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ABSTRACT: The development of ®4Cu/®’Cu-based theranostic probes addresses the need for integrated cancer diagnosis and therapy.
To target HER2-positive gastric cancer, trastuzumab was conjugated to p-SCN-Bn-TE1PA (DOL of 1.1-2.0), achieving high yields
and purity. Binding assays on BT-474 cells confirmed the preserved cellular uptake of the bioconjugate. The successful radiolabeling
of Trastuzumab-p-SCN-Bn-TE1PA (DOL of 2) with both the 5Cu- and 6’Cu-isotopes demonstrated suitability for in vivo studies.
In a preclinical model of HER2-positive gastric cancer, [¢*Cu]Cu-Trastuzumab-p-SCN-Bn-TE1PA enabled effective PET imaging
with tumor-specific uptake (> 21%IA/g) and clearance through the spleen, liver and kidneys. Therapeutic studies with
[("Cu]Cu Trastuzumab-p-SCN-BnTE1PA (10-20 MBq) demonstrated dose-dependent tumor inhibition of growth, without toxicity
or adverse health effects. This work exemplifies the clinical potential of associating %“Cu-imaging and 6’Cu-therapy. By combining a
robust isotopic pair, a customized bifunctional chelator and trastuzumab, this study demonstrates a promising approach for HER2-

positive gastric cancer treatment in nuclear medicine, paving the way for personalized copper-based theranostics.

INTRODUCTION

Human epidermal growth factor receptor 2 (HER2) is overex-
pressed in several cancers, including breast, ovarian, prostate,
lung, esophageal and gastric cancers.?2 Among these, gastric
cancer is one the most prevalent and lethal. Often diagnosed at
an advanced stage, it has limited treatment options and is asso-
ciated with poor prognosis. HER2-targeting drugs, such as
trastuzumab and pertuzumab, have shown efficacy in treating
HER2-positive gastric cancer, offering improved outcomes
than traditional chemotherapy.® Trastuzumab, the first FDA-
approved HER2-targeting agent, plays a crucial role in treat-
ment. However, accurate validation of HER2 expression in pri-
mary tumors and metastatic sites is essential for effective ther-
apy.

Over the last few decades, nuclear medicine has revolutionized
oncology, for the diagnosis and treatment of cancer. Radiophar-
maceuticals used in positron emission tomography (PET) have
become vital tools for identifying patients likely to respond to
targeted therapies and for monitoring treatment response.* PET
imaging using radionuclide chelation offers several advantages
over conventional PET using fluorine-18 or carbon-11, such as
improved chemical stability, increased selectivity and enhanced
molecular imaging. Researchers have developed imaging
probes based on radiolabeled antibodies derived from
trastuzumab for non-invasive assessment of HER2 expression.
These advanced molecular imaging techniques are invaluable
for optimizing therapy timing, monitoring treatment response,
and detecting metastases. Obviously, therapy remains the ulti-
mate goal, and the combination of diagnostic imaging and ther-
apy interventions, a concept known as "theranostics", has
gained prominence. Theranostics typically involve radio-

pharmaceuticals, compounds labeled with radioactive isotopes,
that enable both imaging and therapy. A chelating agent allows
the use of different radionuclides for either purpose, enabling
personalized treatment strategies tailored to the patient’s unique
tumor biology.®

In neuroendocrine tumors, for instance, [%Ga]Ga-DOTA-
TATE has been used for theranostic PET imaging prior to radi-
otherapy with [*’LU]Lu-DOTA-TATE (Lutathera®).® How-
ever, limitations include the short half-life of gallium-68 (~68
min), which restricts its use for long-term imaging, and the need
for an on-site generator for its preparation. Furthermore, differ-
ences between gallium and lutetium elements in terms of size
and stability lead to the production of radiopharmaceuticals
with distinct properties, affecting the location and retention of
the final compound. Additionally, DOTA-TATE based radio-
pharmaceuticals are applicable only to neuroendocrine tumors,’
which limits their use for other cancers, such as gastric cancer.
The use of the same element for both imaging and therapy rep-
resents a significant advancement in radionuclide therapy. Two
copper radionuclides, copper-64 and copper-67 form a matched
theranostic pair.8°1° Copper-64 (B* 17.9%, Eg+ (mean) = 278 keV)
is a positron emitter, with a half-life of 12.7 hours, well-suited
for PET imaging, while copper-67 (B~ 100%, Ep- (meany = 141
keV), with a half-life of 61.9 hours, emits - particles ideal for
treating small tumors and metastatic disease. Recent advance-
ments in copper chelator development and production methods
have renewed interest in copper-67.1* Importantly, copper-67
has also demonstrated its usefulness from a diagnostic stand-
point thanks to its gamma emissions.*2

The effective use of copper radionuclides in radiopharmaceuti-
cals requires chelators capable of forming very stable com-
plexes in vivo. We have shown that TELPA, a cyclam-based



ligand with a pendant picolinate arm, forms a copper(ll) com-
plex with exceptional thermodynamic and kinetic stability in
vivo surpassing previously reported chelators.™® This high sta-
bility is due to the overall architecture of the complex. Even
though the carboxylate pendant arm is not directly involved in
coordination with the copper center, it plays an important struc-
tural role by contributing to the preorganization of the ligand.
This preorganization facilitates rapid complexation Kinetics at
room temperature, which is particularly favorable for antibody-
based radiopharmaceuticals. In the resulting complex, an intra-
molecular hydrogen bond is observed (see X-ray structures of
the Cu?* complexes in Figure 1), which further contributes to
the high thermodynamic and Kinetic inertness of the complex.
These properties subsequently led to extensive in vitro and in
vivo studies with copper-64. The resulting radiocomplex exhib-
its excellent stability and efficient clearance, especially com-
pared with DOTA, which shows significant dissociation in vivo,
particularly in the liver, due to competition with superoxide dis-
mutase (SOD).
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Figure 1. Bifunctional chelator, bioconjugate and radiopharmaceu-
tical derived from the TE1PA chelator studied in this work.

