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Claudin 18.2 (CLDN18.2) is an emerging target for the treat-
ment of gastric cancers. We aim to develop tracers to image
the expression of CLDN18.2. A humanized nanobody targeting
CLDN18.2 (clone hu19V3) was produced and labeled with 68Ga,
64Cu, and 18F. The tracers were investigated in subcutaneous and
metastatic models established using two different mouse types
(nude and Balb/c mice) and two different cell lines (CHO-
CLDN18.2 and CT26-CLDN18.2). Gastric cancer patient-
derived xenograft (PDX) models were further established for
validation experiments. Three novel CLDN18.2-targeted tracers
(i.e., [68Ga]Ga-NOTA-hu19V3, [64Cu]Cu-NOTA-hu19V3, and
[18F]F-hu19V3) were developed with good radiochemical yields
and excellent radiochemical purities. [68Ga]Ga-NOTA-hu19V3
immuno-positron emission tomography (immunoPET) rapidly
delineated subcutaneous CHO-CLDN18.2 lesions and CT26-
CLDN18.2 tumors, as well as showing excellent diagnostic value
in PDX models naturally expressing CLDN18.2. While [68Ga]
Ga-NOTA-hu19V3 had high kidney accumulation, [64Cu]Cu-
NOTA-hu19V3 showed reduced kidney accumulation and
improved image contrast at late time points. Moreover, [18F]F-
hu19V3 was developed via click chemistry reaction under mild
conditions and precisely disseminated CHO-CLDN18.2 lesions
in the lungs. Furthermore, region of interest analysis, bio-
distribution study, and histopathological staining results corre-
lated well with the in vivo imaging results. Taken together,
immunoPET imaging with the three tracers can reliably visu-
alize CLDN18.2 expression.
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INTRODUCTION
Claudin 18.2 (CLDN18.2) is exclusively expressed in tight junctions
of gastric mucosal cells, remaining inaccessible to intravenously
administered antibodies.1 With the malignant transformation of
gastric mucosal cells, CLDN18.2 is exposed and becomes available
by therapeutic antibodies. Zolbetuximab (IMAB362) is a chimeric
monoclonal antibody (mAb) and mediates specific killing of
CLDN18.2-positive cells through antibody-dependent cellular cyto-
toxicity and complement-dependent cytotoxicity.2 Following initial
This is an open access article under the CC BY-NC-
studies reporting the manageable safety profiles and anti-tumor activ-
ity of zolbetuximab in patients with gastric or gastro-esophageal junc-
tion patients,3,4 a more recent randomized phase II study reported
that the addition of zolbetuximab to the first-line EOX (epirubicin +
oxaliplatin + capecitabine) significantly improved the progression-
free survival and overall survival than that obtained in the EOX treat-
ment group.5 The novel treatment option also improved the quality of
life of the included patients.6 Ongoing phase III studies are investi-
gating the therapeutic efficacy of zolbetuximab 800/600 mg/m2 in pa-
tients with moderate to strong CLDN18.2 expression (>70% of tumor
cells). Currently, CLDN18.2 is among the most promising targets that
can be leveraged to improve the theranostic landscape of gastric
cancers. As far as we know, immunohistochemistry (IHC) staining
with CLAUDETECT 18.2 is the only available option to determine
CLDN18.2 expression. However, IHC is limited to examine the sur-
gically resected tissue or the biopsied tissue, failing to provide the het-
erogeneous expression of CLDN18.2 across the whole tumor tissue or
in the metastases. In this setting, novel techniques that can determine
the expression level of Claudin18.2 and further diagnose CLDN18.2-
expressing tumors are urgently needed.

