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Advanced or metastatic esophageal cancer (EC) is associated with
poor prognosis, necessitating new and effective treatment methods.
We assess whether claudin 6 (CLDN6) is a useful target for the imag-
ing and radiopharmaceutical therapy of EC using a novel pair of radio-
active nuclides, 89Zr and 177Lu. Methods: CLDN6 messenger RNA
expression was evaluated in 2 EC datasets (n 5 436) and through a
retrospective analysis of 109 patients with EC. We then used an anti-
CLDN6 monoclonal antibody (IMAB027) labeled with 89Zr and 177Lu
([89Zr]Zr-DFO-IMAB027 and [177Lu]Lu-DOTA-IMAB027) for PET imag-
ing and therapy, respectively. Imaging and biodistribution analyses
were performed using the TE-1-CLDN6 xenograft model. Finally, the
therapeutic potential of [177Lu]Lu-DOTA-IMAB027 was evaluated in
both the TE-1-CLDN6 and the CLDN6-PDX (patient-derived xeno-
graft) models. Results: CLDN6 messenger RNA expression was ele-
vated in EC compared with healthy esophageal tissues. The CLDN6
expression rate was 0 in healthy esophageal tissue but was 79.8%
in EC tissue. The [89Zr]Zr-DFO-IMAB027 showed the ability to effec-
tively image EC xenografts with high CLDN6 expression. In the TE-1-
CLDN6 model, there was a significant difference in tumor volume
between the 11.1-MBq [177Lu]Lu-DOTA-IMAB027 treatment group
and the control group (P , 0.001). The tumor growth inhibition rate in
the 11.1-MBq [177Lu]Lu-DOTA-IMAB027 group was 101.74%. In the
PDX model, significant differences in tumor volume were observed
among all [177Lu]Lu-DOTA-IMAB027 treatment groups and the control
group (P , 0.05). Specifically, the tumor growth inhibition rate of the
11.1-MBq [177Lu]Lu-DOTA-IMAB027 group was 79.04%, whereas
that of the 3.7-MBq group was 77.20%. However, the difference in
efficacy between the high-dose and low-dose groups was not statisti-
cally significant (P . 0.05). Conclusion: The differential expression
of CLDN6 between tumors and the normal esophagus shows its
potential as a diagnostic and therapeutic target for EC. The radiotracer
[89Zr]Zr-DFO-IMAB027 showed high contrast when visualizing
CLDN6-expressing xenografts for PET imaging, and [177Lu]Lu-DOTA-
IMAB027 induced rapid tumor regression in both the TE-1-CLDN6
and the CLDN6-PDX models. This research has implications for
improving the radioligand diagnosis and treatment of EC.
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Esophageal cancer (EC), characterized by rapid progression
and propensity for early metastasis, is the sixth leading cause of
cancer-related mortality worldwide (1). Approximately 22,370
new cases of EC were predicted in 2024 in the United States, with
an estimated 16,130 fatalities (2). Despite advances in surgical
techniques, chemotherapy, and radiation therapy, the 5-y survival
rate of patients with advanced EC remains below 20% (3,4). This
highlights the pressing need for innovative therapeutic strategies
capable of targeting the molecular attributes of cancer cells with
minimal impact on normal tissues.
Targeted radiopharmaceutical therapy (TRT) is an emerging form

of precision cancer therapy based on the combination of targeted car-
riers and radioactive isotopes (5). The advantage of TRT lies in its
ability to selectively irradiate primary and metastatic lesions while
minimizing damage to surrounding normal tissues (6). [177Lu]Lu-
prostate-specific membrane antigen and [177Lu]Lu-DOTATATE
have been approved by the U.S. Food and Drug Administration for
the routine treatment of patients with metastatic prostate and neuro-
endocrine cancer (7,8). To the best of our knowledge, no studies
have been conducted on the application of TRT for the treatment
and diagnosis of EC (9).
Claudins, a family of integral membrane proteins, are key com-