TE1PA was further modified into a bifunctional chelator,
p-SCN-Bn-TELPA (Figure 1), allowing its conjugation to bio-
logical vectors that target specific cells or tissues. When conju-
gated to the rat antibody 9E7.4, specific to CD138 (overex-
pressed on multiple myeloma cells), p-SCN-Bn-TE1PA
showed superior targeting efficiency and stability compared to

[?*Cu]Cu-Trastuzumab-p-SCN-Bn-TE1PA

[67Cu]Cu-Trastuzumab-p-SCN-Bn-TE1PA

its DOTA or NOTA-based analogues.*>

Building on these advances, the approach was extended to
HER2-positive gastric cancer by conjugating p-SCN-Bn-
TE1PA with trastuzumab, resulting in Trastuzumab-p-SCN-
Bn-TE1PA (Figure 1). This work is significant because
theranostic approaches in HER2-positive gastric cancer using
trastuzumab are rare, particularly with the copper-64/67
theranostic pair. The aim of the study was to develop a
theranostic agent using TELPA to chelate copper-64 for PET
imaging and copper-67 for therapy. Pharmacological evalua-
tions and proof-of-concept studies focused on HER2-positive
gastric cancer using the NCI-N87 cell line.

EXPERIMENTAL SECTION

Material. Unless otherwise noted, all chemicals were pur-
chased from commercial suppliers and were used without fur-
ther purification. The bifunctional chelator p-SCN-Bn-
TE1PA.3HCI was synthesized as previously described.’
Trastuzumab (Herceptin®, Roche) was supplied by On-
codesign Services. Copper-64 was produced in Werner Sie-
mens Imaging Center (Department of Preclinical Imaging and
Radiopharmacy, University Hospital Tiibingen, Tiibingen, Ger-
many) as [**Cu]CuCl, in 0.1 M HCI. Copper-67 was purchased
from Canadian Isotope Innovations Corp. (Saskatchewan Cen-
tre for Cyclotron Sciences, Saskatoon, Canada) as [*’Cu]CuCl,
in 0.01 M HCI. Mouse experiments were conducted in licensed
facilities and complied with European and national regulations.
All experiments involving laboratory animals were performed
in accordance with protocols approved by Oncodesign Services
(Dijon, France) for tumor induction, the Werner Siemens Imag-
ing Center (Tibingen, Germany) for biodistribution and imag-
ing studies or by Bioemtech and NCSR “Demokritos” (Athens,
Greece) for efficacy studies.

Analytical methods used for characterization and stability stud-
ies, including LC-MS, ITLC and SEC-HPLC, are reported in
Supplementary information.

Bioconjugation. Detailed bioconjugation conditions are pro-
vided in Supplementary information. Briefly, trastuzumab in
0.3 M sodium carbonate-bicarbonate buffer (pH 8.6) was con-
jugated with 10-, 20- or 30-fold molar excess of p-SCN-Bn-
TE1PA in water overnight at room temperature. After purifica-
tion by size exclusion (PD10 column) and concentration by ul-
trafiltration (Amicon) in 0.1 M sodium acetate buffer (pH 6),
the bioconjugate was characterized using UV-visible spectrom-
etry to determine its concentration, SEC-HPLC to assess its pu-
rity, and mass spectrometry to quantity the number of chelators
per antibody leading to degree of labeling (DOL).

Cancer cell lines. Cells were obtained from the ATCC (Amer-
ican Type Culture Collection, USA) including: i) HER2-
positive NCI-N87 gastric carcinoma cell line, which was iso-
lated from the stomach of a male gastric carcinoma patient;’
ii) HER2 positive BT-474 human breast carcinoma cell line
which was isolated from a solid, invasive ductal carcinoma of
the breast from a 60-year-old Caucasian female patient (posi-
tive control);®® and iii) HER2-negative MDA-MB-468 human
breast carcinoma cell line, isolated in 1977 by R. Cailleau et al.,
from a pleural effusion of a 51-year-old black female patient
with metastatic breast adenocarcinoma (negative control).’®



The cell culture method is described in Supplementary infor-
mation.

Binding assays and validation of HER2 expression. Binding
assays of Trastuzumab-p-SCN-Bn-TE1PA on BT-474 cell
line and HER2 expression on selected cell lines, NCI-N87, BT-
474 (positive control) and MDA-MB-468 (negative control)
were determined by flow cytometry. Staining was acquired on
FACS performed with a FortessaX20 cytometer equipped with
four excitation lasers (BD Biosciences). Data were analyzed us-
ing FlowJo software (Becton Dickinson). This method is de-
scribed in the Supplementary information.

