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Abstract
Purpose  Gastric cancer (GC), one of the most prevalent and deadliest tumors worldwide, is often diagnosed at an advanced 
stage with limited treatment options and poor prognosis. The development of a CLDN18.2-targeted radioimmunotherapy 
probe is a potential treatment option for GC.
Methods  The CLDN18.2 antibody TST001 (provided by Transcenta) was conjugated with DOTA and radiolabeled with 
the radioactive nuclide 177Lu. The specificity and targeting ability were evaluated by cell uptake, imaging and biodistribu-
tion experiments. In BGC823CLDN18.2/AGSCLDN18.2 mouse models, the efficacy of [177Lu]Lu-TST001 against CLDN18.2-
expressing tumors was demonstrated, and toxicity was evaluated by H&E staining and blood sample testing.
Results  [177Lu]Lu-TST001 was labeled with an 99.17%±0.32 radiochemical purity, an 18.50 ± 1.27 MBq/nmol specific 
activity and a stability of ≥ 94% after 7 days. It exhibited specific and high tumor uptake in CLDN18.2-positive xenografts of 
GC mouse models. Survival studies in BGC823CLDN18.2 and AGSCLDN18.2 tumor-bearing mouse models indicated that a low 
dose of 5.55 MBq and a high dose of 11.10 MBq [177Lu]Lu-TST001 significantly inhibited tumor growth compared to the 
saline control group, with the 11.1 MBq group showing better therapeutic efficacy. Histological staining with hematoxylin 
and eosin (H&E) and Ki67 immunohistochemistry of residual tissues confirmed tumor tissue destruction and reduced tumor 
cell proliferation following treatment. H&E showed that there was no significant short-term toxicity observed in the heart, 
spleen, stomach or other important organs when treated with a high dose of [177Lu]Lu-TST001, and no apparent hematotox-
icity or liver toxicity was observed.
Conclusion  In preclinical studies, [177Lu]Lu-TST001 demonstrated significant antitumor efficacy with acceptable toxicity. It 
exhibits strong potential for clinical translation, providing a new promising treatment option for CLDN18.2-overexpressing 
tumors, including GC.
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Introduction

GC is a tumor that exhibits moderate sensitivity to radiation 
[1]. Radiation therapy is widely used in cancer treatment 
to induce DNA damage in actively proliferating malignant 
cells. Additionally, radiation exposure can increase anti-
gen exposure, enhance antigen presentation, and assist in 
reshaping the immune microenvironment and improving the 
efficacy of immunotherapy [2, 3]. However, the poor tol-
erance of surrounding organs to external radiation therapy 
complicates the delivery of radiation [4]. Moreover, com-
pared to localized GC, advanced metastatic GC often can-
not be cured by chemotherapy or external radiation alone. 
In such cases, targeted radioimmunotherapy (RIT) provides 
an opportunity to deliver radiation selectively to disease 
sites in patients with metastases, regardless of disease stage, 
offering a potential clinical treatment strategy for advanced 
tumor patients. This has been validated by the approval of 
[177Lu]Lu-PSMA-617 (Novartis, Switzerland) by the FDA 
for treating prostate cancer [5]. 177Lu is a therapeutic radio-
active isotope that emits β-rays, possessing strong tissue 
penetration and cytotoxicity [6]. When labeling substances 
such as monoclonal antibodies that specifically target 
tumor-expressed molecules, 177Lu can be used to deliver tar-
geted radiation therapy to systemic lesions in patients with 
tumors such as GC, serving as a powerful tool for prevent-
ing and treating systemic micrometastases. Additionally, 
when properly dosed, this targeted radiation can minimize 
radiation exposure to healthy tissues, which is an ability not 
possessed by traditional external radiation therapy [6, 7].

Claudin-18.2 (CLDN18.2) is a member of the human 
claudin family that plays a crucial role in tight junction 
structure [8]. It has been reported that over 50% of GC 
patients express CLDN18.2, with expression rates reach-
ing up to 80% in some populations, and its expression 
can be observed in both primary and metastatic lesions [9, 
10]. Given its highly specific expression in tumors and its 
greater than 50% expression rate in GC patients, CLDN18.2 
a potential target for effective antitumor drug therapy.

In clinical trials, anti-CLDN18.2 antibodies have demon-
strated certain antitumor effects in patients with advanced 
gastric adenocarcinoma [11–13]. Zolbetuximab (IMAB362) 
is the first antibody targeting CLDN18.2, and when used in 
combination with first-line chemotherapy, it has promoted 
longer progression-free survival (PFS) and overall survival 
(OS) [13, 14].

