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Abstract

Background: Epithelial cell adhesion molecule (EpCAM) is a transmembrane
glycoprotein, which is overexpressed in several types of malignancies. Designed
ankyrin repeat protein (DARPIn) Ec1 is a 19 kDa engineered scaffold protein

that binds with high affinity to EpCAM. Radiolabelled Ec1 might be used as a com-
panion diagnostic for the selection of patients for personalized therapy. This study
aimed to investigate the influence of different radiometal-chelator complexes

on the biodistribution and imaging contrast of ®®Ga-labelled Ec1.To investigate

this, two macrocyclic chelators, 1,4,7-triazacyclononane-N,N,N-triacetic acid (NOTA)
and 1-(1,3-carboxypropyl)-1,4,7-triazacyclononane-4,7-diacetic acid (NODAGA) were
conjugated to the C-terminus of the Ec1. The previously developed DARPIn Ec1 con-
jugated to 1,4,7,10-tetraazacylododecane-1,4,7,10-tetraacetic acid (DOTA) was used
as a comparator.

Results: All Ec1 variants were successfully labelled with %®Ga. The use of NOTA

and NODAGA provided twice higher radiochemical yield and improved label stabil-
ity compared to DOTA. All labelled Ec1 variants bound to the EpCAM-expressing cells
with nanomolar affinity and preserved targeting specificity in vitro and in vivo. Bio-
distribution studies in mice bearing EpCAM-expressing SKOV-3 xenografts showed
that [*®Ga]Ga-Ec1-NOTA had lower uptake in most normal organs while maintaining
tumor uptake. Among all variants, [*®Ga]Ga-Ec1-NOTA showed the lowest liver uptake,
with no significant differences in tumor uptake. Additionally, [®®Ga]Ga-Ec1-NOTA
provided the highest tumor-to-blood ratio compared to [*®Ga]Ga-Ec1-DOTA and [%Ga]
Ga-Ec1-NODAGA.

Conclusion: [*®Ga]Ga-Ec1-NOTA is the preferred radioconjugate for PET imaging
of EpCAM expression.

Keywords: Epithelial cell adhesion molecule (EpCAM), Designed ankyrin repeat
proteins (DARPIn), %Ga, SKOV-3 xenograft, PET imaging
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Introduction

One of the promising druggable cancer-associated molecular targets is epithelial cell
adhesion molecule (EpCAM, also known as CD326). EpCAM is a transmembrane gly-
coprotein consisting of 291 amino acids, including a large glycosylated and disulfide-
bonded extracellular domain, a single transmembrane helix, and a short cytoplasmic
domain, which is involved in intracellular signaling, regulating migration, proliferation,
and differentiation (Liu et al. 2022a).

The high-level expression of EpCAM in various carcinomas (e.g. prostate, ovarian,
lung, colon, and breast cancers) and metastases, along with its correlation to clinical
outcomes, has established it as both a prognostic marker and a therapeutic target (Went
et al. 2006). However, EpCAM’s prognostic value varies depending on the tumor type.
EpCAM plays a critical role in tumorigenesis and metastasis of carcinomas and can
be a potential prognostic marker for immunotherapeutic strategies (Gires et al. 2020).
Molecular imaging of cell-surface proteins might facilitate the diagnosis and stratifi-
cation of patients for targeted treatment. Radionuclide molecular imaging of molecu-
lar targets is a non-invasive tool assisting physicians to stratify patients for the specific
targeted therapy. Clinical examples include imaging of human epidermal growth factor
receptor 2 (HER2) using radiolabeled affibody molecules to select patients for HER2-tar-
geted therapy (Altena et al. 2023; Eissler et al. 2024; Altena et al. 2024), prostate-specific
membrane antigen (PSMA) imaging to select patients for PSMA-targeted radioligand
therapy (Hofman et al. 2020) or imaging of B7H3 for B7H3-targeted therapies (Xia
et al. 2025). This technique can solve the major drawbacks associated with the use of
biopsy-based methods such as invasiveness and target expression heterogeneity. The
clinical relevance of EpCAM imaging is emphasized by its heterogeneous expression
across various cancer types and within individual tumors. This heterogeneity presents
challenges in accurately identifying suitable candidates for EpCAM-targeted therapies
and requires careful evaluation to guide clinical decision-making. Traditional pathologi-
cal assessment by biopsy may not fully capture the heterogeneity of EpCAM expression.
Additionally, the EpCAM expression can be dynamic in primary and metastatic tumors
(Cui et al. 2022). This may potentially lead to misclassification of tumors and suboptimal
treatment strategies. Molecular imaging offers a non-invasive means to assess the spatial
and temporal distribution of EpCAM expression in vivo. Incorporating molecular imag-
ing into clinical workflows might enhance the precision of EpCAM-targeted therapies,
potentially improving patient outcomes.

Previously developed probes for radionuclide molecular imaging of EpCAM are
mainly based on monoclonal antibodies (mAbs) (Kosterink et al. 1995; Breitz et al. 1997;
Hall et al. 2012; Warnders et al. 2016). Although the use of the radiolabeled antibodies
is straightforward, it is associated with a risk of false-positive results due to nontarget-
mediated retention in tumors in part because of the enhanced permeability and reten-
tion (EPR) effect (Maeda et al. 2000; McLarty et al. 2009; Lub-de Hooge et al. 2004;
Wijngaarden et al. 2024).. Moreover, the low tumor extravasation rate and long serum
half-life of full-length antibodies result in high background and low imaging contrast of
radionuclide imaging even several days after administration (Wu 2014).