Radiolabeling. Trastuzumab-p-SCN-Bn-TE1PA (DOL of 2)
was labeled with [“Cu]CuCl; or [¥Cu]CuCl; in 0.5 M ammo-
nium acetate buffer (pH 5.0-6.0) at 42 °C for 1 h. The stability
of [®*Cu]Cu-Trastuzumab-p-SCN-Bn-TE1IPA was deter-
mined at room temperature in 1X PBS (pH 7.4) after 4 h. The
stability of [¥Cu]Cu-Trastuzumab-p-SCN-Bn-TE1PA was
evaluated at room temperature in 1X PBS (pH 7.4), ascorbic
acid, gentisic acid and DTPA solutions until 24 h. Details of the
procedures are reported in Supplementary information.

Animal model. All in vivo studies were performed in female
Swiss nude mice (Charles River Laboratories). The mice were
6-8 weeks old and received a subcutaneous injection into the
right flank of 1x10” NCI-N87 gastric carcinoma cells in 200 pL
of cell culture medium containing 50% (v/v) matrigel. To im-
prove cell engraftment, NCI-N87 tumor cell implantation was
performed 72 h after whole-body irradiation with a gamma-
source (2 Gy, 60Co, BioMep, France).

PET imaging. The **Cu-immunoconjugate was administered to
mice (n = 10) by intravenous injection (IV) into the caudal at
day 9 post tumor cell inoculation. Group 1 (n = 5): animals re-
ceived a single injection of [5Cu]Cu-Trastuzumab-p-SCN-
Bn-TE1PA 10 MBqg. Group 2 (n = 5): animals received a single
co-injection of [**Cu]Cu-Trastuzumab-p-SCN-Bn-TE1PA 10
MBq and 2000 pg of trastuzumab (see Supplementary infor-
mation). PET imaging was performed on 3 mice from each
group at 2, 24 and 48 h under isoflurane anesthesia (Inveon,
Siemens Preclinical Solutions) and images were followed by
MR scan (BioSpec, Bruker BioSpin GmbH). Biodistribution
from PET image processing was performed on several organs
including the tumor, kidneys, spleen and liver (see Supplemen-
tary information).

Ex vivo biodistribution. All mice from each group were eu-
thanized at 48 h, immediately after the last PET image acquisi-
tion. Samples were collected: tumor, blood, kidneys, liver, mus-
cle, stomach, colon, heart, spleen and tail. Retrobulbar blood
collection was conducted as a terminal procedure under deep
isoflurane gas anesthesia. Samples activity was determined
with a gamma counter (WIZARD24800010, Perkin-Elmer
Inc.), see Supplementary information.

Therapeutic study. The preparation of trastuzumab (Her-
ceptin®) is reported in Supplementary information. In this ther-
apy experiment, mice (n = 40) were injected via IV into the cau-
dal vein on day 9 post cell inoculation. Group 1 (n = 10): ani-
mals received a single injection of the vehicle (1X PBS solution
at pH 7.4, 10 mL/kg); group 2 (n = 10): animals received a sin-
gle injection of [6’Cu]Cu-Trastuzumab-p-SCN-Bn-TE1PA
10 MBq; group 3 (n = 10): animals received a single injection
of [¥Cu]Cu-Trastuzumab-p-SCN-Bn-TE1IPA 20 MBaq;
group 4 (n = 10): animals received the standard of care

treatment, i.e. trastuzumab, twice a week for three weeks
(5 mL/kg). Mice were euthanized once their tumor volume ex-
ceeded 1500 mmd, or at 80 days after treatment, or when 20%
of body weight loss was observed, or if there were other signs
of pain, suffering or distress.

Body weight change (BWC) and efficacy parameters including
tumor volume, tumor growth inhibition and tumor growth delay
were determined and details can be found in Supplementary in-
formation.

The toxicity was evaluated by collecting blood samples from
mice for each group after euthanasia and plasma was prepared
to be analyzed for the following parameters: AST (aspartate
aminotransferase), ALT (alanine aminotransferase), TBIL (bil-
irubin), CRE (creatinine) and ALB (albumin).

Statistical analysis. Data were analyzed using GraphPad
Prism® (GraphPad Prism Software, USA). Comparisons were
performed with ANOVA. A p value < 0.05 was considered sig-
nificant. If significant, pairwise tests were performed using the
Bonferroni correction or with Tukey’s multiple comparison or
with log-rank (Mantel-Cox) test. In order to control for multiple
comparisons, the p value was adjusted (pag;). Data are presented
as mean, standard deviation, standard error of the mean (SEM),
median, and range.

RESULTS

Bioconjugation. p-SCN-Bn-TE1PA (10, 20 or 30 equivalents)
was successfully conjugated to trastuzumab antibody with
DOLs between 1.1 and 2.0 (Table S1), assessed by mass spec-
trometry. The DOL increased only slightly with the amount of
p-SCN-Bn-TE1PA used (Figure S1). The two-fold labeled an-
tibody variant increased from 21% for 10 equivalents of chela-
tor to 28% for both 20 and 30 equivalents, while the fraction of
the unlabeled antibody decreased from 33% to 17% and 11%,
respectively. The overall yields for Trastuzumab-p-SCN-Bn-
TE1PA were consistently high, ranging from 90 to 99%. SEC-
HPLC analysis confirmed the absence of aggregates under all
conditions (Figure S2), and the purity of the conjugates ex-
ceeded 95% (96.8, 96.4 and 95.9% for DOL values of 1.1, 1.7
and 2.0, respectively).