ponents of tight junctions that play critical roles in maintaining
cell polarity and regulating epithelial barrier permeability (10,11).
Claudin 6 (CLDN6), a member of the claudin family, is important
for maintaining normal cell function (12). CLDN6 only exists in
human embryonic cells and is not expressed in normal adult tis-
sues (13); however, it is specifically expressed in various tumor
tissues, such as gastric cancer, ovarian cancer, colon cancer, and
germ cell carcinoma (14–18). In ovarian cancer, CLDN6 is highly
expressed and actively promotes tumor cell proliferation (17).
Similarly, in endometrial cancer, its overexpression is associated
with tumor cell growth and survival, potentially through activation
of the phosphatidylinositol 3-kinase/protein kinase B signaling
pathway (14). In hepatocellular carcinoma, CLDN6 facilitates
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epithelial–mesenchymal transition, thereby enhancing the prolifer-
ative and invasive capabilities of liver cancer cells (19). In germ
cell tumors, CLDN6 demonstrates highly specific expression and is
strongly implicated in promoting tumor cell proliferation (20).
Additionally, studies have shown that CLDN6 is expressed in
esophageal adenocarcinoma. Its protein expression has been identi-
fied as an independent unfavorable prognostic factor in esophageal
adenocarcinoma, associated with shorter overall survival (21).
These findings highlight CLDN6 as a critical molecule in cancer
biology, with potential relevance to EC and its prognosis. Given its
differential expression between tumor and normal tissues, CLDN6
is considered a promising therapeutic target for TRT.
IMAB027, a humanized monoclonal antibody targeting CLDN6, has

been evaluated in clinical trials for ovarian cancer (NCT02054351) and
refractory germ cell tumors (NCT03760081). However, IMAB027
monotherapy has shown limited efficacy in germ cell tumors (22).
Currently, anti-CLDN6 monoclonal antibodies have been used to
synthesize antibody–drug conjugates, which have demonstrated
robust tumor regression in ovarian and endometrial cancers (6). Nev-
ertheless, to the best of our knowledge, no studies to date have inves-
tigated the use of CLDN6-targeted TRT for the treatment of solid
tumors. This study aims to elucidate the expression of CLDN6 in
normal esophageal and EC tissues and evaluate its potential as a
therapeutic target for the diagnosis and treat-
ment of CLDN6-expressing EC.

MATERIALS AND METHODS

Details of flow cytometry, cell lines, cell
transfection, chemical synthesis, radiolabeling
methods, binding, block assays, immunohisto-
chemistry, immunofluorescence, PET/CT, bio-
distribution, and radiopharmaceutical therapy
are provided in the supplemental materials
(available at http://jnm.snmjournals.org).

Immunohistochemistry Analysis of EC
Biopsy Samples

In total, 109 eligible EC specimens and 16
normal esophageal specimens were collected
from Mianyang Central Hospital (Mianyang,
China); CLDN6 expression was measured
using immunohistochemistry. Immunohisto-
chemistry scoring criteria were based on pub-
lished literature (16). The Ethics Committee
of Mianyang Central Hospital approved this
retrospective study and animal experiment,
and the requirement to obtain informed con-
sent was waived (S-2020-016, S20230203).

Statistical Analysis
Statistical analyses were performed using

IBM’s SPSS Statistics for Windows software
(version 22.0). Binary comparisons between
the 2 treatment arms were performed using
unpaired 2-tailed Student t tests. Differences
at the 95% confidence level (P , 0.05) were
considered statistically significant.

RESULTS

Expression of CLDN6 in EC
The results of the 2 cohorts showed

that the median CLDN6 messenger RNA

expression was elevated in EC relative to that in healthy esophageal
tissue (P , 0.001; Fig. 1A). The immunohistochemistry results
showed that the expression level of CLDN6 in EC was significantly
higher than that in healthy esophageal tissue (79.8% vs. 0%;
P , 0.001). Among 109 EC specimens, 87 expressed CLDN6 and
22 did not, indicating a positivity rate of 79.8%. Among samples with
CLDN6-positive expression, 50 were 1, 25 were 11, and 12 were
111. No CLDN6 expression was observed in any of the 16 normal
esophageal samples, with a positive expression rate of 0 (Fig. 1B).