Immuno-positron emission tomography, also known as immunoPET,
is a rapidly expanding direction in the field of molecular imaging and
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in the era of precision medicine.7 ImmunoPET has a well-recognized
role in guiding the early development of antibody therapeutics and is
increasingly used in clinical practice to select patients for molecularly
targeted therapies and assess the responses following the therapies. By
labelingmAbs with radiometals (e.g., 64Cu or 89Zr),8–12 we have devel-
oped several novel immunoPET probes and characterized the diag-
nostic efficacies in preclinical settings. Admittedly, the clinical trans-
lational way of these probes is arduous and long. Hurdles impeding
the clinical translation include high expenditure in producing human-
ized mAbs, scarcity of long-lived radiometals or radiohalogens, mul-
tiple cycles of imaging across a week, and the resultant high radiation
exposure to patients and staff. To alleviate these concerns and facilitate
same-day imaging, antibody derivatives and protein scaffold
mimicking antibodies have been leveraged to develop next-generation
molecular imaging probes.7,13 One such example is the variable region
of the heavy chain of heavy chain-only antibody (VHH), which is also
known as nanobody. Nanobodies are naturally occurring antigen
recognition domains mainly found in alpacas, llamas, and camels.14

They are 12–15 kDa in size, highly stable in various conditions, display
strong binding affinities, and can be expressed in bacterial, yeast, and
mammalian expression systems with high yields. Nanobodies are the
most promising candidates to substitute their full-size counterparts
for at least diagnostic applications.15 Nanobody-derived immunoPET
probes targeting human epidermal growth factor receptor 2 and pro-
grammed death ligand-1 have been successfully translated to the
bedside.16–18 We have established screening technologies and pro-
duced a variety of nanobodies targeting pivotal biomarkers highly ex-
pressed in either hematological or solid tumors. In recent work, we
designed nanobody-based CD38-targeted probes [68Ga]Ga-NOTA-
Nb1053/[18F]F-Nb1053 and further reported the excellent diagnostic
potencies in multiple myelomamodels.19,20 We also developed [68Ga]
Ga-NOTA-SNA006 to noninvasively map human CD8+ T cells.21

Nanobody-based probes are favored for clinical translation and
routine applications in our view.

To the best of our knowledge, there are no reliable molecular imaging
tracers specific for CLDN18.2 so far. In this work, we aim to develop a
series of nanobody-based tracers to noninvasively visualize
CLDN18.2 expression and diagnose CLDN18.2-expressing tumors.
Such tracers may also help optimize the preclinical development
and clinical use of CLDN18.2-targeted therapies.

RESULTS
Validation of CLDN18.2 expression in normal mice tissues

Human and mouse CLDN18.2 have identical amino acid sequences.1

From the literature report and public database (https://www.
proteinatlas.org/ENSG00000066405-CLDN18/tissue), we can know
that the expression of CLDN18.2 is strictly restricted to the stomach.
We first stained archived normal nude mouse tissues and validated
the highest expression of CLDN18.2 in the stomach (Figure 1). Negli-
gible expression was found in the liver, kidney, lung, pancreas, or
spleen. Under normal conditions, CLDN18.2 is located in gastric
mucosal cells and is isolated from the external environment. Malig-
nant transformation of the gastric mucosal cell leads to exposure of
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CLDN18.2 epitopes and opens the therapeutic window.22 With the
above information in hand, we can better develop molecular imaging
tracers and interpret the imaging results.

[68Ga]Ga-NOTA-hu19V3 immunoPET imaging of subcutaneous

CHO-CLDN18.2

In our efforts to develop molecular imaging tracers targeting
CLDN18.2, [68Ga]Ga-NOTA-hu19V3 was first synthesized. The RCP
of the radiopharmaceutical meets the requirement for in vivo imaging
(Figure S1). Two groups ofmice subcutaneously inoculated with CHO-
CLDN18.2 cells were used for imaging experiments, where one group
of mice was pre-injected with an excess dose of hu19V3 (1 mg/mouse).
[68Ga]Ga-NOTA-hu19V3 immunoPET imaging not only detected tiny
subcutaneous CHO-CLDN18.2 lesions (Figure 2A), but it also rapidly
detected CHO-CLDN18.2 lesions of relatively larger volumes
(Figures 2B and 2C). In another two groups of tumor-bearing mice,
premedication with hu19V3 reduced the tumor and stomach uptake
(Figure S2). But the region of interest (ROI) analysis showed no statis-
tical significance (Figure 2D). The tumor uptake reduced from 1.85%±

0.79% ID/g to 1.27%± 0.42% ID/g (n = 5, P = 0.229), while the stomach
uptake reduced from 6.20%± 0.95% ID/g to 5.98%± 1.46% ID/g (n = 5,
P = 0.787). Although the rapid clearance of hu19V3 from the circula-
tion led to less thorough blocking effect, the preferential uptake of the
tracer in the stomach demonstrated high specificity of the tracer.