TST001 is a subsequently developed novel anti-
CLDN18.2 monoclonal antibody. Compared to IMAB362, 
TST001 has higher affinity, stronger FcgRIIIa binding 
capacity, increased antibody-dependent cell-mediated cyto-
toxicity (ADCC) and antibody-dependent cellular phago-
cytosis (ADCP) activity, and greater antitumor activity due 

to reduced fucosylation [15]. In a phase I clinical study 
(NCT04396821), TST001 in combination with chemother-
apy achieved a median PFS of 9.5 months and a median 
duration of response of 9.9 months in patients with 1st -line 
advanced gastric and gastroesophageal junction cancer 
(GC/GEJ).

Recently, clinical trials have demonstrated that targeted 
RIT can inhibit tumor growth [16, 17] and, in some cases, 
even eradicate certain types of cancer [18–20]. In terms of 
safety, RIT agents, including those labeled with 177Lu, have 
shown good toxicity control in human patients [21, 22]. 
From a technical perspective, the TST001 antibody exhibits 
high tumor uptake and prolonged retention time [23, 24], 
fulfilling the needed characteristics of a radionuclide ther-
apy probe; additionally, its retention time matches well with 
the half-life of 177Lu (6–7 day), making DOTA-TST001 a 
suitable precursor for RIT probe construction.

In previous studies conducted in our laboratory, we 
constructed high-resolution positron emission computed 
tomography (PET) probes that allow comprehensive, real-
time, and noninvasive monitoring of CLDN18.2 in vivo. 
The development of therapeutic radionuclide-labeled RIT 
probes can be synergistic with these diagnostic probes, 
achieving an integrated approach to the diagnosis and treat-
ment of CLDN18.2-overexpressing tumors, thus providing 
a more precise and efficient method for combating cancer.

The aim of this study was to construct a CLDN18.2-
targeted [177Lu]Lu-labeled RIT probe, namely, 
[177Lu]Lu-TST001, and evaluate its preclinical antitumor 
efficacy and safety. In this manuscript, we report significant 
therapeutic effects and acceptable short-term toxicity of 
[177Lu]Lu-TST001 in a GC xenograft mouse model, provid-
ing a new treatment approach for CLDN18.2-overexpress-
ing tumors, including GC.

Methods

For detailed information on the supplementary methods, 
please refer to the Supplementary Materials 2.

Radiolabeling of [177Lu]Lu-TST001

TST001 was first conjugated with NHS-DOTA (CAS: 
170908-81-3), and then DOTA-TST001 was radiolabeled 
with 177Lu at pH 5.0 and temperature 37 ° C to achieve 
radioactive labeling of TST001. The labeling buffer was 
HCl + NaAc buffer. Please refer to the Supplementary Mate-
rials for more details.
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Experiments in xenograft mouse models

To explore the short-term efficacy of the [177Lu]Lu-TST001 
probe, the constructed BGC823CLDN18.2 or AGSCLDN18.2 
subcutaneous xenograft mice were randomly divided into 
three groups (n = 6–8 per group). Each group of mice 
received a tail vein injection of 50 µL containing 5.55 MBq 
[177Lu]Lu-TST001, 11.1 MBq [177Lu]Lu-TST001, or 0.9% 
saline solution. The body weight and tumor size of the mice 
were monitored before the injection and once a day after the 
injection. After 15–16 days, the mice were euthanized, and 
the residual tumor tissue from the treatment group and some 
normal organs were collected for further studies. In addi-
tion, the control experiment of the unlabeled TST001 anti-
body therapy group was performed using the AGSCLDN18.2 
xenograft mouse model, which was compared with the 0.9% 
saline control group. These two groups have six mice in 
each group, and the amount of unlabeled TST001 antibody 
injected into each mouse remains the same as the amount 
of antibody injected into the maximum dose probe group 
(11.1MBq group, 90 µg TST001 antibody per mouse).

Toxicity experiment

Mice were monitored daily for toxic reactions such as leth-
argy, reduced appetite, and skin ecchymosis. In the experi-
ments, tumor-bearing mice were weighed every other day 
to observe whether there was significant weight loss. In 
subsequent toxicity experiments, male and female nor-
mal BALB/c nude mice (8–10 per sex) were divided into 

two groups: one receiving the maximum therapeutic dose 
(11.1 MBq) and the other receiving saline injection. Blood 
samples were collected for hematological analysis and liver 
function testing. Please refer to the Supplementary Materi-
als for more details.