Cellular Screening and Cell Transfection
Flow cytometry analysis of EC cell lines revealed low levels of

CLDN6 expression in TE-1, CAES-17, and KYSE-510 cells.
TE-15 exhibited moderate levels of CLDN6 expression, whereas
the normal esophageal epithelial cell line HET-1A showed almost
no CLDN6 expression (Fig. 1C). Since no EC cell lines with high
CLDN6 expression were identified, we used lentiviral transfection
of green fluorescent protein–tagged CLDN6 into TE-1 cells to
establish a stable EC cell line with high CLDN6 expression,
referred to as TE-1-CLDN6. Stable and high expression of
CLDN6 in TE-1-CLDN6 cells was confirmed through flow cytom-
etry and immunofluorescence analysis. Finally, TE-1-CLDN6 cells
were used to establish a subcutaneous positive EC xenograft

FIGURE 1. (A) Violin plot showing CLDN6 messenger RNA expression levels in EC and normal
esophageal tissues from Cancer Genome Atlas and GSE53624 cohorts. (B) Immunohistochemistry
staining of CLDN6 in representative normal esophageal and EC tissues (340 magnification). (C and
D) Flow cytometry was used to detect CLDN6 expression in KYSE-510, TE-1, TE-15, CAES-17,
HET-1A, and TE-1-CLDN6 cells. (E) TE-1 cells and TE-1-CLDN6 green fluorescent protein cells exhi-
biting stable CLDN6 expression under confocal microscopy. (F) CLDN6 immunohistochemistry
images of TE-1-CLDN6 tumor model. FL2-A 5 fluorescence intensity of second fluorescence chan-
nel; PE-A5 fluorescence intensity of the phycoerythrin dye.
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model, and immunohistochemistry validated the high expression
of CLDN6 in the TE-1-CLDN6 model (Figs. 1D and 1F).

Synthesis and Radiolabeling
IMAB027 was first conjugated with p-NCS-Bz-DFO (C121;

Ruixibio) or DOTA-maleimide (DPG-6350; About bioleaf) and
then labeled with 89Zr and 177Lu, which were used for small-
animal PET/CT imaging and TRT experiments, respectively. The
DOTA to IMAB027 ratios were approximately 7.76 (Supplemen-
tal Fig. 1). Flow cytometry showed that IMAB027 did not affect
cell binding when attached to DOTA (Supplemental Fig. 6). The
antibody integrity of [177Lu]Lu-DOTA-IMAB027, IMAB027-
DOTA, and IMAB027 was greater than 99%, as measured by
high-performance liquid chromatography (Fig. 2A; Supplemental
Figs. 2 and 3). The radiochemical purities of [89Zr]Zr-DFO-
IMAB027 and [177Lu]Lu-DOTA-IMAB027 were greater than
99% (Supplemental Figs. 4 and 5). Subsequent incubation in phos-
phate buffered saline, normal saline (NS), and RPMI 1640 (10%
fetal bovine serum) for up to 7 d resulted in no degradation of
[177Lu]Lu-DOTA-IMAB027, as shown by radiologic thin-layer
chromatography (Fig. 2B).

Binding, Internalization, and Immunoreactive Fraction Assay
Radioligand binding assays were performed using TE-1-

CLDN6, TE-15, and TE-1 cell lines. The saturation binding
amount (Bmax) of [177Lu]Lu-DOTA-IMAB027 to TE-1-CLDN6
cells (1 3 105) was 470.1 6 10.56 nmol (Fig. 2C), with a half-
maximal effective concentration of 1.29 6 0.11 nmol/L and
an equilibrium dissociation constant (Kd) of 2.11 6 0.14 nmol/L.
For TE-15 cells, the Bmax of [177Lu]Lu-DOTA-IMAB027 was
197.8 6 7.72 nmol, with a Kd of 9.97 6 1.4 nmol/L. Similarly,
for TE-1 cells, the Bmax was 123.0 6 2.47 nmol, and the Kd was
10.92 6 0.47 nmol/L. The results of the cell block assay showed
that the radioactive uptake value of [177Lu]Lu-DOTA-IMAB027
in the CLDN6-positive group at 1 h was 1.25% 6 0.18% added
dose/106 cells (n 5 3), whereas that in the TE-1 group and TE-1-
CLDN6 blocked group was 0.47% 6 0.12% added dose/106 cells
and 0.14 6 0.01% added dose/106 cells (n 5 3), respectively
(Fig. 2D). The internalization and immunoreactive fraction assays
were conducted using the TE-1-CLDN6 cell line. The immunore-
active fraction, determined by the Lindmo assay, was 84.6%
(Fig. 2E). The internalization rate of [177Lu]Lu-DOTA-IMAB027
was 2.21% at 4 h and 2.32% at 24 h (Fig. 2F).