Binding assays. The cellular uptake of Trastuzumab-p-SCN-
Bn-TE1PA was evaluated via flow cytometry binding assays
on BT-474 cells using three test batches with different DOLs.
Non-conjugated trastuzumab served as the positive control,
while the isotype (1gG1) was used as the negative control. No
significant difference in cellular uptake was observed between
the bioconjugates and non-conjugated trastuzumab, whatever
the DOL (Figure 2).
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Figure 2. Evaluation of cellular uptake of Trastuzumab-p-SCN-
Bn-TE1PA on BT 474 cells by flow cytometry.

Radiolabeling. Trastuzumab-p-SCN-Bn-TE1PA (DOL of 2)
was successfully radiolabeled with [#*Cu]CuCl, or [¥’Cu]CuCl,
in 0.5 M ammonium acetate buffer (pH 5.0-6.0) at 42 °C for 1
h. [®*Cu]Cu-Trastuzumab-p-SCN-Bn-TE1PA was isolated
with purities of 95% and 94%, as measured by ITLC and SEC-
HPLC, respectively (Figure S3). For [¥’Cu]Cu-Trastuzumab-
p-SCN-Bn-TELPA, two solutions were prepared, radiochemi-
cal purity exceeded 98% as confirmed by ITLC and SEC HPLC
analysis, and final activity was 0.110 MBg/ug (Figure. S4 and
S5).

Stability study. Stability of [**Cu]Cu-Trastuzumab-p-SCN-
Bn-TE1PA was evaluated in 1X PBS (pH 7.4) after 4 h, with
radiochemical purities of 89% by ITLC and 81% by SEC-
HPLC (Figure S6). Stability of [’Cu]Cu-Trastuzumab-p-
SCN-Bn-TE1PA was further assessed via ITLC at 0, 2, 4 and
24 h at room temperature in four different media: i) 1X PBS
(pH 7.4), ii) ascorbic acid (5 mg/mL), iii) gentisic acid (5
mg/mL), and iv) 2000-fold molar excess of DTPA. (Figure S7).
Radiochemical purity remained essentially unchanged in ascor-
bic acid, while a slight decrease was observed in PBS and gen-
tisic acid (~85% at 24 h). In the presence of DTPA, a more sig-
nificant drop to ~75% was observed, reflecting partial transche-
lation. These results confirm the overall good kinetic inertness
of the radiocomplex under physiological and mildly challeng-
ing conditions.

Validation of HER2 expression. HER2 expression on selected
cell lines (NCI-N87, BT-474 and MDA-MB-468) was quanti-
fied by flow cytometry (Figure 3). BT-474 breast cancer cells
exhibited the highest HER2 expression with mean fluorescent
intensity (MFI) of 32564, followed by NCI-N87 gastric cancer
cells with MFI of 24104. In contrast, MDA-MB-468 cells
showed negligible HER2 expression with MFI of 46. Repre-
sentative histograms are provided in Figure S8.
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Figure 3. HER2 expression levels in NCI-N87, BT-474 and MDA-
MB-468 cell lines measured by flow cytometry.

PET imaging. Mice bearing subcutaneous NCI-N87 tumors
were injected with 10 MBq of [**Cu]Cu-Trastuzumab-p-SCN-
Bn-TE1PA alone (group 1, n =5) or co-injected with an excess
of unlabeled trastuzumab (group 2, n = 5). Representative PET
images for both groups at 2, 24 and 48 h post-administration are
shown in Figure 4A, while all individual images are provided
in Figure S9 and S10. The images clearly showed notably
higher activity in the tumor for [**Cu]Cu-Trastuzumab-p-
SCN-Bn-TE1PA (group 1) compared to the blocking group,
where the excess of trastuzumab reduced tumor uptake. In
contrast, uptake in normal organs, including the liver and
spleen, appeared similar for both groups (Figure 4A).

Quantification analysis of tumor, kidneys, spleen and liver
images, at each time for groups 1 and 2, is displayed in Figure
4B, with corresponding data detailed in Table S2. Results
showed a significant decrease in uptake of [%Cu]Cu-
Trastuzumab-p-SCN-Bn-TE1PA (group 1) in the liver,
spleen and kidneys between 2 and 24 h post-injection.
Specifically, the mean percentage of injected activity per cm®
(%1A/cm?) in the liver decreased from 9.43 +2.25 at 2 h to 6.47
+ 0.61 at 24 h. The uptake declined from 5.13 + 0.81 t0 3.70 =
0.53 in the spleen and from 4.47 + 0.67 to 3.00 £ 0.30 in the
kidneys over the same period. [**Cu]Cu-Trastuzumab-p-SCN-
Bn-TE1PA uptake decreased slightly between 24 and 48 h,
with mean %IA/cm?® values at 48 h of 5.43 + 0.74 in the liver,
3.43 + 0.85 in the spleen and 2.53 + 0.25 in the kidneys. In
contrast, tumor uptake increased over time with mean %IA/cm?
rising from 2.07 £ 0.42 at 2 h, t0 8.20 £ 1.21 at 24 h, and further
to 11.10 + 0.92 at 48 h. As anticipated, tumor uptake in group
2, which received a blocking dose of trastuzumab, was
significantly lower than in group 1. Mean %IA/cm?® values were
reduced by 1.77 £ 0.12 at 2 h, 3.50 £ 0.52 at 24 h, and 3.77 £
0.68 at 48 h. These results suggest that the tumor uptake was
specific. In contrast, the uptake in normal organs with an excess
of trastuzumab (group 2) was similar to the values observed in
group 1, suggesting a non-specific uptake in healthy tissues
(Table S2).
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Figure 4. In vivo PET imaging of Swiss nude mice bearing subcutaneous NCI-N87 tumors at 2, 24 and 48 h post-injection. A) Representa-
tive images for group 1 ([®*Cu]Cu-Trastuzumab-p-SCN-Bn-TE1PA, n = 3) and group 2 ([*Cu]Cu-Trastuzumab-p-SCN-Bn TE1PA +
trastuzumab (blocking, n=3). Abbreviations: T = tumor, H = heart, L = liver, S = spleen. B) Quantitative analysis of [¢*Cu]Cu-
Trastuzumab-p-SCN-Bn-TE1PA uptake (n = 3 for each group, mean + SD).