In-depth analysis of the biodistribution data confirmed the compara-
ble uptake of the tracer in the tumors and major tissues in the two
groups (Figure 3A). Premedication with excess hu19V3 reduced the
uptake of [68Ga]Ga-NOTA-hu19V3 in the stomach and tumor, two
organs where CLDN18.2-targeted agents are supposed to accumulate
at high levels. Based on the biodistribution data, the stomach uptake
dropped from 2.77% ± 1.02% ID/g to 1.71% ± 0.58% ID/g (n = 5, P =
0.556), and the corresponding tumor uptake dropped from 3.62% ±

0.83% ID/g to 2.49% ± 0.66% ID/g (n = 5, P = 0.389). The results
demonstrated the specificity of [68Ga]Ga-NOTA-hu19V3 in visual-
izing CLDN18.2 expression in CHO-CLDN18.2 models. Use of
hu19V3 reduced uptake of [68Ga]Ga-NOTA-hu19V3 in the stomach
and tumor without statistical significance, assumably due to the short
half-life of the single valent hu19V3. Histopathological staining
studies showed positive expression of CLDN18.2 on the CHO cells,
reflecting the stable expression of the protein in in vivo conditions
(Figures 3B and 3C). The above data together indicated the in vivo tar-
geting ability and specificity of [68Ga]Ga-NOTA-hu19V3.

[64Cu]Cu-NOTA-hu19V3 immunoPET imaging of disseminated

CHO-CLDN18.2

One phenomenon of [68Ga]Ga-NOTA-hu19V3 is the compelling
accumulation in the kidneys. Currently, there is limited evidence la-
beling nanobodies with long-lived radionuclides. We wondered if
the kidney accumulation of the radiometal-labeled nanobody could
decrease in a relatively long imaging period. For this purpose, we
developed [64Cu]Cu-NOTA-hu19V3 and investigated the pharmaco-
kinetic and pharmacodynamic traits in nude mice models, in which
CHO-CLDN18.2 cells were intravenously injected 18 days before
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Figure 1. Expression of CLDN18.2 in normal mouse tissues
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tracer administration. [64Cu]Cu-NOTA-hu19V3 was developed with
RCY of 61.54% and RCP of 100% (Figure S3). [64Cu]Cu-NOTA-
hu19V3 immunoPET imaging at three time points (1 h, 24 h, and
48 h; Figures 4A–4C) showed rapid clearance of the tracer from the
circulation. The high kidney accumulation decreased time depen-
dently. Specifically, the initial uptake of 13.73% ± 2.16% ID/g at 1 h
post-injection substantially decreased to 0.11% ± 0.05% ID/g at
48 h post-injection (p = 0.0021, n = 4; Figure 4E). In general,
[64Cu]Cu-NOTA-hu19V3 showed excellent imaging contrast as the
kidney accumulation reduced to the background level (Figures 4C
and 4E). Apart from the lower kidney accumulation, [64Cu]Cu-
NOTA-hu19V3 produced images of improved contrast. Although
[64Cu]Cu-NOTA-hu19V3 immunoPET delineated stomach (Fig-
ure 4D), it did not detect any disseminated CLDN18.2-expressing
CHO lesions, probably due to the limited detection efficacy at the
early stages or failed growth and formation of lesions of the intrave-
nously injected CHO-CLDN18.2 cells.