PET/CT Imaging of [89Zr]Zr-DFO-IMAB027
PET/CT images showed that [89Zr]Zr-

DFO-IMAB027 accumulated toward the
tumor at 4 h after injection, and the tumor
was clearly depicted at 24 h after injection.
Radioactive uptake by the tumors gradually
increased over time (Fig. 3A). We further
depicted the regions of interest and quanti-
fied the radioactivity uptake in the tumor,
heart (blood), liver, spleen, muscle, and
kidneys (Fig. 3B). The maximum tumor
uptake of [89Zr]Zr-DFO-IMAB027 in
tumor-bearing mice occurred at 96 h, with
an uptake value of approximately 26.1 6

6.52 percent injected dose (%ID)/g (n 5 3).
Radioactivity absorption in nontarget organs
such as the heart (blood), liver, and kidneys
gradually decreased over time.

Biodistribution of [177Lu]Lu-DOTA-IMAB027
The biodistribution results showed that

[177Lu]Lu-DOTA-IMAB027 was targeted to
the tumors of the TE-1-CLDN6 model and
increased in tumor aggregation over time
(Fig. 3C), with peak aggregation occurring at
96 h (27.1 6 4.85 %ID/g). Peak uptake in
the liver occurred at 48 h, with a value of
8.07 6 1.23 %ID/g, whereas peak uptake in
the kidneys occurred at 2 h, with a value of
8.35 6 0.55 %ID/g. These values were
higher than those in other nontarget tissues.
Over time, uptake values in the liver and kid-
neys gradually decreased. [177Lu]Lu-DOTA-
IMAB027 was rapidly cleared from the
blood circulation, with blood uptake values
of 21.9 6 1.71 and 4.21 6 1.13 %ID/g at 2
and 24 h, respectively. From 2 to 144 h after
injection of [177Lu]Lu-DOTA-IMAB027,
the tumor-to-blood ratio increased from

FIGURE 2. (A) Radiochemical purity of [177Lu]Lu-DOTA-IMAB027 determined by high-performance
liquid chromatography was .99%. (B) Stability of [177Lu]Lu-DOTA-IMAB027 detected by thin-layer
chromatography in NS, phosphate buffered saline (PBS), and RPMI 1640 (1640) (10% fetal bovine
serum). (C) Specific binding of [177Lu]Lu-DOTA-IMAB027 in TE-1-CLDN6 cells. (D) Blocking experi-
ment to detect radioactive uptake of TE-1-CLDN6/TE-1 in response to [177Lu]Lu-DOTA-IMAB027
and examine radioactive uptake of TE-1-CLDN6 when exposed to excessive amounts of IMAB27
and [177Lu]Lu-DOTA-IMAB027. (E) Immunoactivity fraction of [177Lu]Lu-DOTA-IMAB027 in TE-1-
CLDN6 cells. (F) Internalization of [177Lu]Lu-DOTA-IMAB027 in TE-1-CLDN6 cells. %AD 5 percent
added dose.
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0.31 6 0.08 to 67.7 6 17.34 %ID/g, the tumor-to-liver ratio increased
from 0.84 6 0.20 to 5.61 6 0.74 %ID/g, and the tumor-to-kidney
ratio increased from 0.816 0.24 to 9.046 2.89 %ID/g (Fig. 3D).

Effect of [177Lu]Lu-DOTA-IMAB027 Treatment
In the TE-1-CLDN6 model, the standardized tumor volume in

the 11.1-MBq [177Lu]Lu-DOTA-IMAB027 group was approxi-
mately 93.46% 6 14.62% at day 28, which was significantly lower
than that of the other groups (IMAB027 group: 157.88% 6

21.03%; NS group: 213.42% 6 32.06%; P , 0.05; Fig. 4A). The
11.1-MBq group demonstrated the strongest tumor inhibition effect,
with a tumor growth inhibition percentage (TGI%) of 101.74%.
The IMAB027 group exhibited a mild tumor inhibition effect, with
a TGI% of 48.97%. The body weight of tumor-bearing mice in all
groups showed a slow upward trend, and there was no statistically
significant difference between the groups (Fig. 4B). In the patient-
derived xenograft (PDX) model, on the seventh day after treatment,
the standardized tumor volume in the 11.1-MBq [177Lu]Lu-DOTA-
IMAB027 group was 108.56 6 21.15, which was significantly
lower than that in the other groups (3.7-MBq group: 129.02 6