Ex vivo biodistribution. After the last image acquisition (48
h), animals were euthanized and organs were collected. The
percentage of the injected dose per gram of tissue (%lA/g) was
determined to provide radioimmunoconjugate biodistribution
profile (Figure 5 and Table S3).
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Figure 5. Biodistribution diagram of group 1 ([**Cu]Cu-
Trastuzumab-p-SCN-Bn-TE1PA) and group 2 ([**Cu]Cu-
Trastuzumab-p-SCN-Bn TE1PA + trastuzumab (blocking) in
Swiss nude mice bearing subcutaneous NCI-N87 tumors. Animals
were euthanized at 48 h.

For [%Cu]Cu-Trastuzumab-p-SCN-Bn-TE1PA (group 1),
data at 48 h post-injection revealed a significant activity in the
tumor of 21.33 + 2.19 %IA/g, markedly superior to that in all

other organs. Among normal tissues, the highest uptake was ob-
served in the spleen (7.89 £ 1.01 %IA/g), liver (9.30 + 1.12
%IA/g) and kidneys (4.39 £ 0.50 %IA/g). The mean uptake in
the blood was of 8.70 + 1.15 %IA/g. Levels of activity in the
heart, stomach and colon ranged from 1.7 to 2.5 %IA/g (2.54
0.13,1.79£0.16 and 1.71 £ 0.12 %IA/g, respectively). Muscle
tissue exhibited the lowest uptake with a mean value of 0.81 +
0.18 %IA/g.

The tumor uptake decreased drastically with excess
trastuzumab (group 2) with a lower mean %IA/g of 6.14 + 0.85
compared with 21.33 + 3.84 for group 1. As previously re-
ported, these results confirmed specific uptake in the tumor. For
group 2, uptake into the blood was slightly lower with a mean
%IA/g of 7.43 + 0.46 compared with 8.70 + 1.15 for group 1.
In contrast, uptake in normal organs in the presence of excess
trastuzumab was slightly higher in the spleen (9.55 £ 2.40
%IA/g) and liver (10.50 + 2.15 %IA/g) compared with group 1
(7.89 £ 1.01 %IA/g and 9.30 + 1.12 %IA/g, respectively). For
the other organs, biodistribution was similar.

Therapeutic Study. Therapy experiments were conducted in
the NCI-N87 mouse model, as previously described. Two
groups received a single injection of [67Cu]Cu-Trastuzumab-
p-SCN-Bn-TE1PA at different doses of 10 MBq (group 2,
n = 10) and 20 MBq (group 3, n = 10). A control group received
the vehicle at 10 mL/kg (group 1, n = 10), while the last group
received repeated doses of trastuzumab at 5 mL/kg (group 4, n
=10) to assess the effect of immunotherapy treatment. The anti-
tumoral activity of [*’Cu]Cu-Trastuzumab-p-SCN-Bn-TE1PA
was assessed by monitoring tumor volume, allowing evaluation
of tumor growth delay and inhibition compared with vehicle
(group 1) and trastuzumab (group 4). Individual tumor volume
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curves for each group are shown in Figure 6A, while mean tu-
mor volume curves and comparative analyses on days 25, 36
and 53 are provided in Figure S11 and S12, respectively.

At 25 days post-inoculation, mean tumor volume in mice
treated with  [¥Cu]Cu-Trastuzumab-p-SCN-Bn-TE1PA
(262.6 + 73.8 mm?3 using 20 MBq and 457.2 + 146.5 mm? using
10 MBq) and trastuzumab (812.6 + 217.9 mm?®) was signifi-
cantly lower compared with the vehicle group (1190.0 +283.5
mm?®) (p < 0.0001 for groups 2 and 3; and p = 0.0002 for group
4). Although dose repetition of trastuzumab was used during the
study, tumor volumes remained higher than in mice receiving
7Cu-based radiotherapy. The difference in tumor volume be-
tween the two radioactive doses at day 25 was not statistically
significant (p = 0.1781).