[18F]F-hu19V3 immunoPET imaging of disseminated CHO-

CLDN18.2

By taking advantage of click chemistry,23 we further developed the
third CLDN18.2-targeted tracer [18F]F-hu19V3 with RCP of 100%
and non-decay corrected RCY of 5.72% (Figure S4). Another group
of tumor-bearing mice models was used to evaluate the diagnostic ef-
ficacy of [18F]F-hu19V3, with a time lag of 28 days between tumor cell
inoculation and PET imaging. As shown in Figure 5A, immunoPET
imaging with [18F]F-hu19V3 delineated multiple signals in the lungs.
Different from [68Ga]Ga-NOTA-hu19V3 and [64Cu]Cu-NOTA-
hu19V3, which largely underwent renal clearance, [18F]F-hu19V3
was cleared from the urinary and hepatobiliary systems (Figure 5B).
The uptake in the kidney, gallbladder, and intestine was 4.38% ±

1.65% ID/g (n = 4), 6.30% ± 2.08% ID/g (n = 4), and 7.90% ±

3.72% ID/g (n = 4), respectively. The average uptake of [18F]F-
hu19V3 in the disseminated CHO-CLDN18.2 lesions was 2.10% ±

0.53% ID/g (n = 4) (Figure 5C). After termination of the imaging,
major organs (heart, liver, lung, kidney, spleen, pancreas, and
stomach) were collected and used for histopathological studies.
Hematoxylin and eosin (H&E) staining showed disseminated CHO
lesions in the left lung (Figure 5D). IHC staining further revealed
intensive CLDN18.2 staining in the specific CHO lesions (Figure 5E).
These results demonstrate that [18F]F-hu19V3 immunoPET can visu-
alize the expression of disseminated CLDN18.2-expressing CHO le-
sions and may facilitate precise diagnosis of CLDN18.2-expressing
metastases.
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Figure 2. [68Ga]Ga-NOTA-hu19V3 immunoPET imaging precisely detected CHO-CLDN18.2 lesions

(A–C) [68Ga]Ga-NOTA-hu19V3 immunoPET imaging of CHO-CLDN18.2 lesions of different volumes 1 hour after injection of the tracer. The tumors are indicated by red circles

on PET and PET/CT images. (D) Region of interest analysis of the immunoPET imaging data.
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[68Ga]Ga-NOTA-hu19V3 immunoPET imaging of murine

colorectal cancers

We further established CLDN18.2-overexpressing CT26 cell line (de-
noted as CLDN18.2-CT26) and Balb/c tumor models with the cell
line. As expected, [68Ga]Ga-NOTA-hu19V3 immunoPET rapidly
delineated the subcutaneous CLDN18.2-CT26 tumor and stomach
(Figure 6A), with the latter naturally expressing CLDN18.2 at a higher
level and consequently exhibiting a higher uptake of the tracer. ROI
analysis results correlated well with the imaging findings and showed
preferential uptake of [68Ga]Ga-NOTA-hu19V3 and staining of
CLDN18.2 in the tumor and stomach (Figures 6B and S5), with the
corresponding uptake value of 0.79% ± 0.28% ID/g and 7.80% ±

6.37% ID/g (n = 4), respectively. As expected, the tracer accumulated
at the highest level at the kidneys (30.0% ± 2.81% ID/g, n = 4).

[68Ga]Ga-NOTA-hu19V3 immunoPET imaging in PDX models

We further established and screened 12 patient-derived xenograft
(PDX) models in our lab. Positive expression of CLDN18.2 was found
in the No. 144 PDX model, a gastric cancer model maintaining glan-
dular structures (Figure 7A). A low to negative expression of
CLDN18.2 was found in the No. 490 PDX model (Figure 7D). These
two gastric cancer models can be prepared with excellent reproduc-
ibility. In addition, CLDN18.2 expressed heterogeneously in other
308 Molecular Therapy: Oncolytics Vol. 27 December 2022
gastric cancer PDX models (Figure S6). Based on the above staining
results of PDX models, we established No. 144 PDX models and vali-
dated the diagnostic value of [68Ga]Ga-NOTA-hu19V3 immunoPET
in the models. The results demonstrated the potency of [68Ga]Ga-
NOTA-hu19V3 in mapping CLDN18.2 and outlining the tumors
(Figure 7C). ROI analysis data showed the detailed accumulation of
the tracer in major organs/tissues (Figure 7D). Notably, tumor uptake
of [68Ga]Ga-NOTA-hu19V3 was statistically higher in No. 144 PDX
models than in CLDN18.2-CT26 models (2.53% ± 0.75% ID/g [n = 3]
vs. 0.79% ± 0.28% ID/g [n = 4, P = 0.0168]). These results together
demonstrate that [68Ga]Ga-NOTA-hu19V3 can detect CLDN18.2
expression in various models, but No. 144 PDX models were the
best because of the natural and high expression of CLDN18.2.