13.51; IMAB027 group: 231.6 6 73.01; NS group: 244.3 6 56.02;
P , 0.01). The 11.1-MBq group exhibited strong tumor inhibition,
with a TGI% of 79.04%. The 3.7-MBq group achieved a TGI% of
77.20%, showing a tumor inhibition effect comparable to that of

the 11.1-MBq group, with no statistically
significant difference between the 2 groups.
The TGI% of the IMAB027 group was
12.13%, and there was no statistically sig-
nificant difference in tumor volume com-
pared with that in the NS group (Fig. 4D).
The body weight of the 11.1-MBq
[177Lu]Lu-DOTA-IMAB027 group was
15.92 6 1.06 g, which was significantly
lower than that of the 3.7-MBq [177Lu]Lu-
DOTA-IMAB027 group, the IMAB027
group, and the NS group (Fig. 4C).

Toxicity of [177Lu]Lu-DOTA-IMAB027
White blood cell (WBC) counts after 28 d

of administration in the NS group were higher
than those in the [177Lu]Lu-DOTA-IMAB027
group but lower than those in the IMAB027
group (5.91 6 1.333 109/L vs. 3.32 6 0.84
3109/L vs. 7.676 2.073 109/L). The differ-
ence in WBC counts between the [177Lu]Lu-
DOTA-IMAB027 and IMAB027 groups
was statistically significant (P , 0.05; Fig.
5A). We observed no statistically signifi-
cant differences in the red blood cell count,
platelet count, or hemoglobin levels among
the groups (P . 0.05; Fig. 5A). Hematoxy-
lin and eosin staining revealed no signifi-
cant differences in cellular morphology or
structure among the visceral organs of the
[177Lu]Lu-DOTA-IMAB027, IMAB027,
and NS groups (Fig. 5B).
Immunofluorescence imaging results

in tumor tissues indicated that the mean
fluorescence intensity of Ki-67 in the
[177Lu]Lu-DOTA-IMAB027 group was
less than that in the NS and IMAB027

groups (P , 0.01; Fig. 6B). The fluorescence intensity of 53BP1 in
the [177Lu]Lu-DOTA-IMAB027 group was higher than that in the
IMAB027 and NS groups (P , 0.01; Fig. 6A). The fluorescence
intensity of TUNEL staining in the [177Lu]Lu-DOTA-IMAB027
group was higher than that in the IMAB027 and NS groups
(P , 0.01; Fig. 6C). The gH2AX fluorescence intensity of the
[177Lu]Lu-DOTA-IMAB027 group was higher than that of
the IMAB027 and NS groups, and the difference between the
[177Lu]Lu-DOTA-IMAB027 and NS groups was statistically sig-
nificant (P , 0.05; Figs. 6D and 6E).

DISCUSSION

To the best of our knowledge, this study marks the first applica-
tion of CLDN6 as a target for the treatment of EC. We confirmed
that CLDN6 expression was significantly higher in EC than in nor-
mal esophageal tissue, that [89Zr]Zr-DFO-IMAB027 exhibited
visual target specificity and sustained accumulation in CLDN6-
positive EC models, and that [177Lu]Lu-DOTA-IMAB027 demon-
strated continuous tumor suppression with controllable safety.
First, the database and immunohistochemistry results both
revealed elevated CLDN6 expression in EC compared with that in
the normal esophagus, which is consistent with previously
reported findings (13,21). Our study further revealed that approxi-
mately 79.8% of EC patients exhibit CLDN6 expression. On the