The use of small targeting proteins have earlier been found suitable as an alternative
to overcome the limitations associated with the use of mAbs. The reduction in the size
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of the targeting agent facilitates extravasation, enabling efficient and quick accumula-
tion in tumors (Eder et al. 2010; Liu et al. 2022¢; Xu et al. 2025). Moreover, the non-
bound targeting agents are rapidly excreted from blood circulation, resulting in a high
imaging contrast even on the day of administration (Garousi et al. 2020). Examples of
small targeting agents are the engineered scaffold proteins (ESPs), for example affibody
molecules, albumin-binding domain-derived affinity proteins (ADAPTs), and designed
ankyrin repeat proteins (DARPins). They have demonstrated the capacity to provide
high-contrast in vivo imaging of different molecular targets at the day of injection in pre-
clinical and clinical studies (Krasniqi et al. 2018; Alhuseinalhudhur et al. 2023; Luo et al.
2022; Bragina et al. 2021; Bragina et al. 2022; Houvast et al. 2024).

DARPins comprise a class of small proteins based on tightly packed repeats of
33-amino acids, forming a B-turn and two antiparallel a-helices. They are characterized
by high robustness, high thermal and chemical stability, high water solubility and effi-
cient production in prokaryotic hosts with low manufacturing costs (Binz et al. 2003,
2004; Steiner et al. 2008; Interlandi et al. 2008). DARPins binding to tumor-associated
molecular targets such as human epidermal growth factor receptor 2 (HER2), epithe-
lial cell adhesion molecule (EpCAM), epidermal growth factor receptor (EGFR), vascu-
lar endothelial growth factor (VEGF) and hepatocyte growth factor (HGF) have been
described (Binz et al. 2017; Stefan et al. 2011; Zahnd et al. 2006; Steiner et al. 2008).

DARPins are currently the only class of ESPs that has been used to successfully
generate binders to EpCAM. Clinical trials have demonstrated that DARPin-based
radionuclide imaging probes can successfully target and visualize cancer-associated
upregulation of proteins in malignancies, for example DARPin G3 targeting HER2,
and Ecl targeting EpCAM (Bragina et al. 2022; Zelchan et al. 2024). The DARPin Ecl
consists of five ankyrin repeats and has a molecular weight of 18.6 kDa. It has a strong
affinity to EpCAM (K= 68 pM) (Stefan et al. 2011). Radiolabeling of Ecl with different
nuclides, such as technetium-99 m, iodine-125, or indium-111, has enabled the devel-
opment of imaging probes demonstrating specific visualization of EpCAM expression
in preclinical models of pancreatic, ovarian, prostate and triple-negative breast cancers
(Deyev et al. 2020; Vorobyeva et al. 2020a, b; Deyev et al. 2021). A Phase I clinical study
demonstrated that injections of Ecl, radiolabelled with technetium-99 m tricarbonyl, is
safe and well tolerated, and that the tracer can visualize EpCAM expression in patients
with lung cancer (Zelchan et al. 2024).

Visualization of EpCAM expression using molecular imaging techniques, such as sin-
gle photon emission computed tomography (SPECT) and positron-emission tomog-
raphy (PET), can overcome many limitations associated with the use of biopsy-based
methods. PET is commonly used in oncology for cancer staging, treatment planning,
and monitoring response to therapy. One of the significant advantages of PET is its abil-
ity to provide quantitative information about physiological processes, allowing for the
measurement of metabolic rates, and receptor densities. Importantly, PET can provide
superior sensitivity and quantitation accuracy compared to SPECT (Rahmim and Zaidi
2008). Among the possible positron emitting radioisotopes such as **Co (T;,= 17.5 h),
*Cu (T,,,=12.7 h) and ¥Zr (T, ,, = 78.4 h), which can be used to provide PET images on
the day after injection, gallium-68 (**Ga, T, , = 68 min, B abundance 90%, Egimax= 1880
keV) is a suitable positron-emitting radionuclide for clinical PET imaging of different
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cancerous targets on the day of injection. The major advantage of this radionuclide com-
pared to many others lies in its accessibility from a *Ge/®*Ga generator system, which
provides a non-cyclotron-based and cost-effective source of the isotope. This offers
hospitals convenient on-site access to a GMP-compliant diagnostic PET radionuclide,
eliminating the need for local cyclotron facilities. The short half-life of this radionuclide
fits well with rapidly cleared imaging agents such as ESPs, resulting in a low absorbed
dose burden to the patients. Considering these advantages, there has been significant
interest in ®*Ga-containing radiopharmaceuticals (Fani et al. 2008; Velikyan 2014). ®*Ga-
based radiopharmaceuticals consist of gallium-68 bound to a chelator, which is linked to
a molecule designed to target cell-surface receptors on tumors. The optimal chelator for
radiopharmaceutical applications should form thermodynamically stable and/or kineti-
cally inert complex to prevent any premature ligand-exchange reactions or hydrolysis
in the body. This is particularly important for Ga (III), which can bind to transferrin in
blood at two transferrin binding sites with high thermodynamic stability (log K; = 21.43
and log K,= 20.57) (Harris and Pecoraro 1983). Therefore, gallium-chelator complexes
should be sufficiently inert to transchelation in vivo. Macrocyclic chelators such as
NOTA, NODAGA, and DOTA are commonly used for labeling of peptides and proteins
with gallium-68 (Kostelnik and Orvig 2019). Even though DOTA is a suboptimal chela-
tor for gallium, as it has a large cavity and the thermodynamic stability of the DOTA-
gallium complex (log Kpora_gagm = 21.3) is lower than the stability of the NOTA-gallium
complex (log Kyora_gaqm = 31.0) (Wadas et al. 2010), DOTA is commonly used for gal-
lium-66/67/68 labeling (Kostelnik and Orvig 2019) and is a convenient choice for thera-
nostic applications with other radiometals. NOTA and NODAGA chelators, containing
three nitrogen donor atoms, are smaller than DOTA, containing four nitrogen donor
atoms. NODAGA is a derivative of NOTA containing one additional carboxy group.
After one of the carboxylic acid groups is used for conjugation to a targeting molecule,
two, three, and three groups remain to saturate the hexadentate coordination of gal-
lium for the NOTA, NODAGA, and DOTA chelators, respectively. Thus, the coordi-
nation geometry of their complexes with gallium-68 is different. The characteristics of
the radiometal-chelator complex, such as complex geometry, lipophilicity, and overall
charge, can influence the biodistribution of targeted radiopharmaceuticals. Several stud-
ies have demonstrated how minor changes in the chelator structure, conjugation linker,
and the site of its conjugation to the peptide or protein, can influence the uptake in nor-
mal organs and tumor-targeting properties of imaging agents labeled with radiometals
(Asti et al. 2014; Strand et al. 2013; Rinne et al. 2019a, Mitran et al. 2019). This means
that the biodistribution and tumor-targeting properties of the targeting agents could be
improved by the alteration of their structural features.