Statistical analysis

All data were analyzed using a two-tailed t test, and a p 
value less than 0.05 was considered statistically significant. 
GraphPad Prism 8 was used for data analysis. The results of 
repeated experiments are presented as the mean ± standard 
deviation unless otherwise stated.

Results

Labeling and validation of [177Lu]Lu-TST001

To develop and evaluate a radiolabeled immunothera-
peutic probe targeting the CLDN18.2 protein, the unla-
beled CLDN18.2-targeted monoclonal antibody TST001 
was used, DOTA was used as a bioconjugate and chelat-
ing agent, and TST001 was labeled with 177Lu (Fig. 1A). 
Through multiple labeling experiments, the specific activ-
ity of the labeled product was approximately 18.50 ± 1.27 
MBq/nmol, with a radiochemical purity of 99.17%±0.32 
(n = 4) and a productivity rate of 51.50%±3.6 (n = 4), indi-
cating high specific activity and radiochemical purity of 
the labeled product. The probe product exhibited ≥ 94% 

Fig. 1  Radiolabeling, cell uptake assay and saturation binding experi-
ment. (A) Flow chart of the radiolabeling of [177Lu]Lu-TST001. (B) 
Cell uptake assay of [177Lu]Lu-TST001 in BGC823CLDN18.2/BGC823 

and AGSCLDN18.2/AGS cells. (C) Cell saturation binding experiment 
and Kd calculation of [177Lu]Lu-TST001
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radiolabeled conjugate to CLDN18.2 protein. The trans-
fected cell lines were confirmed to have higher CLDN18.2 
expression than the nontransfected cell lines through flow 
cytometric analysis (Supplemental Fig.  2). CLDN18.2 
expression in xenograft tumors formed by subcutaneous 
injection of cells in BALB/c nude mice was further con-
firmed by IHC staining (Fig. 2E, Supplemental Fig. 3).

The cell uptake experiment demonstrated that CLDN18.2-
positive cell lines exhibited significantly higher uptake of 
the radiolabeled probe [177Lu]Lu-TST001 compared to the 

stability after incubation at room temperature in PBS and 
5% HSA for 7 days (Supplemental Fig. 1).

Specific binding of [177Lu]Lu-TST001 to CLDN18.2

CLDN18.2-transfected BGC823 and AGS GC cell lines were 
used as positive cell lines (BGC823CLDN18.2, AGSCLDN18.2), 
and nontransfected BGC823 and AGS GC cell lines were 
used as negative controls for cell uptake experiments (cell 
binding assays) to validate the immunoreactivity of the 

Fig. 2  SPECT imaging, ROI 
analysis and histological 
verification. (A) Imaging of 
[177Lu]Lu-TST001 probe in 
BGC823CLDN18.2/AGSCLDN18.2 
xenograft mouse models. (B) ROI 
analysis of the SPECT imaging 
of BGC823CLDN18.2/AGSCLDN18.2 
models. (C) Imaging com-
pares of xenograft between 
BGC823CLDN18.2 mouse model 
and its negative/block group, 
and the compare between 
AGSCLDN18.2 mouse model and 
its block group. (D) Radioactive 
uptake compares of tumor or 
spleen between positive/nega-
tive/block groups in BGC823 
and AGS xenograft models. 
(E) CLDN18.2 IHC staining 
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nontumor (T/NT) ratio was also calculated (Supplemen-
tal Fig. 5), which represents the ratio of radioactive probe 
accumulation in the tumor versus nontumor organs. As 
shown in Supplemental Fig. 5, the T/NT values of all organs 
increased significantly with time (T/muscle and T/bone first 
increased and then decreased), indicating that the difference 
in the distribution of the [177Lu]Lu-TST001 probe between 
tumors and other nonspecific organs became increasingly 
obvious with time. The tumor uptake in BGC823 tumor-
bearing mice without CLDN18.2 expression and in the 
block-positive model (coinjected with excess unlabeled 
TST001) decreased to 6.12 and 5.48%ID/g at 48 h, respec-
tively, which was significantly lower than that in the non-
blocked CLDN18.2-positive tumors (Fig.  3B), indicating 
that the probe’s high tumor uptake was specific. The bio-
distribution pattern of the probe in organs in the negative 
and block groups of mice was similar to that in the positive 
mice, except for reduced spleen uptake in the block group 
mice (Fig. 3B).