DISCUSSION
Since the expression of CLDN18.2 protein is highly conserved, an
ideal CLDN18.2-targeted molecular imaging approach may identify
CLDN18.2 expression across a variety of species including mouse,
rat, rabbit, dog, monkey, and human.1,24 In this work, we have
successfully developed three state-of-the-art CLDN18.2-targeted mo-
lecular imaging tracers. [68Ga]Ga-NOTA-hu19V3 immunoPET visu-
alized CLDN18.2 expression in the stomach of mice, rats, and rabbits
(data not shown). More importantly, [68Ga]Ga-NOTA-hu19V3



Figure 3. Biodistribution and histopathological

staining results

(A) Biodistribution data showing detailed uptake of [68Ga]

Ga-NOTA-hu19V3 in various organs/tissues with or without

hu19V3 premedication. (B) H&E staining of a collected

CHO-CLDN18.2 lesion. (C) Immunohistochemistry staining

of CLDN18.2 expression in the CHO-CLDN18.2 lesion (left).

CLDN18.2 is preferentially expressed at the edge (red

arrowhead, middle) but not at the necrotic areas or center of

the lesion (black arrowhead, right).
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immunoPET delineated subcutaneously inoculated CHO-CLDN18.2
lesions and patient-derived tumors. Meanwhile, [18F]F-hu19V3 im-
munoPET detected intravenously injected CHO-CLDN18.2 cells,
demonstrating the potency and accuracy of the novel imaging
strategies. We also developed [64Cu]Cu-NOTA-hu19V3 to detect
disseminated CLDN18.2 because delayed imaging at 24 h and 48 h
post-injection of the tracer allowed improved image contrast. Admit-
tedly, radiometals like 64Cu are relatively scarce and expensive. While
[68Ga]Ga-NOTA-hu19V3 can only be produced on site for small-
scale clinical use, [18F]F-hu19V3 can be produced in large amount
and even shipped to other medical centers for multi-center clinical
trials.25 Therefore, we believe that [68Ga]Ga-NOTA-hu19V3 and
[18F]F-hu19V3 will have complementary roles in visualizing
CLDN18.2 expression upon clinical translation.

Gastric and gastroesophageal junction adenocarcinomas are on the
top list for CLDN18-targeted theranostics. However, accumulating
evidence indicates that several other types of cancers may also express
Molecular T
CLDN18.2. Previous studies reported CLDN18.2
expression in 60–90% of pancreatic ductal adeno-
carcinoma (PDAC). A more recent study re-
ported that over 50% of primary and metastatic
PDACs highly express CLDN18.2,26 adding to
the validity of the previous evidence. Aberrant
activation or expression of Claudin18.2 was
also found in non-small-cell lung cancer and co-
litis-associated colorectal adenocarcinomas.27,28

These results indicate that CLDN18.2-targeted
diagnostic or therapeutic agents would be in prin-
ciple eligible for a considerable number of
tumors.29 With close collaboration with oncolo-
gists at the hospital, we can investigate the diag-
nostic accuracies of the reported tracers in broad
types of tumors in the future.