Thus, the main aim of this study was to evaluate how the modification of radiometal-
chelate complex would influence the biodistribution and tumor-targeting properties of
Ecl labelled with gallium-68 for visualizing the EpCAM expression. To construct imag-
ing agents labelled with generator-produced gallium-68, the maleimide derivatives of
the macrocyclic chelators, DOTA, NOTA and NODAGA, were site-specifically cou-
pled to the C-terminal cysteine in Ecl. The resultant Ecl constructs were labelled with
gallium-68. In vitro experiments to test binding specificity, affinity, and internalization
were performed using EpCAM-expressing cell lines. Biodistribution of *®*Ga-labelled
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Ecl variants was studied in mice bearing EpCAM-expressing SKOV-3 xenografts. The
uptake in EpCAM-negative Ramos xenografts was used to test the specificity of *Ga-
labelled Ec1 variants in vivo.

Materials and methods

General

Gallium-68 was obtained by fractionated elution of the ®3Ge/**Ga generator (Eckert and
Ziegler AG, Berlin, Gemany) with 0.1 M HCI. The eluate with the highest radioactivity
concentration was used for labeling. The iTLC analysis of radiochemical yield and purity
was performed using CR35 BIO Plus Storage Phosphor System and AIDA image analy-
sis software (from ElysiaRaytest, Bietigheim-Bissingen, Germany). The activity from cell
and animal samples was measured using an automated gamma-spectrometer equipped
with a 3-inch Nal (TT) well detector (2480 Wizard, Wallac, Turku, Finland). Radioac-
tivity during labeling was measured using a dose calibrator RDC-VIK-202 (COMECER
Netherlands, 8501-XC, Jourse, Netherlands) equipped with an ionizing chamber.

In vitro cell studies were performed using the ovarian cancer cell lines, SKOV-3 and
OVCAR-3, which were purchased from the American Type Culture Collection (ATCC).
Ramos lymphoma cells (ATCC) were used to establish EpCAM-negative xenografts.
SKOV-3 and Ramos cells were cultured in RPMI medium (Biochrom, Berlin, Germany)
containing 10% fetal bovine serum (FBS) (Merck, Darmstadt, Germany), 2 mM L-glu-
tamine, 100 IU/mL penicillin, and 100 pg/mL streptomycin (all from Biochrom, Berlin,
Germany). OVCAR-3 cells were cultured in RPMI medium containing 20% FBS, 2 mM
L-glutamine, 100 IU/mL penicillin, 100 g/mL streptomycin, and 0.01 mg/mL bovine
insulin (Sigma-Aldrich, St. Louis, MO, USA).

Statistical analysis was performed using Prism 10.4.1 software (GraphPad Software
Inc). A 2-tailed unpaired t-test was applied to find a significant difference for compari-
son of two sets of data. To determine significant differences (p <0.05) of more than two
sets of data, a one-way ANOVA with Tukey’s multiple comparisons was used.

Production, purification, and characterization of Ec1 conjugated to DOTA, NOTA

or NODAGA chelators

Ec1 having a histidine-glutamate (HE), tag at the N-terminus and three glutamates fol-
lowed by a cysteine at the C-terminus ((HE);-Ec1-E;C) was produced and conjugated
to the chelators as described previously (Deyev et al. 2021). For conjugation of different
chelators (malemide derivatives of DOTA, NOTA and NODAGA) (molecular weights
787, 685 and 757 mg/mmol, respectively) to Ecl, (HE);-Ec1-E;C (1.5 mg, 80 nmol, 400
pL in PBS, pH 8) was incubated with a 100-fold molar excess of dithiothreitol (DTT)
(1.28 mg, 8.2 umol, 26 uL in PBS, pH 8.0), final DTT concentration 19 mM, for 60 min
at 40 C. To remove DTT, the reaction mixture was purified using a NAP-5 column,
pre-equilibrated with degassed 0.2 M ammonium acetate (NH,OAc), pH 6.5. Next, the
fractions containing the protein (0.45 mg, 24 nmol, 480 pL) were incubated with a ten-
fold molar excess of maleimide-DOTA (190 pg, 240 nmol, 38 uL of 5 mg/mL in 0.2 M
NH,OAc, pH 6.5), maleimide-NOTA (164 pg, 240 nmol, 32 pL of 5 mg/mL in 0.2 M
NH,OAc, pH 6.5) and maleimide-NODAGA (182 g, 240 nmol, 36 pL of 5 mg/mL in 0.2
M NH,OAc, pH 6.5) at 40 °C for 2 h. To remove the unconjugated chelator, the reaction
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mixture was purified using a NAP-5 column with 0.2 M NH,OAc, pH 6.5. The protein
concentration was measured using a DS-11 spectrophotometer (DeNovix, Wilmington,
DE, USA). The Ecl variants conjugated to chelators (termed Ec1-DOTA, Ec1-NOTA
and Ec1-NODAGA, respectively) were stored in 0.2 M NH,OAc (pH 6.5) at —20 C
before labeling with radiometal. The molecular weight of the conjugates was measured
by liquid chromatography—electrospray ionization—mass spectrometry (LC—ESI-MS)
on a 6520 Accurate Q-TOF LC/MS (Agilent, USA).