Based on the biodistribution results in mice, dosimetry 
calculations for human organ radiation were performed, as 
shown in Table 1. The highest dose was in the heart wall 
(2.680 mSv/MBq), followed by the spleen (0.583 mSv/
MBq) and the liver (0.534 mSv/MBq). Assuming 35 MBq 
of [177Lu]Lu-TST001 was injected into a human body, the 
effective radiation dose was less than 4.9 mSv, which is 
acceptable in routine clinical nuclear medicine practice.

The results from pharmacokinetic experiments in normal 
KM mice showed that [177Lu]Lu-TST001 exhibited favor-
able pharmacokinetics with a relatively long half-life. The 
value of the slow half-life was 22.39 h, and the value of the 
fast half-life was 0.4512 h (Supplemental Fig. 6).

[177Lu]Lu-TST001 demonstrates compelling 
therapeutic efficacy in GC mouse models

Based on the biodistribution and radiation dosimetry esti-
mation results, doses of 5.55 MBq (5.55 MBq) and 11.10 
MBq (11.1 MBq) were selected for the administration of 
the RIT probe [177Lu]Lu-TST001 in the animal efficacy 
study. To evaluate the therapeutic potential of this probe, the 
BGC823CLDN18.2 mouse models carrying CLDN18.2-posi-
tive xenografts were divided into three groups (n = 6), which 
were treated with 5.55 MBq or 11.1 MBq [177Lu]Lu-TST001 
and an equal volume of saline solution as a control (100 µL 
via tail vein injection). In the 5.55 MBq/11.1 MBq treatment 
groups and the control group, tumor volume and mouse 
body weight were continuously monitored for 16–17 days. 
Tumor volume curves were plotted, and significant tumor 
growth inhibition was observed in the treatment groups 
compared to the control group (Fig.  4A, ***: p < 0.001). 
For the two treatment doses, the 11.1 MBq group appeared 

negative cell lines, and this uptake could be blocked by 
excess unlabeled TST001 (at 60  min) (Fig.  1B). The dif-
ference between BGC823CLDN18.2 and BGC823 cells was 
approximately 4.26-fold, and that between AGSCLDN18.2 and 
AGS cells reached 4.94-fold, indicating the specific binding 
of the probe to the target protein.

Furthermore, using a gradient density plate of 
BGC823CLDN18.2 cells, the binding constant (Kd = 12.87 
nM) was obtained (Fig.  1C), reflecting a strong binding 
capability between the probe and the cellular CLDN18.2 
protein.

[177Lu]Lu-TST001 exhibits favorable imaging efficacy 
and biodistribution in GC mouse models

In vivo models were constructed using the same cell lines 
in BALB/c nude mice. Histological staining of tumor tis-
sues derived from BGC823CLDN18.2 and AGSCLDN18.2 cell 
lines showed extensive and homogeneous expression of 
CLDN18.2, while tumors formed by nontransfected BGC823 
cells exhibited low CLDN18.2 expression (Fig. 2E, Supple-
mental Fig. 3). In BGC823CLDN18.2, BGC823, AGSCLDN18.2, 
and AGS subcutaneous xenograft models, small-animal 
SPECT live imaging experiments were performed using 
the [177Lu]Lu-TST001 probe (n = 3). Ex vivo biodistribu-
tion experiments were conducted in BGC823CLDN18.2 and 
BGC823 models to assess the in vivo CLDN18.2 levels 
(n = 4).

After intravenous injection of approximately 7.4 MBq 
(200 µCi, 60  µg) [177Lu]Lu-TST001, SPECT imaging of 
the mice was performed. The imaging indicated high tumor 
uptake in the positive models and low tumor uptake in the 
negative models (Fig. 2A, C), while other nontarget organs 
showed relatively low uptake, except for slightly higher 
uptake in the spleen. IHC confirmed that CLDN18.2 was 
not expressed in the spleen (Supplemental Fig.  4). In the 
BGC823CLDN18.2 model, tumor uptake reached its highest 
point at 72 h (15.98%ID/cc), and in the AGSCLDN18.2 model, 
it also peaked at 72 h (14.29%ID/cc, Fig. 2B). In the block 
group coinjected with excess unlabeled TST001, the uptake 
of the two CLDN18.2-positive tumors could be blocked, 
confirming the specificity of tumor uptake of the probe 
(Fig. 2C, D).

