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Abstract

Purpose Prostate-specific membrane antigen (PSMA) is a promising target for prostate cancer imaging and therapy. The most
commonly used scaffold incorporates a glutamate-urea (Glu-Urea) function. We recently developed oxalyldiaminopropionic
acid-urea (ODAP-Urea) PSMA ligands in an attempt to improve upon the pharmacokinetic properties of existing agents. Here,
we report the synthesis of an optimized ®®Ga-labeled ODAP-Urea-based ligand, [**Ga]Ga-P137, and first-in-human results.
Methods Twelve ODAP-Urea-based ligands were synthesized and radiolabeled with %®Ga in high radiochemical yield and
purity. Their PSMA inhibitory capacities were determined using the NAALADase assay. Radioligands were evaluated in
mice-bearing 22Rv1 prostate tumors by microPET. Lead compound [*Ga]Ga-P137 was evaluated for stability, cell uptake,
and biodistribution. PET imaging of [*®Ga]Ga-P137 was performed in three patients head-to-head compared to [**Ga]
Ga-PSMA-617.

Results Ligands were synthesized in 11.1-44.4% yield and > 95% purity. They have high affinity to PSMA (K, of 0.13 to
5.47 nM). [®®Ga]Ga-P137 was stable and hydrophilic. [®®Ga]Ga-P137 showed higher uptake than [**Ga]Ga-PSMA-617 in
tumor-bearing mice at 6.43 +0.98%IA/g vs 3.41 +1.31%IA/g at 60-min post-injection. In human studies, the normal organ
biodistribution of [*Ga]Ga-P137 was grossly equivalent to that of [**Ga]Ga-PSMA-617 except for within the urinary tract,
in which [*®*Ga]Ga-P137 demonstrated lower uptake.

Conclusion The optimized ODAP-Urea-based ligand [**Ga]Ga-P137 can image PSMA in xenograft models and humans,
with lower bladder accumulation to the Glu-Urea-based agent, [®®Ga]Ga-PSMA-617, in a preliminary, first-in-human study.
Trial registration ClinicalTrials.gov Identifier: NCT04560725, Registered 23 September 2020. https://clinicaltrials.gov/ct2/
show/NCT04560725

Keywords Prostate-specific membrane antigen (PSMA) - Oxalyldiaminopropionic acid-urea (ODAP-Urea) ligand -
Translational imaging - Prostate cancer

Introduction

Prostate cancer (PCa) is the second most frequent lethal
cancer in men [1]. Imaging methods with high sensitivity
and specificity are needed for accurate staging and other
scenarios to manage patients with PCa [2]. Prostate-spe-
This article is part of the Topical Collection on Radiopharmacy cific membrane antigen (PSMA) is an attractive target for
radionuclide imaging and therapy of PCa [3-7]. Among
PSMA-targeting agents, low-molecular-weight radioligands
derived from its potent inhibitors have received worldwide
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[**Ga]Ga-PSMA-11 [11], [®®*Ga]Ga-PSMA-617 [12, 13], and
[8Ga]Ga-PSMA I&T [14], among others. Despite the prom-
ise of these imaging agents, challenges such as high radiation
dose to salivary glands and the kidneys and bladder remain,
justifying further work to improve pharmacokinetics.