Radiolabeling with %8Ga and in vitro stability

For labeling with ®®Ga, 30 pg of Ecl conjugate was mixed with 1.25 M of NaOAc, pH
3.6 (100-150 pL). A generator eluate (100-150 uL, 60 MBq) was added. The reaction
mixture was thoroughly vortexed and incubated for 25 min at 60 ‘C. The radiochemical
yield was evaluated using iTLC developed with 0.2 M citrate buffer pH 2.0. To remove
unbound activity, 1000-fold molar excess of EDTANa, (10 pL of 38 mg/mL) was added
to the reaction mixture. Purification was performed using a NAP-5 column, pre-equili-
brated and eluted in PBS.

The in vitro stability test of Ecl variants labeled with ®3Ga was performed by incubat-
ing purified radioconjugates with a 1000-fold molar excess of EDTA (10 mg/mL) at 37
°C. The control samples were incubated in PBS. The test was run in triplicates.

The stability in serum was analyzed by mixing the purified radioconjugates (3 pg in 47
pL) or 68Ga[Ga]Cl3 with murine serum or PBS (47 pL) as a control. The samples were
incubated for 3 h at 37 °C and analyzed by iTLC at 1 h and 3 h. After 3 h, the sam-
ples were loaded on NAP-5 column pre-equilibrated with 1% BSA in PBS and eluted
with PBS. The following fractions were collected: (1) fraction containing high-molecular
weight components eluted in 900 pL, corresponding to the protein-associated activ-
ity in Table 3; and (2) fraction containing low-molecular weight components eluted in
1800 pL. The activity in fractions and in the NAP-5 columns were measured using an
automated gamma-spectrometer. The sum of two fractions and the residual activity in
NAP-5 column were taken as 100%, and the protein-associated activity was calculated.
The experiment was performed in duplicate.

To cross-validate radio-iTLC data, reverse phase-HPLC was performed conducted on
an Elite LaChrom system (Hitachi, VWR, Darmstadt, Germany) consisting of an L-2130
pump, a UV detector (L-2400), and a radiation flow detector (Bioscan, Washington,
DC, USA) coupled in series was used. Analysis of the purity of radiolabelled compound
was performed using an analytical column (Vydac RP C18 column, 300 A; 3x 150 mm;
5 pm). HPLC conditions were as follows: A= 10 mM TFA/H,0O, B= 10 mM TFA/ace-
tonitrile, UV-detection at 220 nm, gradient elution: 0—15 min at 5% to 70% B, 15—-18 min
at 70 to 95% B, 19-20 min at 5% B, and a flow rate was 1.0 mL/min.

In vitro studies

The binding specificity of Ec1 conjugates labelled with gallium-68 to EpCAM-expressing
SKOV-3 and OVCAR-3 cells was evaluated as described previously (Vorobyeva et al.
2020a). A 100-fold molar excess of non-labelled Ecl (200 nM in 500 pL) was added to
the blocked group of cells to saturate EpCAM receptors, then the radiolabelled DARPin
radioconjugates (4 nM in 500 pL) were added to both groups (2 nM final concentration).
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For half-maximal inhibitory assay (ICy,), 5x 10° SKOV-3 cells/well were seeded in
a 12-well plate. On the next day, the medium was removed, 250 puL of fresh medium
was added to every well, followed by the addition of 250 L of the ["*Ga]Ga-Ec1-X (X
=NOTA, DOTA and NODAGA) and ['!!In]In-Ec1-DOTA (500 uL). The final concen-
tration of the ["*Ga]Ga-Ec1-X conjugates ranged between 0 and 400 nM and the final
concentration of ['!In]In-Ec1-DOTA was 2 nM. The cells were incubated at 4 °C for
4 h. The supernatant was collected and the cells were washed with cold PBS, which was
collected to the same tube. The cells were collected using a trypsin—EDTA solution. The
activity in the samples was measured. The data was analysed using the nonlinear regres-
sion model in GraphPad Prism 10.4.1. Statistical analysis was performed using one-way
ANOVA test with Bonferroni’s correction. The experiment was performed in parallel
using the cells from the same passage and the same solution of ['!'In]In-Ec1-DOTA.

Cellular processing of Ecl radioconjugates on SKOV-3 and OVCAR-3 cells dur-
ing continuous incubation was studied by an acid-wash method (Wallberg and Orlova
2008). Three dishes per time point were used. Radioconjugate (2 nM in 1 mL) was added
to the dishes and cells were incubated at 37 °C in a humidified incubator for 0.5, 1, 2 and
3 h.

In vivo studies

Animal experiments were performed according to the national legislation for work
with laboratory animals and the permit granted by the Ethical Committee for Animal
Research in Uppsala (permit 5.8.18—00473/2021, approved 26 February 2021). Four mice
per data point were used in biodistribution experiments.

Biodistribution of the ®®Ga-labelled Ecl conjugates was studied in female Balb/c nu/
nu mice bearing EpCAM-positive SKOV-3 xenografts. To establish xenografts, SKOV-3
cells (107 cells/mouse) were subcutaneously injected on the right hind leg of mice. For
in vivo specificity, Ramos cells (6 x 10° cells/mouse) were subcutaneously implanted on
the left hind leg of mice. The experiments were performed two to three weeks after cell
implantation. The average animal weight was 19.1 +0.7 g. The average tumor weight was
1.04 £0.41 g and 0.63 +0.52 g for SKOV-3 and Ramos xenografts, respectively. The bio-
distribution was measured 3 h after injection. Mice were injected with the *®Ga-labelled
Ecl variants ([*®Ga]Ga-Ec1-DOTA (9.3 £0.3 pg, 660 +21 KBq); [*®Ga]Ga-Ec1-NOTA
(9.3 £0.5 pg, 680 +37 KBq); [**Ga]Ga-Ec1-NODAGA (9.4 +0.2 pg, 719 +17 KBq) in
100 uL of PBS) into the tail vein. To test EpCAM-mediated accumulation, a group of
animals bearing Ramos xenografts was injected with the same peptide dose and activity
and the biodistribution was measured 3 h after injection. Mice were euthanized by intra-
peritoneal injection of anaesthetic solution following by a heart puncture, and collection
of blood. Organs and tissues were collected and weighed. The organ radioactivity was
measured using a gamma spectrometer. Uptake values for organs were calculated as the
percentage of injected dose per gram of tissue (%ID/g).