There are several limitations of the current
work. Firstly, the diagnostic efficacy of the tracer
was only validated in a CLDN18.2-expressing
CT26 cancer cell line, due to a lack of other
CLDN18.2-expressing cell lines.2 We have
screened the expression of CLDN18.2 in a variety
of gastric cancer PDX models. Our ongoing work
is exploring the diagnostic and predictive value of [68Ga]Ga-NOTA-
hu19V3 in the course of CLDN18.2-targeted therapies. Secondly,
nanobody is rapidly cleared through kidneys due to the small size,
resulting in high kidney accumulation. The undesirable kidney
accumulation may cause nephrotoxicity and compromise the diag-
nostic value for tumor lesions located near the kidneys. To develop
next-generation theranostic platforms, the short half-life of
nanobodies can be overcome via fusion to an albumin-binding
domain or the Fc fragment of IgG.30,31 We have produced fusion pro-
teins of prolonged circulation and are currently determining the
theranostic potential of the radiolabeled derivatives. More specifically,
64Cu/89Zr-labeled versions are used for immunoPET imaging, and
177Lu/131I-labeled cousins were used for radioimmunotherapy. More-
over, nanobody drug conjugates using the described nanobody and its
derivatives are under development in our lab. With the development
and clinical translation of CLDN18.2-targeted molecular imaging
techniques, we can better guide the development and use of
CLDN18.2-targeted therapeutics.
herapy: Oncolytics Vol. 27 December 2022 309
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Figure 4. [64Cu]Cu-NOTA-hu19V3 showed favorable pharmacokinetics

(A–C) [64Cu]Cu-NOTA-hu19V3 immunoPET imaging at different time points (1 h, 24 h, and 48 h) post-injection of the tracer. [64Cu]Cu-NOTA-hu19V3 demonstrated

improved image contrast and reduced kidney accumulation. D [64Cu]Cu-NOTA-hu19V3 accumulated in the stomach (shown by red circles on CT and PET/CT images),

indicating the in vivo affinity and specificity of the tracer. (E) Region of interest analysis showing the dynamic change of [64Cu]Cu-NOTA-hu19V3 in different organs/tissues

over time.
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Conclusions

We synthesized three CLDN18.2-targeted tracers ([68Ga]Ga-NOTA-
hu19V3, [18F]F-hu19V3, and [64Cu]Cu-NOTA-hu19V3) and re-
ported the excellent diagnostic efficacy in preclinical models. Trans-
lational studies are warranted to investigate the clinical value.

MATERIALS AND METHODS
Nanobody, cell lines, and tumor models

A healthy vicugna pacos was immunized with CHO-CLDN18.2 cells
three times, followed by RNA extraction, phage library construction
and display, next-generation sequencing, and recombinant expression
of the selected clones in E. coli or mammalian expression systems. The
details will be reported elsewhere, and protocols are available from the
authors upon request. A specific clone hu19V3 was produced at large
scale and used for constructing molecular imaging tracers in the
current work. CHO-CLDN18.2 and CT26-CLDN18.2 cell lines were
prepared to establish tumor models following standard protocols. All
animal experimental procedures and protocols were approved by the
Institutional Animal Care and Use Committee (Renji Hospital, School
of Medicine, Shanghai Jiao Tong University). Nude mice and Balb/c
mice aged 4–5 weeks were purchased from GemPharmatech to
establish CHO-CLDN18.2-bearing and CT26-CLDN18.2-bearing tu-
mor models, respectively. For subcutaneous tumor models, 2 � 106
310 Molecular Therapy: Oncolytics Vol. 27 December 2022
CHO-CLDN18.2 or CT26-CLDN18.2 cells were suspended in
100–150 mL of Matrigel and PBS mixture and inoculated. PDX models
were prepared with NOD-Prkdcem26Cd52Il2rgem26Cd22/Njumice (NCG,
GemPharmatech). The models were used for immunoPET imaging
2–4 weeks after inoculation of the cells, assessing the diagnostic effi-
cacies of the developed tracers at different disease stages. For metastatic
models, 50 � 104 CHO-CLDN18.2 cells in sterile PBS were injected
intravenously.