After 36 days, the mean tumor volume in mice treated with
[¥"Cu]Cu-Trastuzumab-p-SCN-Bn-TE1PA remained lower,
with values of 627.3 = 216.4 mm? for the 10 MBq dose and
286.7 + 91.7 mm?® for the 20 MBq dose, compared to the
trastuzumab treated group, which exhibited a larger high tumor
volume of 1103.0 + 272.6 mm?®. These differences were statis-
tically significant (p <0.0001 for group 2 and 3 compared to
group 4). Significant difference was also observed between the
two radioactive doses (p = 0.0005).

At day 53, mice receiving a dose of 20 MBq of [¢’Cu]Cu-
Trastuzumab-p-SCN-Bn-TE1PA displayed a lower mean tu-
mor volume of 775.9 + 276.1 mm?® compared to those receiving
the 10 MBq dose, with a value of 1102.2 + 392.8 mm®. How-
ever, this difference was not statistically significant (p =
0.1964).

To evaluate the tumor growth delay, the mean time to reach the
target tumor volume of 800 mm? was calculated for each group
(Table S4 and Figure S13). Results showed a significant delay

in tumor growth in mice treated with [¥’Cu]Cu-Trastuzumab-
p-SCN-Bn-TE1PA (10 or 20 MBq) compared to the vehicle
and trastuzumab treatments. The mean time to reach 800 mm?®
was 43 + 18 days for the 10 MBq dose (group 2) and 58 + 11
days for the 20 MBq dose (group 3), versus 25 + 8 days for the
trastuzumab treated group (p = 0.0046 for group 2; p < 0.0001
for group 3). Group 4 showed slightly longer value compared
to the vehicle (18 + 3 days) but this difference was not signifi-
cant (p > 0.9999).

Tumor growth inhibition was determined by comparing the me-
dian tumor volume of the treated groups 2, 3 and 4 to the vehicle
(group 1) (Table S5). At 29 days post-administration, [*’Cu]Cu-
Trastuzumab-p-SCN-Bn-TE1PA (10 MBq) displayed a mod-
erately high tumor growth inhibition with an optimal value of
67%. Radiotherapy using the 20 MBq dose led to a high tumor
growth inhibition with optimal value of 81%. Trastuzumab
treatment exhibited a very moderate value of 36%.

The efficiency of the ®’Cu-radiotherapy was clearly demon-
strated through Kaplan—Meier curves (Figure 6B). The median
survival times for the vehicle group (31 days) and trastuzumab
group (41 days) were significantly lower than those observed in
groups receiving radioimmunotherapy. Specifically, the groups
treated with  [Cu]Cu-Trastuzumab-p-SCN-Bn-TE1PA
showed extended median survival time of 60 days with 10 MBq
and 74 days with 20 MBgq. Statistical analysis confirmed signif-
icant differences between the vehicle and all treatment groups,
though no statistically significant differences were found be-
tween the 10 and 20 MBq radiotherapy doses.

The potential toxicity of all treatments was evaluated by moni-
toring body weight at least twice a week for each animal, as
well as through plasma analyses performed at the time of sacri-
fice across the different groups. All treatments were generally
well tolerated, with only a transient body weight reduction
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Figure 6. A) Individual tumor volume curves of Swiss nude mice bearing subcutaneous NCI-N87 tumors when treated with [7Cu]Cu-
Trastuzumab-p-SCN-Bn-TE1PA 10 and 20 MBaq, vehicle and trastuzumab. B) Kaplan—Meier plot representing the survival of the mice of
each group. Median survivals: 31 days (vehicle; blue), 41 days (trastuzumab; red), 60 days (10 MBq of [’Cu]Cu-Trastuzumab-p-SCN-Bn-
TE1PA,; green) and 74 days (20 MBq of [’Cu]Cu-Trastuzumab-p-SCN-Bn-TE1PA, black). Statistical analyses were carried out with log-
rank (Mantel-Cox) test with (*) p = 0.0056, (**) p = 0.0005 and (***) p < 0.0001.



observed in the groups treated with [¢’Cu]Cu-Trastuzumab-p-
SCN-Bn-TE1PA during the first few days after injection. The
body weight loss was minimal (< 5%) and self-corrected shortly
thereafter (Figure S14 and S15). No body weight loss requiring
clinical intervention or reaching ethical limits was observed. All
animals were sacrificed once their tumor volume exceeded
1500 mm?® or at the end of the study. Toxicity was evaluated by
measuring levels of aspartate transaminase (AST), alanine
transaminase (ALT), total bilirubin (TBIL), creatinine (CRE)
and albumin (ALB). Comparative analyses of the concentra-
tions for each parameter were performed (Figure S16). Notably,
for group 1, only three values for AST, ALT and TBIL, and five
for the other parameters, were available. A slight increase in
ALT levels was observed for [¥’Cu]Cu-Trastuzumab-p-SCN-
Bn-TE1PA for both doses (27.5 + 4.6 IU/L for 10 MBq and
33.2+ 5.1 IU/L for 20 MBq) compared to the vehicle (20.3 +
4.2 IU/L) and trastuzumab treatment (21.0 + 3.7 IU/L) suggest-
ing mild liver toxicity. The difference between the vehicle and
group 2 (10 MBq) was not statistically significant (p = 0.2901)
while group 3 (20 MBq) showed a significant difference with
the vehicle (p = 0.0051).