To confirm the biodistribution results, a small animal PET/CT imaging was per-
formed. Two mice bearing SKOV-3 xenografts were intravenously injected with [**Ga]
Ga-Ec1-DOTA (9.6 pg, 4.51 MBq) or [**Ga]Ga-Ec1-NOTA (9.6 pg, 4.50 MBq) (n =2, 9.6
+0.0 pg, 4.51 +0.01 MBq) and imaged three hours after injection. CT acquisition was
performed using nanoScan PET/CT (Mediso Medical Imaging Systems Ltd., Hungary)
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immediately after PET acquisition using the same bed position. The PET scans were per-
formed for 60 min, followed by CT examination at the following parameters: CT-energy
peak of 50 keV, 670 A, 480 projections, 2.29 min acquisition time. The PET data were
reconstructed into a static image using Tera-Tomo' 3D reconstruction engine. CT raw
files were reconstructed in real time using Filter Back Projection in Nucline 2.03 Soft-
ware (Mediso Medical Imaging Systems, Hungary). PET and CT files were fused and
analyzed using Nucline 2.03 Software (Mediso Medical Imaging Systems, Hungary) and
were presented as maximum intensity projections (MIP) in RGB colour scale.

Results

Production, purification, and characterization of Ec1 conjugated to DOTA, NOTA

or NODAGA chelators

The Ecl was recombinantly expressed and purified followed by coupling of the chela-
tors DOTA, NOTA, and NODAGA. According to mass spectrometry analysis (Fig. 1),
the coupling of maleimide-chelators provided successful conjugation to Ecl, with the
obtained molecular weights after conjugation matching the theoretical values within
1 Da (Fig. 1).

Radiolabeling of Ec1 variants with gallium-68 and in vitro stability
All variants were successfully labeled with gallium-68 (Table 1). The radioconjugates
were purified using size exclusion NAP-5 columns providing radiochemical purities over
98%. Both [**Ga]Ga-Ec1-NODAGA and [*®Ga]Ga-Ec1-NOTA demonstrated high stabil-
ity during incubation with a large excess of EDTA for up to 3 h, while [**Ga]Ga-Ecl-
DOTA released around 25% of activity after 1 h of incubation in EDTA (Table 2).

%8Ga[Ga]-Ec1-DOTA had the lowest stability in mouse serum both at 1 h and 3 h of
incubation compared to *®Ga[Ga]-Ec1-NOTA and *®Ga[Ga]-Ec1-NODAGA (Table 3).
After separation of samples on NAP-5, more activity (ca. 4—6%) was collected in the
high-molecular weight fraction for serum samples compared to PBS samples. This indi-
cates that a fraction of released gallium-68 could transchelate to serum proteins after
3 h of incubation. For the control samples containing ®®Ga[Ga]Cl, in serum, ca. 70% of
activity was transchelated to serum proteins after 3 h of incubation.

According to the radio-HPLC radiochromatograms (Fig. 2), the retention time of the
radiolabelled conjugates was around 12 min. Only one major peak was observed for each
radiolabelled compound.

In vitro studies
An in vitro binding specificity assay was performed using EpCAM-expressing SKOV-3
and OVCAR-3 ovarian cancer cells. Blocking the EpCAM receptors with an excess
of non-labelled Ec1 resulted in a significant (p< 0.05) decrease of binding of all *®Ga-
labelled Ec1 conjugates in the blocked groups compared to the nonblocked ones (Fig. 3).
This demonstrated that the binding was EpCAM-mediated in vitro.

To compare the relative binding strength of Ecl-X (X =DOTA, NOTA and
NODAGA), they were loaded with natural gallium and IC;, was measured using com-
petitive binding with ['*'In]In-Ec1-DOTA in SKOV-3 cells (Fig. 4). The IC;, values



Vorobyeva et al. EINMMI Radiopharmacy and Chemistry (2025) 10:26 Page 9 of 20

x10° A 19140.7

4

3.

2]

11

9570.3 l

o L [n /N

5000 10000 15000 20000 25000 30000 35000 40000 45000 oty
Intens.
105 25| B 19111.7

207

1.5

1.0

05

9555.9 h

0.0 L . i, . , . —r ,

5000 10000 15000 20000 25000 30000 35000 40000 45000 oty
Intens. -
x105 4 C 19039.7

3

2

1

) 9519.3 1 ssocn 062

5000 10000 15000 20000 25000 30000 35000 40000 45000 miz

Fig. 1 ESI-MS spectra of A Ec1-DOTA, B Ec1-NODAGA and C Ec1-NOTA Calculated molecular weight was
19,141,19,111 and 19,039 for Ec1-DOTA, Ec1-NODAGA and Ec1-NOTA, respectively. Found molecular weight
was 19,140.7,19,111.7 and 19,039.7 for Ec1-DOTA, Ec1-NODAGA and Ec1-NOTA, respectively

Table 1 Radiolabeling of Ec1 variants with %6Ga

Radiochemical yield (RCY), RCY, after EDTA Radiochemical

% incubation purity (RCP), %
Ec1-DOTA (n =5) 39+14 38+14 100 +£0
Ec1-NODAGA (n =4) 88+12 90+8 100 +£0
Ec1-NOTA (n =5) 85+7 83 +9 100 +0

were in nanomolar range.. There were no statistically significant differences between
the IC;, values (p > 0.05 for all comparisons).