Radiolabeling and quality control

NOTA-derivatized hu19V3 was labeled with 68Ga according to
our previously reported protocol.19 Briefly, hu19V3 was conjugated
with bifunctional chelator 2-S-(4-Isothiocyanatobenzyl)-1,4,7-
triazacyclononane-1,4,7-triacetic acid (p-SCN-Bn-NOTA; Macro-
cyclics) in the first place. Briefly, 1 mg of hu19V3 in the PBS was pre-
pared, and the pH of the solution was adjusted to 9.0–10 by adding
0.1 M Na2CO3 buffer. NOTA was freshly dissolved in dimethyl sulf-
oxide (DMSO) and immediately added to the nanobody solution
with a chelator/nanobody ratio of 10:1. The reaction was incubated
at room temperature for 2 hours, followed by purification with
equilibrated PD-10 desalting columns (GE Healthcare) and concen-
tration with Amicon Ultra Centrifugal Filter (10 kDa, Merck).
NOTA-hu19V3 was stored at 4�C for subsequent use in the short



Figure 5. 18FF-hu19V3 immunoPET rapidly detected disseminated CHO-CLDN18.2 lesions

(A) 18FF-hu19V3 immunoPET detected a disseminated CHO-CLDN18.2 lesion in the left lung 1 hour after injection of the tracer. The CHO-CLDN18.2 lesion was indicated by

the white arrowhead. The left panel shows coronal images, and the right panel shows transversal images. (B) 18FF-hu19V3 also accumulated in the stomach (red arrowhead)

with the remaining excreted from the urinary and hepatobiliary system. The gallbladders and intestines are indicated by yellow and blue arrowheads, respectively. The left

panel are coronal images, and the right panel are transversal images. (C) Region of interest analysis showing the detailed uptake of 18FF-hu19V3 in different organs/tissues.

(D) H&E staining showed multiple metastases in the left lung. (E) Immunohistochemistry further showed positive expression of CLDN18.2 in the metastases, which were

indicated by black arrowheads.
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term. For 68Ga-labeling, 370–555 MBq of freshly eluted 68Ga in
0.1 M hydrogen chloride (pH = 1) was mixed with equal volume
of 1 M sodium acetate (pH = 5). The radiometal solution with a final
volume of 2 mL (pH = 4.0–4.5) was added to 100–200 mg of NOTA-
hu19V3, followed by incubation of the mixture at 37�C for 5–10 min
under constant shaking (600 rpm). Copper-64 was freshly produced
on site at our department. For 64Cu-labeling, 44.92 MBq of the
activity in 160 mL of 2 M HCl was added to 800 mL of 1 M sodium
acetate (pH = 5), resulting in a final pH = 5 ± 0.5 of the reaction. The
labeling reaction was incubated at 37�C for 30 min under constant
shaking.

To facilitate click chemistry-mediated 18F-labeling, the hu19V3 was
first modified with DBCO-NHS ester (MeloPEG). Briefly, 2 mg of
hu19V3 was prepared, and the pH of the solution was adjusted to
�10 by adding 0.1 M Na2CO3 buffer. DBCO-NHS ester was freshly
dissolved in DMSO and added to the hu19V3 solution with a molar
ratio of 10:1. The reaction was incubated at room temperature for 2
hours, followed by purification and concentration as previously
stated. The conjugated DBCO-hu19V3 was stored at 4�C for subse-
quent use. The 18F-labeling precursor (denoted as RJDJ01) was
synthesized following prior publications.20,32 [18F]F-RJDJ01 was syn-
thesized in an automatic module. Briefly, 39.9 GBq of 18F-fluoride
was produced and eluted with potassium carbonate (3 mg) and
4,7,13,16,21,24-hexaoxa-1,10-diazabicyclo[8.8.8]hexacosane (15 mg)
in 1.4 mL of acetonitrile. The solvent was dried, and to this mixture
was added RJDJ01 (2.3 mg) in 1 mL of dimethyl sulfoxide. This mixed
solution was heated at 120�C for 14 min, followed by dilution with
3 mL of water, and transferred onto a Luna C18 (250 $ 10 mm)
HPLC. The prosthetic group [18F]F-RJDJ01 was purified using a mo-
bile phase mixture of 32% acetonitrile in 0.1% trifluoroacetic acid at a
flow rate of 4.6 mL/min. [18F]F-RJDJ01 was collected into a 100-mL
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Figure 6. [68Ga]Ga-NOTA-hu19V3 immunoPET