Nearly all low-molecular-weight imaging agents target-
ing PSMA have derived from a Glu-Urea-based targeting
moiety. Among the non-Glu-Urea-based PSMA-targeting
ligands, phosphonate/phosphoramidate and Glu-carbamate
inhibitors have been developed from functional group tuning
at the zinc-binding site of PSMA catalytic pocket [15, 16].
As an alternative, we recently reported a series of PSMA
inhibitors based on the oxalyldiaminopropionic acid-urea
(ODAP-Urea) scaffold, which represents one of very few
examples modifying the glutamate-like moiety binding to
the S1’ sub-binding domain of PSMA with similar or even
higher affinity than the Glu-Ureas [17]. Nevertheless, their
potential for human imaging of PCa has not been tested. ®*Ga
is a radionuclide for PET with a half-life of 68 min, highly
suitable for clinical imaging given the wide availability of
8Ge/%®Ga generators and near-term availability of cyclotron
production of this radionuclide [18]. Metal chelators, such
as 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid
(DOTA), can be efficiently labeled with %8Ga(Ill) ion. One
limitation of ®*Ga-labled probes of PSMA is their urinary
excretion in the ureters and the bladder, which limits detec-
tion of local or local recurrence in the prostate. Due to hepa-
tobiliary excretion, the bladder uptake of ['*F|[PSMA-1007
could be effectively reduced, but it may potentially lead to an
increase in abdominal radioactive background. We hypoth-
esized that the switch of one carboxylate to more hydrophilic
oxalate in the ODAP-Urea ligand could potentially enhance
its water solubility, resulting in a faster clearance of the
radiopharmaceutical from non-target organs. We designed
twelve ligands with a variety of linkers between ODAP-Urea
and DOTA (P136-P144 in Fig. 1). One radioligand, [**Ga]
Ga-P137, showing the best preclinical characteristics, was
selected for a pilot PET imaging study in three patients, in
a head-to-head comparison with the Glu-Urea-based ligand
[*®Ga]Ga-PSMA-617.

Material and methods
Chemical synthesis

PSMA-targeted ligands P117-P144 were generated using
solid phase synthesis and purified by high-performance
liquid chromatography (HPLC) to reach >95% purity. The
procedures, purification, and characterization are described
in the Supporting Information.

NAALADase assay

PSMA inhibitory activity was determined using a slightly
modified method of the fluorescence-based Amplex Red
glutamic acid assay [16]. In the presence of 8 pM N-acety-
laspartylglutamate (NAAG), lysates of LNCaP cell extracts
were incubated with the ligand (variable concentration
covering 0.001 nM to 10 pM) for 120 min. The glutamate
concentration was measured by incubating with a working
solution (50 pL) of the Amplex Red glutamic acid kit for
30 min, and the fluorescence was measured with a plate
reader (SYNERGY HI1 microplate reader, BioTek, VT, USA)
with excitation at 530 nm and emission at 590 nm. Enzyme
inhibitory constants (K; values) were generated using the
Cheng-Prusoff conversion. Assays were performed in trip-
licate. Data analysis was performed using GraphPad Prism
version 7.00 for Windows (GraphPad Software, San Diego,
CA, USA).

Radiolabeling

[f’gGa]GaCl3 was obtained from a ®Ge/**Ga generator
(maximum production 1.85 GBq, ITG, Germany). [%%Ga]Ga-
PSMA-617 and [®*Ga]Ga-P117-[*Ga]Ga-P144 were synthe-
sized following a standard procedure [19]. The procedures
and yields are described in the Supporting Information.

Stability and solubility studies

The partition coefficients (Log P) were determined in
phosphate-buffered saline (0.1 M, pH=7.4)/1-octanol
(v/iv=1:1). In a 15-mL centrifuge tube, 0.1 mL of 8Ga-
labeled compound (37-74 KBq), 1.9 mL PBS, and 2.0 mL
1-octanol were mixed. The mixture was vortexed for 1 min
and then centrifuged at 5000 rpm for 3 min. Three samples
(100 pL) from each layer were measured using a gamma
counter (Hidex AMG, Sheffield, UK). The experiment was
performed in triplicate. The partition coefficient was cal-
culated as the average counts in 1-octanol divided by the
average counts in PBS, and the value was expressed as log
P +SD. To evaluate the stabilities of radioligands in vitro,
each ®¥Ga-labeled compound was incubated in saline at
room temperature or in 5% human serum albumin (HSA)
at 37 °C for 4 h. To evaluate the stability of potential com-
pound [®®Ga]Ga-P137 in vivo, 500 pL of [**Ga]Ga-P137
(74 MBq) was injected into a mouse bearing a 22Rv1 tumor
via tail vein. After 30 min, the mouse was sacrificed, and the
urine and serum were collected. The kidneys and liver were
added to 5-mL centrifuge tubes. After the addition of 1 mL
acetonitrile, the tissues were homogenized for 5 min and
were centrifuged for another 5 min. Supernatant was then
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Fig. 1 The chemical structures of ODAP-PSMA ligands and PSMA-617 in this article
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collected. After passing the protein-free supernatant through
a 0.22-pm filter (Jinteng, Tianjin, China), metabolites and
parent compound were measured by radio-HPLC.