The cellular processing data (Fig. 5) showed that the pattern of binding and inter-
nalization was similar for all radioconjugates. The cell-associated activity increased
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Table 2 In vitro stability of ®®Ga-labelled EpCAM Ec1 variants

Protein-associated activity, %

1h 3h

PBS EDTA PBS EDTA
Ec1-DOTA 94 +2 76 +1 9341 7242
Ec1-NODAGA 97 1 94 +1 956+0.2 93+2
Ec1-NOTA 96.8+0.2 95 +1 97 £1 94 +1

The stability test was performed in triplicates

Table 3 Serum stability of ®®Ga[Ga]-labelled Ec1 conjugates analyzed by iTLC after 1 and 3 h of
incubation at 37 °C

Protein-associated activity, %

1h (iTLC) 3 h(iTLC) 3 h (NAP-5)
PBS Mouse serum PBS Mouse serum PBS Mouse serum
%8GalGal-Ec1-DOTA 90+0 9240 9141 902 85+0 9241
%GalGal-Ec1-NODAGA 9340 9740 91+1  96+0 89+0 9540
%8GalGal-Ec1-NOTA 9540 97+0 92+0 9640 91+0 9540
8GalGalCl, 140 0401 5+4 241 1240 7041

After 3 h, the samples were loaded on NAP-5 column and the fractions corresponding to high molecular weight
components (protein-associated activity) and low molecular weight components were collected. Control samples were
incubated in PBS, 68Ga[Ga]CI3 was included for reference. The data is presented as an average (n =2) +SD

during the incubation. The internalization was relatively slow, ranging from 8 to 12%
of the total cell-associated activity after 3 h incubation.

In vivo studies

Biodistribution of [*®Ga]Ga-Ec1-DOTA, [*®Ga]Ga-Ec1-NOTA and [*®Ga]Ga-Ecl-
NODAGA in BALB/c nu/nu mice bearing human cancer xenografts demonstrated that
the uptake of all ®*Ga-labelled conjugates was significantly (p < 0.05) higher in EpCAM-
positive SKOV-3 xenografts than in EpCAM-negative Ramos xenografts 3 h after injec-
tion (Fig. 6), demonstrating in vivo EpCAM-specific accumulation in tumors.

The full biodistribution data is shown in Table 4. [*®Ga]Ga-Ec1-NOTA showed sig-
nificantly (p< 0.05) lower blood concentration than [*Ga]Ga-Ec1-DOTA (0.21 +0.05
and 0.52 +0.10%ID/g, respectively). The uptake in most normal organs and tissues fol-
lowed the same trend as the blood concentration. There was a tendency of lower uptake
in almost all organs and tissues for [®*Ga]Ga-Ec1-NOTA. The uptake in liver was signifi-
cantly (p< 0.05) lower for [®*Ga]Ga-Ec1-NOTA (16 +3%ID/g) than for [®®Ga]Ga-Ecl-
DOTA (27 +2%ID/g) and [**Ga]Ga-Ec1-NODAGA (21 +3%ID/g). The uptake of [**Ga]
Ga-Ec1-NODAGA was also significantly (p< 0.05) lower in blood and liver compared
with [®®Ga]Ga-Ec1-DOTA, with no significant differences detected in other normal
organs and tissues. No significant differences in tumor uptake were observed among
the conjugates. However, a significantly (p < 0.05) higher tumor-to-blood ratio for [**Ga]
Ga-Ec1-NOTA (10 +3) than for [*®®Ga]Ga-Ec1-DOTA (5 +1) was observed. There was
a tendency of higher tumor-to-organ ratios for [**Ga]Ga-Ec1-NOTA than for the other
two radioconjugates (Table 5).
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Fig. 6 A Comparative biodistribution of ®Ga-labelled Ec1 conjugates in BALB/c nu/nu mice bearing SKOV-3
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between values (p < 0.05). Data for [*Ga]Ga-Ec1-DOTA in Ramos xenografts were taken from Deyev et al.
(2021)

Results of nanoPET/CT imaging (Fig. 7) of [®®Ga]Ga-Ec1-DOTA and [*®Ga]Ga-Ecl-
NOTA in BALB/c nu/nu mice bearing EpCAM-positive SKOV-3 xenografts 3 h after
injection confirmed the ex vivo biodistribution data. Clear visualization of EpCAM-
expressing xenografts was observed using the both tracers.

Discussion

Elevated expression of EpCAM can drive sustained proliferation and tumor or meta-
static growth, potentially leading to poor prognosis for the patient (Ko et al. 2018). Its
link to clinical outcomes is complex and may vary based on the tumor’s origin or the
stage of tumor progression (Herreros-Pomares et al. 2018). Targeted drug delivery to
cancer-associated cell surface proteins might enhance treatment selectivity. Radionu-
clide-based imaging of molecular therapeutic targets can aid in stratifying patients for
the targeted treatments (Hofman et al. 2020; Mileva et al. 2024). Several studies have
shown that the molecular design e.g. differences in structure of the metal/chelator-

complex, surface exposure of functional groups and local distribution of charge, could

Page 13 of 20
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Table 4 Comparative biodistribution of ®Ga-labelled Ec1 conjugates in BALB/c nu/nu mice bearing
SKOV-3 and Ramos xenografts 3 h after injection

[8Ga]Ga-Ec1-DOTA [%®Ga]Ga-Ec1-NODAGA [°8Ga]Ga-Ec1-NOTA
Blood 0.52 +0.10*° 0.26 +0.04° 021 +£005°
Lung 09+02 06+02 0.6 +0.2
Liver 27 £2%0 21 £3%¢ 16 +3°¢
Spleen 6.4 +1.7° 58+10 37+1.0°
Kidney 233 £27° 236 +24¢ 174 £175¢
Tumor (SKOV3, EpCAM+) 25+02 22+03 21+05
Tumor (Ramos, EpCAM—) 0.36 +0.04 0.24 +0.02 03+0.1
Muscle 0.28 £0.06 0.24 +0.02 0.22 +£0.03
Bone 2.1 £04° 15404 14+03°
Gl tract** 14403 12402 12403
Carcass*™ 9+1 8+1 9+2