imaging of murine colorectal cancers

(A) [68Ga]Ga-NOTA-hu19V3 immunoPET detected

CLDN18.2-CT26 tumors (yellow circles) 1 hour after

injection of the tracer. (B) Region of interest analysis

showing the detailed uptake of [68Ga]Ga-NOTA-hu19V3

in different organs/tissues. The tumor is indicated by

red circles on PET and PET/CT images.
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flask that contained 25 mL of water, and its contents were delivered to
a C18 cartridge. [18F]F-RJDJ01 was released from the cartridge with
3 mL of ethanol, evaporated to dryness, and reconstituted into
0.1 mL of PBS. To 15 mCi of [18F]F-RJDJ01 was added 166 mg of
DBCO-hu19V3 in PBS. The reaction mixture was gently mixed for
45 min at 45�C. The final radiopharmaceuticals were collected after
purification with equilibrated PD-10 columns. The radiochemical pu-
rities of the final products were assessed by instant thin-layer chroma-
tography (iTLC, Eckert & Ziegler Radiopharma).
Figure 7. [68Ga]Ga-NOTA-hu19V3 immunoPET imaging in patient-derived xeno

(A) No.144 was a representative gastric cancer PDXmodel showing positive expression o

expression of CLDN18.2. (C) [68Ga]Ga-NOTA-hu19V3 immunoPET imaging in No. 144 P

CT and PET/CT images. (D) Region of interest analysis showing the detailed uptake of
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PET imaging and data analysis

The averaged injection dose for [68Ga]Ga-NOTA-hu19V3, [18F]F-
hu19V3, and [64Cu]Cu-NOTA-hu19V3 was 6.7 ± 1.3 MBq
(n = 10), 1.7 ± 0.56 MBq (n = 4), and 5.5 ± 1.7 MBq (n = 4), respec-
tively. For the blocking studies, the hu19V3 (1 mg/mouse) was
administered to the mice 1 hour before tracer administration. The
mice were anesthetized and placed in the prone position in the scan-
ning bed 1 hour after tracer administration. PET/CT data were ac-
quired in sequence with an IRIS PET/CT system (Inviscan Imaging
graft (PDX) models

f CLDN18.2. (B) Another representative gastric cancer PDXmodel showing negative

DXmodels 1 hour after injection of the tracer. The tumor is indicated by red circles on

[68Ga]Ga-NOTA-hu19V3 in different organs/tissues.
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Systems). The spatial resolution of the PET is �1 mm (CFOV),
1.3 mm (50 mm off-center). The spatial resolution of the CT is
�70 mm @ 10% MTF. In the series studies, we used a 10-min acqui-
sition protocol, 9 min for the PET acquisition, and 1 min for the CT
acquisition. PET data were reconstructed using a non-scatter-cor-
rected 3D-ordered subset expectation optimization/maximum a pos-
teriori (OSEM3D/MAP) algorithm. The data were analyzed using
OsiriX Lite software (Pixmeo SARL) and Inveon ResearchWorkplace
(Siemens Preclinical Solutions).

Biodistribution and histopathological studies

The mice were sacrificed after PET imaging at the last time point.
Samples including blood were collected and wet-weighed, and the
radioactivity of the samples was counted using an automated
g-counter (PerkinElmer). The uptake value in terms of percent
ID/g (mean ± SD) was calculated and given for major organs or tis-
sues. H&E and IHC staining of the fixed tissues was carried out to
evaluate the expression pattern of CLDN18.2. Briefly, sections of
10 mm were cut and stained for H&E and CLDN18.2 (EPR19202,
ab222512, Abcam) following the standard protocols. The clone
used for IHC reacts with mouse, rat, and human CLDN18.2 and
the dilution ratio of 1/200. All the stained tissues were scanned
for subsequent analysis.

Statistics

Statistical analyses were performed using the GraphPad software.
Data were presented as means ± SD, and P < 0.05 was considered sta-
tistically significant.
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