The ex vivo biodistribution experiments validated the 
results of the imaging experiments. In BGC823CLDN18.2 
tumor-bearing mice with CLDN18.2 positivity, the 
[177Lu]Lu-TST001 probe exhibited high tumor uptake, 
which increased over time, reaching its peak (16.57%ID/g) 
at 48 h postinjection (Fig. 3A). The uptake in other organs 
decreased with time, and the radioactivity concentration 
was highest in the blood and spleen, reaching a maximum of 
25.55 and 26.03%ID/g, respectively (Fig. 3A). The tumor/

1 3



European Journal of Nuclear Medicine and Molecular Imaging

Fig. 4  The therapeutic efficacy of [177Lu]Lu-TST001 in GC 
mouse models. (A) The treatment curves of [177Lu]Lu-TST001 in 
BGC823CLDN18.2/AGSCLDN18.2 models. (B) Tumor volume compare 
between each treatment group of BGC823CLDN18.2/AGSCLDN18.2 

models. (C) Tumor H&E and Ki67 IHC staining compare between 
each treatment group. (H&E bar = 50 μm; IHC bar = 100 μm; ***: 
p < 0.001)

 

Fig. 3  Biodistribution experi-
ments. (A) Biodistribution 
of [177Lu]Lu-TST001 in a 
BGC823CLDN18.2 mouse model 
over time. (B) Comparison of the 
biodistribution between positive, 
negative and block groups of 
BGC823CLDN18.2 model at 48 h 
after injection
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model. The results showed that the tumors in the saline con-
trol group of the AGSCLDN18.2 model also progressed rapidly 
(Fig.  4A). The treatment groups exhibited similar out-
comes to the BGC823CLDN18.2 model: the 11.1 MBq group 
appeared to have better efficacy than the 5.55 MBq group, 
and the tumor volume measurements on the last day of treat-
ment indicated that the average tumor volume in the 5.55 
MBq group was significantly smaller than that in the control 
group, while the average tumor volume in the 11.1 MBq 
group was significantly smaller than that in both the 5.55 
MBq group and the control group (Fig. 4B). Furthermore, 
the efficacy in the AGSCLDN18.2 model seemed to be superior 
to that in the BGC823CLDN18.2 model, as the AGSCLDN18.2 
treatment group not only exhibited an obviously controlled 
tumor growth curve but also some individual mice showed 
tumor volumes approaching a near complete response (CR) 
level (Fig. 4A, B).

In conclusion, [177Lu]Lu-TST001 RIT demonstrates 
profound and persistent antitumor responses in CLDN18.2-
positive GC mouse models, achieving impressive antitumor 
effects even in the low-dose groups.

Tumor histopathology confirms histological 
changes induced by the treatment

On the last day of the therapeutic experiment, after eutha-
nizing the mice, the residual tumor tissue at the implantation 
site was resected and processed. The tissue samples were 
paraffin-embedded, sliced, and subjected to H&E staining 
as well as IHC staining for CLDN18.2 and Ki67. H&E 
staining results revealed that both the BGC823CLDN18.2 and 
AGSCLDN18.2 models in the saline control group exhibited 
classic tumor tissue structure, while the tumors in the 5.55 
MBq and 11.1 MBq treatment groups showed increasingly 
severe tissue destruction (Fig. 4C). Additionally, the expres-
sion of Ki67 in the saline control, 5.55 MBq, and 11.1 MBq 
groups displayed a progressively decreasing pattern, pro-
portional to the degree of tissue damage, indicating a reduc-
tion in tumor proliferation activity (Fig. 4C, Supplemental 
Figs.  8, 9). The CLDN18.2 IHC staining results showed 
that, after 11.1 MBq [177Lu]Lu-TST001 probe treatment, 
both models showed a decrease in CLDN18.2 expression 
of tumor, indicating a decrease in CLDN18.2 antigen levels 
in tumor tissue after RIT in our experiment (Supplemental 
Fig. 10).

[177Lu]Lu-TST001 treatment shows no significant 
short-term toxicity

To assess the toxicity of the probe, 11.1 MBq 
[177Lu]Lu-TST001 or saline solution was administered via 
tail vein injection to female or male BALB/c nude mice 

to have better efficacy than the 5.55 MBq group, suggest-
ing a dose-dependent treatment effect. At the end of the 
16–17-day observation period, the mice were euthanized, 
and the BGC823CLDN18.2 tumors were resected and mea-
sured for volume. The tumor volume in the 5.55 MBq group 
was significantly smaller than that in the control group, and 
the tumor volume in the 11.1 MBq group was significantly 
smaller than that in both the 5.55 MBq group and the con-
trol group (Fig. 4B). When using TST001 antibodies of the 
same amount as the 11.1 MBq probe therapy group for treat-
ment, there was no significant difference in tumor volume 
between the non-radiolabeled TST001 group and the saline 
group during the treatment (Supplemental Fig.  7). Taken 
together, [177Lu]Lu-TST001 exhibited impressive short-
term therapeutic efficacy in GC mouse models.