AST and TBIL concentrations decreased in the radioactive
treated groups (group 2 and 3) compared to the vehicle and
trastuzumab, these differences were not statistically significant.
CRE level, a marker of renal toxicity, showed no significant
differences between groups except between group 2 and
trastuzumab treated group (0.056 + 0.030 mg/dL and 0.114 +
0.053 mg/dL, respectively) (p =0.0049). [¥"Cu]Cu-
Trastuzumab-p-SCN-Bn-TE1PA at 10 or 20 MBq doses dis-
played slightly lower concentrations (0.056 + 0.030 mg/dL and
0.076 £ 0.034 mg/dL, respectively) with not significant differ-
ence compared to the vehicle (p = 0.2130 for group 2 and
0.8317 for group 3). The ALB concentration data showed sta-
tistically significant differences between the control group and
both [¥’Cu]Cu-Trastuzumab-p-SCN-Bn-TE1PA groups (p <
0.01), as well as between trastuzumab treatment and both radi-
otherapy groups (p < 0.005) with concentration values ranged
from 1.92 + 0.06 g/dL to 2.22 + 0.08 g/dL.

DISCUSSION

HER2-positive gastric cancer is a highly aggressive disease,
characterized by rapid growth, significant heterogeneity, and
poor prognosis. This highlights the urgent need for effective im-
aging probes to facilitate accurate diagnosis and guide treat-
ment decisions. Despite the critical nature of this issue, only a
limited number of studies have investigated nuclear medicine
approaches for both imaging and therapy of gastric cancers.?-
2+ Considering the growing recognition of HER2 overexpres-
sion in gastric cancer patients, our research focused on using
trastuzumab to target the NCI-N87 human gastric adenocarci-
noma cell line. Notably, radiolabeled trastuzumab compounds
for gastric cancer remain scarce, especially those incorporating
copper radioisotopes.?>?%2% The recent increased availability of
copper-67, made possible by advancements in its production at
a sufficient quantity and quality, opens new avenues for re-
search and clinical applications.

In our previous work, we demonstrated the relevance p-SCN-
Bn-TE1PA in the design of radiopharmaceuticals for ®*Cu-PET
imaging!®'® or even %Cu-based therapy.?” Other chelating
agents forming stable Cu(Il) complexes in vivo have been re-
ported in the literature, such as CB-TE1PA which requires dras-
tic radiolabeling conditions limiting radiopharmaceutical

applications, or sarcophagin (Sar) which is currently the subject
of a clinical study using the 84Cu/®’Cu pair.?° The develop-
ment of highly stable copper chelators based on TE1PA has fur-
ther increased interest in copper-67 as a therapeutic radionu-
clide. Based on these findings, we have developed a novel
theranostic radiopharmaceutical featuring a unique bioconju-
gate capable of being labeled with copper-64 for PET imaging,
and copper-67 for therapeutic applications.

The bioconjugation of trastuzumab with p-SCN-Bn-TE1PA
was highly efficient, with 1.1 to 2.0 ligands coupled per anti-
body using 10 to 30 equivalents of ligand, without any loss in
binding affinity compared to unconjugated trastuzumab. In this
study, we aimed for an average DOL close to 2, a value consid-
ered sufficient for efficient radiolabeling while preserving anti-
body integrity. Notably, under the same mild conjugation con-
ditions, some bifunctional chelators have been reported to yield
higher DOL values, suggesting that structural features such as
size and accessibility may influence labeling efficiency. The
confirmed high HER2 expression in the NCI-N87 cell line al-
lowed the development of a mouse model of gastric cancer.
Successful radiolabeling with copper-64 enabled a biodistribu-
tion study of [%*Cu]Cu-Trastuzumab-p-SCN-Bn-TE1PA
(DOL of 2.0) for immuno-PET imaging of gastric cancer. The
specific targeting of HER2-expressing tumors was clearly high-
lighted on PET images with high contrast using a blocking
group.

Tumor-to-liver ratios at 24 and 48h using [%Cu]Cu-
Trastuzumab-p-SCN-Bn-TE1PA were notably higher (1.27
and 2.04, respectively) than those observed with co-injection of
trastuzumab (0.50 and 0.69, respectively) (Table S2). This in-
dicated a faster hepatic clearance of the radiotracer with the
blocking group, supporting the effective tumor targeting of
[**Cu]Cu-Trastuzumab-p-SCN-Bn-TE1PA. Ex vivo biodistri-
bution results further confirmed the specific binding of the ra-
dio-immunoconjugate to the tumor, with reduced tumor uptake
observed in the group receiving an excess of trastuzumab
(group 2), emphasizing its potential for targeted therapy. Blood-
to-muscle ratios (~11 for group 1 and ~7 for group 2) (Table
S3) suggested that a small amount of activity remained in the
bloodstream at 48 h, expected with the long biological half-life
of antibodies. The liver uptake in both groups was comparable
(liver-to-muscle ratio of around 11). However, tumor accumu-
lation differed significantly, as expected, with the tumor-to-
muscle ratio in group 1 being more than four times higher,
around 26, vs 6 for group 2. The tumor-to-liver ratio for
[**Cu]Cu-Trastuzumab-p-SCN-Bn-TE1IPA was approxi-
mately 2, while the blocking dose showed a ratio of 0.6, indi-
cating that, after 48 h, the liver accumulated nearly twice as
much of the compound than the tumor. These tumor-to-liver ra-
tios were consistent with those calculated from PET image anal-
ysis (Table S2). Our 54Cu-PET study underscored the promising
application of [®*Cu]Cu-Trastuzumab-p-SCN-Bn-TE1PA as
a radiotracer in the field of molecular imaging, providing a val-
uable tool for diagnosis of HER2-positive tumors and monitor-
ing trastuzumab-targeted radiotherapy. Although studies focus-
ing on the identification of HER2-positive tumors using ®Cu-
PET imaging are limited, examples of #*Cu-trastuzumab conju-
gates using DOTA or NOTA chelators have been reported.
[¢*Cu]Cu-Trastuzumab-DOTA has been studied in both
HER2-positive breast and gastric cancers.?>%%2 As well-docu-
mented for #*Cu-DOTA-based radiopharmaceuticals,?® this ra-
diotracer exhibited high liver uptake, likely due to hepatic me-
tabolism and copper-64 transchelation. The use of NOTA
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improved stability in the liver, especially compared with DOTA
which showed significant in vivo dissociation, leading to in-
creased hepatic accumulation of free copper, likely due to
transchelation to proteins such as superoxide dismutase
(SOD).* In our previous studies, we observed similar results,
demonstrating that TE1PA offers superior Cu-nuclide coordi-
nation properties compared to DOTA and NOTA chelators.