Cell lines and mouse models

The human prostate cancer cell lines LNCaP, 22Rv1, and
PC3 were obtained from the Chinese Academy of Sci-
ences Typical Culture Collection (Shanghai, China). They
were maintained in RPMI 1640 medium containing 10%
fetal bovine serum (FBS), 1% penicillin—streptomycin, and
1% GlutaMax-I, under a 5% CO,-humidified atmosphere
at 37 °C. Animal studies were carried out in compliance
with the regulations on the use of laboratory animals of
the Beijing municipality (Animal Ethics Approval Num-
ber: 202019). Four- to 6-week-old male BALB/c nude mice
(Charles River, Beijing, China) were implanted subcutane-
ously with 22Rv1 (107 cells/mouse in PBS) cells at the upper
right or left flank. When the tumor reached 500-1000 mm?,
the mice were used for the study.

Cellular uptake studies

A cell uptake study was performed on high PSMA-express-
ing LNCaP, medium PSMA-expressing 22Rv1, and low
PSMA-expressing PC-3 cell lines. Cells (10° cells/well)
were seeded in 24-well plates coated by poly-L-lysine
(Sigma, MO, USA) and were incubated for 48 h before the
experiments. The medium was removed, and the cells were
washed once with fresh medium. The cells in each well were
treated with RPMI 1640 medium containing 24 nmol/L radi-
oligand (6.17-12.34 GBg/pmol) at 37 °C for 1 h. After the
medium was removed, the cells were washed twice with cold
PBS (0.2% BSA, 2x0.5 mL). Then, the cells were incubated
twice with 0.5 mL of glycine-HCI (50 mM, pH=2.8) for
5 min to remove the surface-bound fraction; the superna-
tant was collected. The cells were lysed with 0.5 mL NaOH
(0.5 M) and collected. The quantification of binding activ-
ity was performed on a y-counter. For the blocking study,
10 pmol/L of a potent PSMA inhibitor (ZJ-43) was added
before the cells were treated with 24 nmol/L of ®Ga-labeled
ligand.

MicroPET imaging studies and biodistribution

Before the start of the experiments, all animals were kept
in an SPF (specific pathogen-free) environment. During
experiments, mice were randomly divided into groups, and
four in each group. Male BALB/c nude mice-bearing 22Rv1
tumors (500—1000 mm?>) were injected with [°®Ga]Ga-
labeled ligands (5.6-7.4 MBq, 100-150 pL, 0.8—1.2 nmol)
via the tail vein. For the blocking group, ZJ-43 (50 mg/kg,
approximately 3286 nmol calculated by 20 g per mouse) was

injected 30 min before the radiotracer injection. Mice were
anesthetized (2% sevoflurane) and placed into a PET scan-
ner (Super-Nova®, PINGSHENG, Shanghai, China). PET/
CT imaging was performed at 60-min post-injection for a
static scan and performed at O- to 60-min post-injection for
a dynamic scan. The images were iteratively reconstructed
applying median root prior correction and were converted
to standardized uptake value (SUV) images. For organ dis-
tribution studies, the [68Ga]Ga-P137 (0.1 mL, 0.74 MBq)
was injected via tail vein to mice-bearing 22Rv1 tumors.
The animals were sacrificed at 30-min, 1-h, and 2-h post-
injection. Organs of interest were dissected, blotted, and
weighed. The radioactivity was measured using a y-counter
and calculated as the percentage uptake of injected activity
per gram of tissue (%IA/g). For the blocking experiment,
7J-43 was injected into animals (50 mg/kg) 30 min before
the [*®Ga]Ga-P137 was injected.