Given the impressive therapeutic efficacy achieved by 
[177Lu]Lu-TST001 in the BGC823CLDN18.2 model, to vali-
date the broad applicability of this RIT probe, a treatment 
experiment was conducted in another GC cell line model, 
the AGSCLDN18.2 subcutaneous xenograft model. Since the 
imaging experiments yielded similar results in both mod-
els, the treatment experiment in the AGSCLDN18.2 model fol-
lowed the same grouping scheme as the BGC823CLDN18.2 

Table 1  Human organ absorbed radiation dosimetry estimation of 
[177Lu]Lu-TST001
Target Organ Absorbed dose 

(mSv/MBq)
Adrenals 8.21E-02
Brain 6.88E-02
Breasts 7.36E-02
Gallbladder Wall 8.26E-02
LLI Wall 7.18E-02
Small Intestine 3.18E-01
Stomach Wall 1.48E-01
ULI Wall 7.60E-02
Heart Wall 2.68E + 00
Kidneys 2.77E-01
Liver 5.34E-01
Lungs 2.86E-01
Muscle 3.54E-02
Ovaries 7.32E-02
Pancreas 8.34E-02
Red Marrow 5.82E-02
Osteogenic Cells 2.20E-01
Skin 6.63E-02
Spleen 5.83E-01
Testes 6.74E-02
Thymus 9.24E-02
Thyroid 6.98E-02
Urinary Bladder Wall 7.04E-02
Uterus 7.32E-02
Total Body 1.15E-01
Effective Dose (mSv/MBq) 1.40E-01
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saline control group at different time points, and the values 
remained within the normal range for both female and male 
mice (Fig. 5). Liver function tests conducted on the 13th day 
after probe injection revealed no significant changes in ALT 
and TBIL compared to the saline control group, with only 
a mild increase in AST (more pronounced in female mice, 
Fig.  5). Furthermore, mice in each group were weighed 
every other day until the last day, and none of the groups 
showed significant weight loss (Supplemental Fig. 11).

After euthanizing the mice on the last day of treatment, 
selected organs were resected from both the 11.1 MBq 
[177Lu]Lu-TST001 group and the saline control group for 

(n = 4 per group per sex). After injection, the mice did not 
exhibit significant toxic reactions, such as drowsiness, loss 
of appetite, or skin ecchymosis, in either group. Complete 
blood count analyses within 13 days after injection and 
liver function on the 13th day were examined and com-
pared between the two groups. The results showed mild 
hepatotoxicity but no significant heme toxicity associated 
with [177Lu]Lu-TST001 (Fig. 5) in the short term. Complete 
blood count analyses conducted every other day indicated 
no significant differences in white blood cells (WBCs), 
red blood cells (RBCs), and platelets (PLTs) between the 
11.1 MBq [177Lu]Lu-TST001 injection group and the 

Fig. 5  Toxicity experiments results. The complete blood count analy-
ses and liver function tests of male or female balb/c nude mice treated 
with 11.1 MBq [177Lu]Lu-TST001 or saline. The grey box represents 
the mean ± SD of the values collected from the entire cohort of toxicity 

experiment mouse queue on the day before treatment. The grey dotted 
line represents the normal range for female or male balb/c mice. (*: 
p < 0.05, ***: p < 0.001)

 

1 3



European Journal of Nuclear Medicine and Molecular Imaging

retention in the spleen. A similar phenomenon also occurred 
in a previous study by our laboratory on the construction 
of the imaging probe Zr89-DFO-TST001 [23]. Heart uptake 
is not high in biological distribution experiments, and the 
relatively high estimated human dosimetry of the heart wall 
may be related to the calculation method. In the future, fur-
ther verification is needed for the dosimetry of this probe 
in humans. Interestingly, although CLDN18.2 is highly 
expressed in normal gastric mucosa, CLDN18.2 is buried 
inside the tight junction of gastric mucosa, normal antibody 
sized molecules cannot bind to the CLDN18.2 protein of 
normal gastric tissue through the tight junction supramolec-
ular complex [8, 25]. Therefore, the uptake of this probe by 
the stomach cannot be seen during imaging and biodistribu-
tion experiments.