FIGURE 3. (A) PET/CT images show significant in vivo aggregation of [89Zr]Zr-DFO-IMAB027 in
tumors of hormonal mice over time, in significant contrast to other nontarget tissues. (B) Quantitative
region of interest analysis of tumor, heart, liver, and muscle in tumor-bearing mice at 4, 24, 48, 96,
144, and 192 h after injection of [89Zr]Zr-DFO-IMAB027. (C) Biodistribution results at 2, 24, 48, 72,
96, and 144 h after injection of [177Lu]Lu-DOTA-IMAB027. (D) Tumor-to-blood, tumor-to-liver, and
tumor-to-kidney ratios at 2, 24, 48, 96, and 144 h after injection of [177Lu]Lu-DOTA-IMAB027.
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basis of this result, we selected the TE-1-CLDN6 cell model, charac-
terized by high CLDN6 expression, as well as the PDX model
with high CLDN6 expression, to evaluate the antitumor efficacy of
the radiopharmaceutical [177Lu]Lu-DOTA-IMAB027. Furthermore,
since esophageal squamous cell carcinoma accounts for 85.7% of all
EC cases (23), our research primarily focuses on this major subtype.
Both the TE-1-CLDN6 and the PDX models used in this study repre-
sent esophageal squamous cell carcinoma to ensure that the experi-
mental design closely aligns with clinical characteristics, thereby
enhancing the potential clinical translatability of our findings.

During the experiment, the TE-1-CLDN6 model exhibited
slower tumor proliferation and a longer tumor volume doubling
time, resulting in relatively smaller tumor volumes during the
treatment period. Despite the smaller tumor size, significant differ-
ences in tumor volumes were observed between treatment groups,
demonstrating the effectiveness of the therapy. To address the lim-
itation of small tumor volumes in this model, the PDX model
experiment was initiated when tumor volumes reached 361 6

131 mm3. The results showed that both 3.7-MBq and 11.1-MBq
doses of [177Lu]Lu-DOTA-IMAB027 effectively inhibited tumor

FIGURE 4. (A) Tumor growth curve of TE-1-CLDN6 model treated with 11.1 MBq of [177Lu]Lu-DOTA-IMAB027 or IMAB027 or NS (n 5 5). Photos of
tumor tissue in different treatment groups after treatment. (B) Body weight change curve and survival rate of TE-1-CLDN6 model. (C) Body weight
change curve and survival rate of CLDN6-PDX model. (D) Tumor growth curve of CLDN6-PDX model treated with 11.1 MBq of [177Lu]Lu-DOTA-
IMAB027, 3.7 MBq of [177Lu]Lu-DOTA-IMAB027, IMAB027, or NS (n5 5).
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growth, with TGI% of 77.20% and 79.04%, respectively. These
findings were consistent with the results of the cell line-derived
xenograft (CDX) model, further supporting the antitumor efficacy
of [177Lu]Lu-DOTA-IMAB027.
However, as the PDX model used severely immunodeficient

mice that were unable to tolerate radiation therapy, the mice in the
PDX treatment group began to die gradually starting from the sec-
ond week of treatment. To confirm whether the deaths of NPI
mice were due to their severe immunodeficiency and associated
radiosensitivity, we compared the results with those of the CDX
model. In the TE-1-CLDN6 model, treatment with 11.1 MBq of
[177Lu]Lu-DOTA-IMAB027 in BALB/c nude mice resulted in
no deaths or significant weight loss. Additionally, supplementary

experiments were conducted in NPI mice, administering doses of
3.7, 11.1, and 14.8 MBq of [177Lu]Lu-DOTA-IMAB027 or
3.7 MBq of pure 177Lu (n 5 3). The results showed that all
NPI mice in the experimental groups died within approximately
1 wk (Supplemental Figs. 8 and 9). These findings indicate that
severely immunodeficient NPI mice exhibit heightened radiosensi-
tivity, rendering them intolerant to radionuclide-targeted therapy.
Although the increased radiosensitivity of NPI mice limited
further exploration of treatment-related toxicities, the results
unequivocally demonstrate the significant antitumor efficacy of
[177Lu]Lu-DOTA-IMAB027.
In our study, the antitumor activity of IMAB027 was evaluated