Data are expressed as the percentage of injected dose per gram of tissue (% ID/g). The data are presented as the average
value (n =3-4) +SD

**Data for gastrointestinal (GI) tract with content and carcass are presented as % of injected dose per whole sample
2 Significant difference (p < 0.05) between [*®Ga]Ga-Ec1-DOTA and [%®Ga]Ga-Ec1-NODAGA
b Significant difference (p < 0.05) between [4Ga]Ga-Ec1-DOTA and [*®Ga]Ga-Ec1-NOTA

¢ Significant difference (p < 0.05) between [*®Ga]Ga-Ec1-NODAGA and [*®Ga]Ga-Ec1-NOTA. One-way ANOVA with
Bonferroni’s multiple comparisons test was performed to determine significant (p < 0.05) differences

Table 5 Tumor-to-organ ratios of ®Ga-labelled Ec1 conjugates in BALB/c nu/nu mice bearing
SKOV-3 xenografts 3 h after injection

[8Ga]Ga-Ec1-DOTA [8Ga]Ga-Ec1-NODAGA [%8Ga]Ga-Ec1-NOTA

Blood 5+1° 9+2 10 +3°

Lung 28+06 36+05 38+1.8

Liver 0.093 +0.004 0.105 +£0.002 0.144 +0.055
Spleen 0.045 +£0.009 0.041 £0.004 0.064 +0.027
Kidney 0011 +0.002 0.010 +£0.002 0.012 +£0.004
Muscle 93+15 95+15 100+£26

Bone 13403 16405 16406

The data are presented as the average (n =3-4) and SD

2 Significant difference (p < 0.05) between [*®Ga]Ga-Ec1-DOTA and [*®Ga]Ga-Ec1-NOTA. One-way ANOVA with Bonferroni's
multiple comparisons test was performed to determine significant (p < 0.05) differences

affect the biodistribution and targeting properties of small targeting agents used for
imaging of different molecular targets (Tolmachev and Orlova 2010; Strand et al. 2013;
Lindbo et al. 2018; Tolmachev et al. 2018; von Witting et al. 2019; Mitran et al. 2019;
Rinne et al. 20194, b; Leitao et al. 2019; Deyev et al. 2021). In a previous study we have
identified that attachment of DOTA at the C-terminus of Ecl is preferrable to the N-ter-
minal for attachment, providing lower uptake in normal organs (Deyev et al. 2021).
However, the performance of [®*Ga]Ga-Ec1-DOTA was suboptimal compared to the
other studied radiometals, indium-111 and cobalt-57. Thus, in this study, we aimed to
investigate the influence of radiometal-chelate complex on biodistribution and target-
ing properties of Ecl labelled with ®Ga for preclinical imaging of EpCAM-expressing
tumors using PET. Three different macrocyclic chelators, DOTA, NOTA and NODAGA
chelators, were site-specifically conjugated to the C-terminus of Ecl for labeling with
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Fig. 7 NanoPET/CT imaging of EpCAM expression using A [*3Ga]Ga-Ec1-DOTA and B [*®Ga]Ga-Ec1-NOTA in
BALB/c nu/nu mice bearing SKOV-3 xenografts 3 h after injection

%8Ga. The short half-life of ®®Ga permits imaging a few hours after injection, which fits
well with DARPins, since they have fast clearance from blood and good accumulation
in tumors at early time points. As observed in the previous study and also in this study,
labeling of Ec1-DOTA with gallium-68 was performed with low radiochemical yield, and
a weaker radiolabel stability was noted for this radioconjugate. The use of NOTA and
NODAGA provided a major improvement both in the radiochemical yields and label
stabilities (Tables 1, 2, 3). A lower radiochemical yield for [*®*Ga]Ga-Ec1-DOTA than for
[8Ga]Ga-Ec1-NOTA and [*®Ga]Ga-Ec1-NODAGA can be attributed to several factors,
including chelator ring size, chelation kinetics, thermodynamic stability, and labeling
conditions. DOTA has a 12-membered ring and its large ring size does not optimally
match the coordination preferences of Ga®", potentially leading to less efficient compl-
exation (Wadas et al. 2010). DOTA requires elevated temperatures (typically 80—100 °C)
and longer reaction times for efficient labeling. The slower kinetics can lead to lower
radiochemical yields under suboptimal conditions. NOTA and NODAGA have smaller
ring sizes (9-membered) and are better suited for the ionic radius of Ga®*. Studies com-
paring the labeling efficiencies of DOTA, NOTA, and NODAGA with gallium-68 dem-
onstrated that NOTA and NODAGA provide higher radiochemical yields and specific
activities under similar conditions (Notni et al. 2012; Tsionou et al. 2017). A lower radio-
chemical yield for [**Ga]Ga-Ec1-DOTA in our study can also be due to the relatively low
temperature of radiolabeling limited to 60 °C. Further increasing the labeling tempera-
ture was not possible as it results in a significant loss of Ec1 binding to EpCAM-express-
ing cells (Deyev et al. 2021).

Binding of ®®Ga-labelled Ecl conjugates was target-mediated in vitro (Fig. 3). The
binding properties of Ecl variants were evaluated in a competitive binding assay show-
ing IC,, values in the low nanomolar range for all conjugates (Fig. 4) without any signifi-
cant differences. This result suggests that there is no substantial influence of the chelator
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on the binding affinity. The cellular processing study of [**Ga]Ga-Ec1-DOTA, [*®Ga]
Ga-Ec1-NODAGA and [®®Ga]Ga-Ec1-NOTA (Fig. 5) showed slow internalization and
similar processing patterns for all three conjugates, suggesting that there is no consider-
able impact of the chelator on the cellular processing of the conjugates. All the conju-
gates targeted specifically EpCAM-expressing xenografts in mice, as the tumor uptake
was significantly lower in Ramos xenografts (EpCAM-negative) compared with SKOV-3
xenografts (EpCAM-positive).