Moreover, this study explored the short-term therapeutic 
efficacy of [177Lu]Lu-TST001 RIT against CLDN18.2-pos-
itive tumors and determined the optimal therapeutic dose in 
a GC animal model. Safety under the treatment dose of the 
probe was also examined. Significant therapeutic effects with 
acceptable short-term toxicity were achieved in the mouse 
model. Treatment with radioactive [177Lu]Lu-TST001 
at doses of 5.55 MBq and 11.1 MBq resulted in signifi-
cant and persistent antitumor activity in the model mice, 
accompanied by acceptable hepatotoxicity and no other 
toxic findings. Tumor growth in both the BGC823CLDN18.2 
and AGSCLDN18.2 GC models was effectively controlled 
in both treatment groups, with better tumor volume con-
trol, greater tumor tissue destruction and cell proliferation 
reduction in the 11.1 MBq group. Among the two models, 
[177Lu]Lu-TST001 showed better therapeutic efficacy in 
the AGSCLDN18.2 model than in the BGC823CLDN18.2 model. 
Comparing the IHC staining of CLDN18.2 expression in 
both tumor tissues, AGSCLDN18.2 tumor tissue exhibited a 
higher expression level of CLDN18.2, reaching over 95%, 
while the expression of CLDN18.2 in BGC823CLDN18.2 tumor 
tissue was approximately 70–80%, which is slightly lower. 
Therefore, the increased targets might be the reason for the 
better antitumor efficacy of the probe in the AGSCLDN18.2 
model. Additionally, the differential sensitivity of different 
tumor cells to DNA damage may also contribute to response 
differences. In addition, non-radiolabeled TST001 group 
(the same TST001 amount as the 11.1 MBq probe therapy 
group) didn’t show significantly efficacy, which also sug-
gested that the therapeutic effect of the [177Lu]Lu-TST001 
probe originates from targeted radiation irradiation rather 
than the monoclonal antibody itself.

According to previous studies, several antibody conju-
gates labeled with 177Lu have been tested in clinical trials, 
and their toxicity in human patients has been well estab-
lished and controlled [21, 22]. Moreover, increasing evi-
dence suggests that RIT and targeted RIT may inhibit tumor 

paraffin embedding and sectioning. H&E staining was 
performed on the sections to observe tissue toxicity. H&E 
staining results showed no apparent histological damage or 
other changes in vital organs (including the stomach, liver, 
spleen, heart, lungs, kidneys, intestines, muscles, etc.) in the 
probe injection group compared to the saline group (Supple-
mental Fig. 12). These findings further suggest that the in 
vivo toxicity of [177Lu]Lu-TST001 is acceptable.

All the experimental results mentioned above indicate 
that the therapeutic probe [177Lu]Lu-TST001 does not 
exhibit significant short-term toxicity to vital organs, sug-
gesting its potential application in humans.

Discussion

The development of new and long-lasting treatments for GC 
is an urgent clinical need. The emerging target CLDN18.2 
has become the most promising therapeutic target in the 
field of GC. Considering the high specific expression of 
CLDN18.2 on the membrane surface of GC cells, GMP 
grade CLDN18.2 antibody TST001 is a promising treatment 
choice. Currently, TST001 has already entered in Phase III 
clinical trial (TranStar 301), having a broad application 
prospect. The emergence of targeted RIT offers the possibil-
ity to achieve this goal by combining the specific targeting 
of CLDN18.2 with the good cytotoxic effects of radiation.

