in GEAC patients, which need to be confirmed in
later-phase trials.
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Nevertheless, there are some aspects that we should underline. First, CLDN18.2
expression varies among different ethnicities, with a higher expression in Asian patients
(up to 50% in Japanese GEAC) and a lower expression in Caucasian patients (17–20%).
Moreover, CLDN18.2′s expression can show intratumor heterogeneity, with different values
of positivity for primary disease, nodal, and distant metastases [11]. Moreover, recent
reports of the survival benefit with upfront anti-PD1 immunotherapies plus chemotherapy
make it difficult for the clinician to choose the right first-line therapy, especially in PDL1-
and CLDN18.2-positive disease. Third, CAR-T cell treatment is not immediately feasible in
routine clinical practice, because of its cost and the long production process.

In conclusion, the therapeutic landscape of advanced GEAC is changing, in order to
offer a tailored strategy to each patient. These recent evidences allow a better chance of
survival in CLDN18.2-positive GEAC patients, providing them new treatment options and
increased hope of being cured.
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