Biodistribution data in tumor-bearing mice 3 h after injection (Table 4) demonstrated
that the use of [®*Ga]Ga-Ec1-NOTA provided lower uptake in most normal organs
in vivo without compromising the tumor uptake. Importantly, the blood concentra-
tion of [**Ga]Ga-Ec1-NOTA was 2.5-fold lower than for the previously reported [%8Ga]
Ga-Ec1-DOTA. The delayed blood clearance of [8Ga]Ga-DOTA-Ec1 could be due to
its low stability. A release of activity under EDTA challenge and when incubated with
mouse serum was observed for this conjugate in vitro. A part of the released gallium-68
could bind to blood proteins and accumulate in bone resulting in delayed blood clear-
ance and elevated bone uptake. Even minor changes in the labeling strategy of ESPs have
previously been shown to impact their biodistribution profile (Tolmachev and Orlova
2020). Choosing an optimal labeling strategy could therefore improve the biodistribu-
tion (Knetsch et al. 2013; Li Y et al. 2022b;). The biodistribution results of [*®Ga]Ga-Ec1-
NOTA showed a noticeable reduction in activity uptake in liver and spleen (1.7-fold),
bone (1.5-fold), as well as kidneys (1.4-fold) in comparison to [**Ga]Ga-Ec1-DOTA 3 h
after injection.

We previously investigated whether the renal uptake of DARPins radiolabeled with
technetium-99 m tricarbonyl can be reduced using co-administration of compounds
that act on various parts of the reabsorption system in the kidney. We found that com-
mon clinical strategies, such as co-injection of lysine or gelofusine, were not effective for
the reduction of their kidney uptake and that the uptake was regulated by an ATP-driven
mechanism independent of DARPin structure and binding site composition (Altai et al.
2020). As the exact mechanism of renal uptake of DARPins is not known, it can be sug-
gested that local charge and spatial geometry of the radiometal-chelator complex may
influence interaction with scavenger receptors, renal absorption and retention of radio-
catabolites in the kidneys.

We previously observed that the position of DOTA chelator (N- or C-termini) in
[®Ga]Ga-Ec1-DOTA had an influence on its uptake in normal organs, with N-ter-
minal placement providing lower kidney uptake at 3 h p.i. (175 +9%ID/g vs. 198
+8%ID/g for N- and C-terminal placement) (Deyev et al. 2021). In this study, we
have investigated the influence of a chelator type placed at the C terminus of Ecl. The
overall charge of NOTA, NODAGA and DOTA complexes with gallium-68 is +1, 0,
and 0, respectively. The coordination geometry of complexes is also different for all
chelators. Both NOTA and NODAGA are triaza-chelators. NODAGA is a derivative
of NOTA with an additional carboxylic arm that brings the overall complex charge
from +1 to 0. It has been observed for HER3-targeting affibody molecule (HE);-Zg404
that positively charged [®*Ga]Ga-NOTA in [**Ga]Ga-(HE);-Zgg05-NOTA reduced its
kidney uptake to 138 +28%ID/g in comparison to the neutrally charged [*®Ga]Ga-
NODAGA in [**Ga]Ga-(HE);-Zgs05-NODAGA having 324 +11%ID/g kidney uptake
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at 3 h p.i. (Dahlsson Leitao et al. 2019). In another study, [**Ga]Ga-NOTA-PEG2-
RM26 peptide also had significantly lower radioactivity accumulation in the kidneys
(1.9 £0.3%ID/g) in comparison with NODAGA (2.7 +£0.3%ID/g) and DOTAGA (2.9
+0.3%ID/g) derivatives at 2 h p.i. (Varasteh et al. 2015).

Liver was the second highest organ of uptake after kidneys for all Ecl conjugates,
with 27 +2%ID/g for ®®Ga[Ga]-Ec1-DOTA, 21 + 3%ID/g for ®*Ga[Ga]-Ec1-NODAGA
and 16 +3%ID/g for ®®Ga[Ga]-Ec1-NOTA. In the adult mouse liver, mature hepato-
cytes typically do not express EpCAM (Tanaka et al. 2009). It is more likely that the
liver uptake is mediated by non-specific interactions. The differences in uptake and
retention of activity might be due to the differences in local charge and spatial geom-
etry of the radiometal-chelator complexes. In our previous study, C-terminal position
of ®8Ga[Ga]-DOTA provided lower uptake of Ecl in liver than N-terminal position
(Deyev et al. 2021). Compared to the other radiometals, [**Ga]Ga-labeled variants
had the highest uptake in liver, followed by the variants labeled with cobalt-57 and
indium-111. Another potential reason for higher liver uptake of ®®Ga[Ga]-Ec1-DOTA
could be its lower stability compared to the other radioconjugates. The colloidal gal-
lium content was between 0.1-0.3% for all radioconjugates.

The tumor-to-blood ratio is an essential parameter since the activity in blood
reduces the imaging contrast. In this study, [**Ga]Ga-Ec1-NOTA provided the tumor-
to-blood ratio of 10 + 3 only 3 h after injection, which is approximately twofold higher
than for the previously reported DOTA analogue, which potentially leads to lower
background signal and improved imaging contrast at early time point after injection.

Conclusion

Optimizing the labeling strategy, such as selecting the optimal radiometal-chelate
complex, could help reduce off-target interactions and improve the imaging contrast
of Ecl agents. In this study, [*®®Ga]Ga-Ec1-NOTA demonstrated the highest tumor-
to-blood ratio, suggesting a potential advantage for visualizing EpCAM-expressing
tumors. Additionally, [*®Ga]Ga-Ec1-NOTA had the lowest uptake in normal organs,
such as the liver, which could be beneficial for imaging applications. These findings
indicate that [*®Ga]Ga-Ec1-NOTA is a promising candidate for imaging of EpCAM
expression using Ecl.
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