Human PET/CT study

To study the radioactive uptake of [**Ga]Ga-P137 in the
lesion sites of PCa patients and evaluate the ability of [**Ga]
Ga-P137 to detect PSMA overexpression in PCa patients.
A pilot PET imaging study in PCa patients was carried out
from September 2020, and the further clinical studies are
still ongoing. This study was approved by the Medical Ethics
Committee of Peking University Cancer Hospital and Insti-
tute in accordance with national regulations in China and
the Helsinki Declaration (ethical approval no. 2020 KT107),
and oral and written informed consent was obtained from all
participants. [%®Ga]Ga-P137 and [*®*Ga]Ga-PSMA-617 used
in this clinical study reached all quality control standards
with radiochemical purity >99%. The mean and standard
deviation of the administered mass of [*3Ga]Ga-P137 was
6.8+ 1.4 pg (range, 5.7-8.4 pg). The mean administered
activity was 128 +26 MBq (range, 107-158 MBq). There
were no adverse or clinically detectable pharmacologic
effects in any of the subjects. No significant changes in
vital signs or the results of laboratory studies or electrocar-
diograms were observed. For direct comparison, patients
underwent [®*Ga]Ga-P137 and [**Ga]Ga-PSMA-617 PET-
CT scans within 5 days. No patient received any treat-
ment between [**Ga]Ga-P137 and [*®Ga]Ga-PSMA-617
PET/CT. Each patient received an intravenous injection of
[%3Ga]Ga-P137 (128 +26 MBq, 6.8 + 1.4 pg) and [**Ga]Ga-
PSMA-617 (156 +55 MBq, 4.5 +0.93 pg). We encouraged
patients to drink 1000 mL of water after injection of the
radiotracers and to urinate before PET/CT imaging. Whole-
body PET/CT scans were performed at 60-min post-injec-
tion on the same scanner. PET/CT imaging was performed
on a Biograph mCT flow scanner (Siemens Healthineers,
Erlangen, Germany) using FlowMotion mode. ®3Ga activity
was decay-corrected to the time of injection and normalized
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to the total amount of activity administered. An unenhanced
CT scan (120 kV, 210 Eff. mAs, CARE Dose 4D, CARE
kV; reconstructed with a soft-tissue kernel to a slice thick-
ness of 3 mm) was performed followed by PET acquired in
3D mode with 1 mm/s bed speed using FlowMotion. After
random, scatter, and decay corrections, PET raw data were
reconstructed with ultra-HD-PET (Siemens Healthineers)
using 2 iterations, 21 subsets and 5-mm Gaussian filters,
200 % 200 matrix, and Zoom 1.0. Physiologic normal organ
uptake, lesion numbers and lesion uptake were compared.

Results
Chemical synthesis and PSMA inhibition potencies

P117-P144 could be efficiently synthesized via solid phase
and obtained with moderate yield (12.1-44.4%) and high
purity (>95%) after HPLC purification. The final prod-
ucts are confirmed by mass spectrometry, shown in the
Supporting Information (Table S1). Binding affinities are
shown in Table 1. All ligands showed low nanomolar affin-
ity to PSMA, which proved the potential for ODAP-Urea-
based ligands as a general targeting moiety to PSMA [17].
Ligands with aromatic acids conjugated to ODAP-Urea-
Lys (P136-P144, K;=0.13-0.43 nM) demonstrated higher
affinity to PSMA than did those with alkoxybenzoic acids
(P117-P126, K;=1.12-5.47 nM). That observation is con-
sistent with the structure—activity relationships reported
for Glu-Urea-Lys ligands in the S1 sub-binding domain of
PSMA [12, 19]. P137 showed a higher affinity than other
aromatic amino acids conjugated ODAP-Urea-Lys with a
K; of 0.13 nM, which is similar to PSMA-617 with a K; of
0.16 nM.

Radiolabeling
After optimization, %®Ga radiolabeling was reproducibly

performed with over 90% radiochemical yield by heating
370-629 MBq ®®Ga’** with the ligand in pH 4-5 NaOAc

Table 1 PSMA inhibition potency of the ligands

Ligand K;(nM) 95%CT* Ligand K, (nM) 95%CT*
P117 1.29 0.18-9.75  P136 0.37 0.22-0.61
P120 1.12 0.53-2.44  P137 0.13 0.06-0.32
P122 1.12 0.44-3.09 P141 0.43 0.17-0.98
P123 547 3.32-893  P143 0.22 0.05-0.96
P124 4.37 1.70-11.02 P144 0.22 0.12-0.43
P125 5.34 3.19-8.64 PSMA-617 0.16 0.10-0.24
P126  4.89 2.88-8.11

“Confidence interval
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buffer at 85-90 °C for 10 min. After purification by Sep-
Pak® Light C18 cartridge, radiopharmaceutical was
obtained and used for the screening and preclinical and
translational (human) studies (Table S2).