In this study, a [177Lu]Lu-TST001 probe was developed 
that targets CLDN18.2 using a DOTA-TST001 as a precur-
sor and is labeled with 177Lu, a therapeutic radionuclide. 
The good molecular imaging, favorable biodistribution, and 
pharmacokinetics of [177Lu]Lu-TST001 were validated in a 
GC mouse model. The timepoints where peak tumor uptake 
was reached in SPECT imaging is 72 h, while in biodistribu-
tion is 48 h, we think this may be due to slight differences 
in the total injected protein mass of the two batches of prod-
ucts used for imaging and biological distribution experi-
ments. The injected protein mass of the labeled products 
used for imaging experiments is relatively high, therefore, 
the timepoints where peak tumor uptake was reached of 
imaging experiment were slightly later than the biodistribu-
tion experiment. Imaging and biodistribution data indicated 
potential toxic risks to the heart wall and spleen, but histol-
ogy confirmed no obvious tissue damage in the hearts and 
spleens of the model mice, and no significant abnormali-
ties were observed in mouse blood cell counts, suggesting 
acceptable heart and spleen toxicity. Negative CLDN18.2 
IHC confirmed the nonspecific uptake in the spleen, sug-
gesting that the high uptake in the spleen in SPECT and 
biodistribution may be due to the enhanced ADCC/ADCP 
effects of TST001 [15]: the combination of Fc receptor on 
the immune cells and TST001 Fc fragment leads to TST001 
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expression of CLDN18.2. Additionally, although this study 
primarily focused on validating the efficacy of targeted RIT 
against CLDN18.2 in GC, considering the upregulation of 
CLDN18.2 expression in numerous common tumors, such 
as pancreatic cancer (> 50%), esophageal cancer, and lung 
cancer [9], this therapeutic probe holds potential for broader 
application in all malignancies with high CLDN18.2 expres-
sion. In these patients, [177Lu]Lu-TST001 can become a new 
choice for tumor treatment and can be used as an attempt 
when traditional treatment methods fail. Meanwhile, due 
to its targeted tumor killing effect, the probe is particularly 
suitable for patients with advanced metastasis or those with 
potential metastatic lesions.

Conclusion

In conclusion, this study represents the first application of 
the therapeutic radionuclide [177Lu]Lu-labeled CLDN18.2-
targeting antibody TST001. A series of preclinical experi-
ments were conducted to confirm the significant efficacy 
and low short-term toxicity of the [177Lu]Lu-TST001 probe 
in preclinical GC tumor models. This probe demonstrates 
great potential as an RIT drug for clinical application, which 
may offer a promising new treatment option for CLDN18.2-
overexpressing tumors, including GC, leading to improved 
survival outcomes.
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growth [16, 17] and even eradicate certain types of can-
cer [18–20]. The TST001 monoclonal antibody targeting 
CLDN18.2 has also entered clinical trials, demonstrating 
both safety and efficacy [15, 23]. This study confirmed the 
compelling therapeutic efficacy, acceptable toxicity in ani-
mal models, and acceptable estimations of human radiation 
dose for [177Lu]Lu-TST001, suggesting the feasibility of 
clinical applications of this RIT probe. Previous studies in 
our laboratory have demonstrated good in vivo tracking abil-
ity of CLDN18.2 in mice and humans using diagnostic PET 
probes labeled with 89Zr-TST001 or 124I-18B10 (TST001 
was humanized from 18B10, a mouse-derived hybridoma 
antibody) [23, 26]. In particular, 124I-18B10 successfully 
demonstrated the distribution of CLDN18.2 protein through-
out the body in patients with gastrointestinal tumors [26]. In 
addition, the same-day immunoPET imaging tracers target-
ing CLDN18.2 are available, such as 68Ga/18F-labeled nano-
body tracers probing CLDN18.2 [27]. Therefore, these PET 
probes can serve as diagnostic and whole-body monitoring 
tools prior to or during treatment with [177Lu]Lu-labeled 
therapeutic probes, effectively selecting potential beneficia-
ries of targeted RIT and enabling integrated tumor diagnosis 
and treatment. Furthermore, noninvasive intravital imaging 
can also be performed using SPECT instrumentation fol-
lowing injection of [177Lu]Lu-TST001.

In regard to the choice between high and low radiation 
doses, there are slight differences between mice and humans. 
However, insights can be gained from mouse experiments. 
In situations where toxicity is acceptable, we believe it is 
preferable to prioritize treatment probes with higher radia-
tion doses to achieve better antitumor effects. However, if 
significant adverse reactions occur, the dose can be reduced 
as necessary while still maintaining a certain level of tumor 
control. In future research, the possibility of administering 
small doses multiple times should be explored, aiming to 
maintain the antitumor effects of RIT while minimizing sys-
temic toxicity. This approach is supported by previous stud-
ies [21, 22] and the observed expression of CLDN18.2 in 
residual tumor tissue after probe injection.

The toxicity results of this study suggest that the liver 
may be the main affected organ. However, among the three 
common liver function indicators, only AST showed an 
increase. The increase was less pronounced in males. Fur-
thermore, considering the absence of significant abnormali-
ties in the H&E staining of liver tissues from the treatment 
group as well as the results of biodistribution, the lack of 
severe liver toxicity in the short term could be concluded.

These preclinical results from our study warrant fur-
ther clinical evaluation of the therapeutic effects of the 
[177Lu]Lu-TST001 probe in patients with tumors express-
ing high levels of CLDN18.2, confirming the promising 
therapeutic potential of this probe in GC patients with high 
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