Focusing on a theranostic approach using a chemically identical
bioconjugate, we studied Trastuzumab-p-SCN-Bn-TE1PA
labeled with copper-67 to assess its therapeutic potential in the
same murine model of gastric cancer. The therapeutic study of
[¥"Cu]Cu-Trastuzumab-p-SCN-Bn-TE1PA in NCI-N87 sub-
cutaneously grafted mice demonstrated a significant enhance-
ment in anti-tumor activity at doses of 10 and 20 MBq, com-
pared to the vehicle (group 1) and standard trastuzumab treat-
ment (group 4). This was evidenced by notably reduced tumor
growth (Figure 6A and Figure S11) and increased median sur-
vival time (Figure 6B), highlighting its potential as a promising
therapeutic agent.

The observed anti-tumor effects were primarily attributed to the
B ionizing emission of copper-67, as the efficacy of [*’Cu]Cu-
Trastuzumab-p-SCN-Bn-TE1PA did not appear to be due to
the antibody itself. Indeed, a limited effect on tumor growth de-
lay was observed in group 4, which received standard
trastuzumab treatment (two injections per week for three
weeks). This was further confirmed by the increase in tumor
size in the vehicle group (group 1) throughout the study, while
groups 2 and 3, which received [¥'Cu]Cu-Trastuzumab-p-
SCN-Bn-TE1PA, showed a clear trend toward tumor growth
inhibition.

A dose-dependent response was observed, with more effective
tumor-growth inhibition and improved median survival at the
higher dose of 20 MBq of [’Cu]Cu-Trastuzumab-p-SCN-Bn-
TE1PA. Indeed, a clear reduction in the tumor size was ob-
served for group 3 almost immediately after injection, while
group 2 displayed minimal changes in the tumor size until 32
days post-injection. Thus, treatment with [*"Cu]Cu-
Trastuzumab-p-SCN-Bn-TE1PA, whether with 10 or 20
MBq doses, exhibited a significantly greater anti-tumor effect
than trastuzumab alone, reinforcing the efficacy of targeted ra-
diotherapy for HER2-positive tumors.

The therapeutic efficiency demonstrated in this study was ac-
companied by no significant toxicity and good tolerance of each
treatment. Comparative analyses of clinical biochemistry pa-
rameters at the end of the study showed, in general, no signifi-
cant differences between group 1 (vehicle) and group 4
(trastuzumab), or between the groups treated with copper-67
(Figure S16). A slight but statistically significant increase in
ALT levels was observed in group 3 (20 MBq), with no corre-
sponding elevations in AST, TBIL, or CRE. These findings
may suggest a limited hepatic impact at higher doses of
[("Cu]Cu-Trastuzumab-p-SCN-Bn-TE1PA, but remained
within a range compatible with good overall tolerance.

CONCLUSIONS

Altogether, this study further supports the potential of
4Cu/fCu-labeled trastuzumab conjugates for HER2-positive
cancer theranostics, and illustrates that TE1PA-based bifunc-
tional chelators constitute an additional valuable option among
currently available systems such as NOTA and sarcophagine
derivatives. In addition, the theranostic approach using the

copper-64/copper-67 pair demonstrates significant potential for
the treatment of gastric cancer by considering this new proof of
concept. Our results underline the promising efficacy and safety
of [*’Cu]Cu-Trastuzumab-p-SCN-Bn-TE1PA in improving
treatment outcomes for HER2-positive gastric cancer, reinforc-
ing its value in advancing precision oncology. This study
demonstrates the success of an optimized combination: a sin-
gle-element isotopic pair, a chelator with proven efficacy for
copper chelation and radiolabeling, an accessible biological
vector, and a therapeutically relevant target, namely gastric can-
cer, known for its demanding specificity. This work under-
scores the importance of chelator design in maximizing the po-
tential of the copper-64/copper-67 pair for clinical applications,
offering a compelling alternative to other radioisotopes in nu-
clear medicine.
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A copper-based theranostic approach combining ®Cu/¥’Cu isotopes
with trastuzumab modified with TE1PA offers effective PET imaging,
targeted radiotherapy, and high tumor specificity for HER2-positive
gastric cancer, with minimal toxicity and strong therapeutic potential.
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