Stability and solubility studies of ®Ga-labeled
ODAP-PSMA compounds

The stabilities of radioligands were evaluated in vitro.
As shown in Fig. S6, all the ®*Ga-labeled ODAP-PSMA
compounds are stable within 4 h in saline and in 5% HSA.
Potential compound [%3Ga]Ga-P137 was also stable in the
mice as analyzed for tumor, blood, kidney, and urine at
30-min post-injection. All the %*Ga-labeled ODAP-PSMA
compounds were hydrophilic (Table S2). The log P value
of potential compound [*®*Ga]Ga-P137 was —2.48 +0.18,
indicating it is more hydrophilic than [%*Ga]Ga-PSMA-617
(—=2.00+0.27).

Cell uptake studies

In LNCaP cells, [*®Ga]Ga-P123 has the highest internali-
zation fraction (71.2 +1.76%), but its cell uptake value
was not high. [°®Ga]Ga-P137 showed the excellent char-
acteristics: the highest uptake value (2.97 +0.18% 1A/10°
cells) and the same internalization fraction as [¥Ga]Ga-
PSMA-617 (66.2+2.51% vs 66.2 +2.57%) (Table S3,
Fig. 2). [®Ga]Ga-P137 showed significantly higher uptake
in other PSMA-positive cell (22Rv1) than in PSMA-neg-
ative cells (PC3), which could be blocked by the known
PSMA inhibitor ZJ-43 [20] (Fig. 2).
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Fig.2 The radioactivity uptake of [**Ga]Ga-P137 in LNCaP, 22Rv1
and PC3 compared with [*®Ga]Ga-PSMA-617. **P <0.01, NS =not
statistically significant
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In vivo screening

Following the general procedures for microPET imag-
ing, 5.6-11.1 MBq of freshly labeled [**Ga]Ga-P117-144
was injected into male BALB/c nude mice-bearing 22Rv1
tumors (n=4 for each group) and evaluated by PET static
imaging at 60-min post-injection. The SUV_, of tumor,
muscle, and kidneys is collected and compared with [%8Ga]
Ga-PSMA-617 as shown in Table 2. [**Ga]Ga-PSMA-617
showed high tumor uptake and suitable pharmacokinetics,
in keeping with prior reports [12]. Screening showed that
[8Ga]Ga-P137 demonstrated pharmacokinetic properties
superior to those of the other ODAP-Urea-based ligands and
were similar to those of [®*Ga]Ga-PSMA-617. For example,
the tumor/muscle ratio for [**Ga]Ga-P137 was 7.16 +2.78,
while that for [®*Ga]Ga-PSMA-617 was 7.20+2.31. The
tumor/kidney ratios were 1.09+0.41 and 1.20 +0.39,
respectively. Meanwhile, the absolute tumor uptake of
[8Ga]Ga-P137 was 1.45-fold higher than that of [*3Ga]Ga-
PSMA-617 (0.48 +0.27 vs 0.33 +0.18). That initial result
encouraged us to carry out further studies of [**Ga]Ga-P137.

Biodistribution of [*®Ga]Ga-P137

To determine the organ distribution of [%Ga]Ga-P137, we
carried out a biodistribution study in mice-bearing 22Rv1
tumors at 30 min, 1 h, and 2 h. At 1-h post-injection, a
blocking group (pre-injection with competitive inhibi-
tor, ZJ-43) and [**Ga]Ga-PSMA-617 imaging group were
also conducted as controls. Results are shown in Fig. 3 and
Table S4. Tumor and kidney uptake of [*3Ga]Ga-P137 was
the highest among the organs tested at 30 min, 1 h, and 2 h
(tumor: 5.69+1.11, 6.43+0.98, 6.91 +2.07%1A/g; kidney:
26.00+17.86, 6.04 +2.16, 3.57 + 1.03%1A/g) (Fig. 3a),
which was blocked by pre-injection of ZJ-43 (tumor:
1.13 £ 0.33%IA/g; kidney: 1.77 +0.68%IA/g). [®3Ga]
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£