in both CDX and PDX models. In the TE-1-CLDN6 CDX model,

FIGURE 5. (A) WBCs, red blood cells (RBC), platelets (PLT), and hemoglobin (HGB) counts of mice in each group at 28 d after injection. (B) Represen-
tative hematoxylin and eosin staining of tissue collected from euthanized mice from [177Lu]Lu-DOTA-IMAB027 treatment group, IMAB027 antibody
group, and NS group (n5 5).
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moderate antitumor activity was observed, which is consistent
with the reported antibody-dependent cell-mediated cytotoxicity
(ADCC) effects (6). However, in the PDX model established in
severe immunodeficient NPI mice, no significant differences in
tumor growth were observed between the IMAB027 group and the
control group. The lack of significant antitumor effect in the PDX
model could be attributed to the inability of NPI mice to mount an
effective ADCC response, as these mice are deficient in functional
B cells, T cells, and natural killer cells, all of which are critical for
mediating ADCC. These results align with literature indicating
that the antitumor activity of anti-CLDN6 monoclonal antibodies
is primarily mediated by ADCC.
Moreover, in the TE-1-CLDN6 model, we observed the rapid

clearance of [177Lu]Lu-DOTA-IMAB027 from the bloodstream,
with an 80% reduction in unit dose between 2 and 24 h. Accelerated
blood clearance minimizes blood cell damage and mitigates myelo-
suppression. After treatment completion, the blood cell results
showed no statistically significant differences in red blood cells or
platelets among the control, monoclonal antibody (mAb), and
[177Lu]Lu-DOTA-IMAB027 groups. This is consistent with previous
findings, as red blood cell and platelet counts recover after approxi-
mately 4 wk (24,25). The WBC count in the [177Lu]Lu-DOTA-
IMAB027 group was higher than that in the control group but lower
than that in the mAb group, with statistically significant differences
observed only between the mAb and [177Lu]Lu-DOTA-IMAB027
groups. We hypothesized that this may be because the mAb

stimulated a heightened immune response,
leading to an increase in WBCs, whereas
antibodies in [177Lu]Lu-DOTA-IMAB027
similarly stimulated elevated WBCs,
although circulating 177Lu may induce
WBC damage. Hematoxylin and eosin
staining of the major organs showed no
significant differences among the control,
mAb, and [177Lu]Lu-DOTA-IMAB027
groups. Furthermore, according to hema-
tologic analysis and body weight results,
[177Lu]Lu-DOTA-IMAB027 inhibited tumor
growth and exhibited no significant blood
and organ toxicity.
Additionally, although we primarily

focused on CLDN6 as a target for the imag-
ing and treatment of EC, CLDN6 is upregu-
lated in many common cancers, such as
ovarian, breast, and gastric cancers (26–29).
Therefore, this therapeutic probe has poten-
tial applications in various tumors with high
CLDN6 expression. In summary, we pro-
pose [177Lu]Lu-DOTA-IMAB027 as a novel
drug for treating patients with advanced met-
astatic lesions and potential metastases.

CONCLUSION

CLDN6 expression was upregulated in
esophageal carcinoma. The novel radiotracers
[89Zr]Zr-DFO-IMAB027 and [177Lu]Lu-
DOTA-IMAB027 achieved the noninvasive
assessment of CLDN6 expression and inhib-
ited tumor growth in EC with high CLDN6
expression, respectively. Thus, the CLDN6-

targeted radioligand diagnosis and treatment of EC is a promising
method that warrants further clinical research.
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KEY POINTS

QUESTION: Is CLDN6 a useful target for the imaging and
radiopharmaceutical therapy of EC using a novel pair of
radioactive nuclides, 89Zr and 177Lu?

PERTINENT FINDINGS: The differential expression of CLDN6
between tumors and the normal esophagus highlights its potential
as a diagnostic and therapeutic target for EC. [89Zr]Zr-DFO-
IMAB027 showed high contrast when visualizing CLDN6-expressing
xenografts for PET imaging, and [177Lu]Lu-DOTA-IMAB027 induced
rapid tumor regression in a preclinical model of EC.

IMPLICATIONS FOR PATIENT CARE: Using CLDN6-targeted
radioligand diagnosis and treatment of EC is a promising method
that warrants further clinical research.

FIGURE 6. (A–D) Representative 53BP1/Ki-67/gH2Ax/TUNEL immunofluorescence staining of
tumors collected from euthanized mice from [177Lu]Lu-DOTA-IMAB027, IMAB027, and NS groups.
(E) Bar charts of relative fluorescence intensity of 53BP1/Ki-67/gH2Ax/TUNEL in each treatment
group. DAPI5 49,6-diamidino-2-phenylindole.
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