Fig.3 Organ distribution of [**Ga]Ga-P137 at 30 min, 60 min and
120 min post-injection (a) and blocking experiment at 60-min post-
injection (b). Data are %IA/g of tissue + SD (n=4)

Table 2 SUYV values for tumor,

. SUVmax Tumor Muscle Kidney /M T/K

muscle, and the kidneys from

microPET imaging at 60-min [Ga]Ga-PSMA-617 0.33+0.18 0.06+£0.01 0.33+0.07 7.20+2.31 1.20+0.39

E":SZ;“J““O“ (mean£3D, [%Ga]Ga-P117 0.13+£005  0.03£001 032009  438+093  041+0.07
[°¥Ga]Ga-P120 0.19+0.09 0.06+0.02 0.54+0.24 3.71+£2.25 0.38+0.14
[°¥Ga]Ga-P122 0.18+0.10 0.05+0.02 0.69+0.36 3.21+1.38 0.26+0.11
[°¥Ga]Ga-P123 0.41+0.05 0.16+0.07 6.94+2.37 3.01+1.48 0.06+0.02
[¥Ga]Ga-P124 0.34+0.08 0.09+0.01 1.37+0.27 3.85+0.46 0.25+0.03
[°¥Ga]Ga-P125 0.20+0.03 0.08+0.01 1.61+0.33 2.62+0.39 0.13+0.05
[°¥Ga]Ga-P126 0.21+£0.02 0.05+0.01 1.05+0.10 3.89+0.28 0.20+0.03
[°¥Ga]Ga-P136 0.23+0.13 0.08+0.03 0.31+0.09 3.28+1.22 0.76 +0.20
[**Ga]Ga-P137 0.48+0.27 0.08+0.01 0.49+0.26 7.16+2.78 1.09+0.41
[**Ga]Ga-P141 0.39+0.23 0.08+0.04 0.79+0.53 4.73+0.46 0.50+0.08
[°¥Ga]Ga-P143 0.25+0.05 0.09+0.06 0.66+0.08 3.78+2.34 0.38+0.11
[°¥Ga]Ga-P144 0.29+0.01 0.06+0.01 1.14+0.36 4.83+0.32 0.34+0.08
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Ga-P137 uptake in 22Rv1 tumors increased over the first
2 h, while the uptake in all other organs decreased. Tumor-
to-kidney ratios increased over the time, with medium level
PSMA-expressing 22Rv1 tumors showing higher radi-
otracer uptake than kidney after 1 h (tumor-to-kidney ratio:
0.47+0.38 at 30 min, 1.12+0.26 at 1 h, and 1.93 +0.24 at
2 h). Compared with [*¥Ga]Ga-PSMA-617 at 1 h, [*®Ga]
Ga-P137 showed higher tumor uptake (6.43 +0.98 vs
3.41+1.31%IA/g) (Fig. 3b) and similar tumor-to-back-
ground ratios (tumor-to-blood 6.73 +1.48 vs 6.97 +2.24,
tumor-to-muscle 26.97 +13.39 vs 29.61 &+ 14.54) (Table S1).
Overall, the biodistribution results were consistent with the
imaging results, suggesting that [**Ga]Ga-P137 showed
similar pharmacokinetic properties to [**Ga]Ga-PSMA-617,
with improvement of the tumor uptake to some extent, which
suggested clinical translation potential of [**Ga]Ga-P137.

Dynamic microPET/CT imaging studies of [°®Gal]
Ga-P137

We evaluated the dynamic imaging characteristics of [*3Gal]
Ga-P137 in a 22Rv1 tumor mouse to further confirm the
biodistribution results. For the dynamic scan, microPET/CT
imaging was performed every 5 min for 60-min post-injec-
tion. The radioactivity uptake in tumor kept increasing and
reached its plateau at around 30 min, while the background
signal in muscle reached its peak before the first imaging at
5 min and kept decreasing over the first hour (Fig. 4a). The

signal uptake in other organs, including kidney, also rapidly
cleared and resulted in an increase in tumor contrast over
the time (Fig. 4b). The images at selected time points are
shown in Fig. 4c. Results agree with the data observed from
biodistribution.

Translational PET/CT imaging

Three patients with histologically proven or metastatic PCa
were recruited to this study. Their PET scans are shown in
Fig. 5. Normal organ biodistribution was similar for both
radiotracers, showing uptake in the salivary and lacrimal
glands, the small intestine, the liver, the spleen, and the kid-
neys, while [*3Ga]Ga-P137 demonstrated much lower uptake
in the urinary tract than [*®Ga]Ga-PSMA-617 ([**Ga]Ga-
P137/[%8Ga]Ga-PSMA-617 SUVmax ratio of 0.20 +0.07)
(Fig. 5 and Table S5). Both [%*Ga]Ga-P137 and [%®Ga]Ga-
PSMA-617 PET/CT demonstrated moderate-to-high activity
uptake in the primary tumor (patient 1 with one primary
lesion, SUVmax ([*®Ga]Ga-P137) vs SUVmax ([®*Ga]
Ga-PSMA-617): 9.1 vs 11.1, the PET/CT fusion imag-
ing was shown in Fig. 6), multiple lymph node (patient 2
with five lymph node detected, SUVmax ([**Ga]Ga-P137)
vs SUVmax ([**Ga]Ga-PSMA-617): 12.2 vs 14.5; 13.2 vs
19.3; 28.5 vs 31.0; 22.6 vs 30.1; 13.1 vs 19.1), and bone
metastases (patient 3 with one primary lesion and two bone
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Fig.5 Comparison of whole-body maximum-intensity projections in
three representative patients (patients 1 to 3 from left to right). Physi-
ologic uptake was observed in the salivary and lacrimal glands, the
small intestine, the liver, the spleen, and the kidneys for both [68Ga]
Ga-P137 (top) and [%3Ga]Ga-PSMA-617 (bottom) maximum inten-

metastases, SUVmax ([68Ga]Ga—P137) vs SUVmax ([68Ga]
Ga-PSMA-617): 12.4 vs 10.8; 6.3 vs 3.9; 6.2 vs 4.8).

Discussion

We initiated this study to investigate the feasibility for devel-
oping PSMA-targeting radiopharmaceuticals based on the
ODAP-Urea scaffold. [*®Ga]Ga-DOTA-labeled ligands
were first selected for investigation, since their convenient
and efficient radiolabeling could accelerate the screening
process. Two groups of compounds were synthesized with
the targeting moiety (ODAP-Urea-Lys) either conjugated to
4-alkyloxybenzoic acids (P117-P126) [17] or to aromatic
amino acids (P136-P144) [19]. PSMA binding affinities dic-
tated that the latter group of ligands showed a clear advan-
tage (K;=1.12 nM-5.47 nM vs 0.13-0.43 nM, Table 1). The
twelve ligands were radiolabeled with ®*Ga and evaluated
by PET imaging in mice-bearing PSMA-expressing 22Rv1
tumors [21]. The SUV_,, of tumor, muscle, and kidney
indicated [*®Ga]Ga-P137 is superior to other ODAP-Urea

sity projections. In patient 1, [*Ga]Ga-P137 depicted clearer intra-
prostatic tumor lesions (arrowhead) than [®®Ga]Ga-PSMA-617, with
lower bladder background. In patient 2 and patient 3, both radiotrac-
ers showed specific retention in multiple lymph node (short arrows)
and bone metastases (long arrows)

ligands tested, but there was no clear difference between
the two groups of ligands in both absolute tumor uptake
and tumor-to-muscle ratio (Table 2). That might reflect the
complicated cell uptake process in vivo. Comparing the
side chain of aromatic amino acids ([68Ga]Ga-P137, [%3Ga]
Ga-P141, and [68Ga]Ga-P143), naphthalenyl showed advan-
tages over substituted phenyl and biphenyl in both tumor
uptake and background clearance. The linker between the
DOTA chelator and aromatic amino acid also affected
pharmacokinetic properties significantly ([**Ga]Ga-P136,
[8Ga]Ga-P137, and [%*Ga]Ga-P144), with phenyl superior
to cyclohexanyl and propyl. After initial screening, [®3Gal]
Ga-P137 stood out in both affinity and imaging quality in
tumor-bearing mice among the ODAP-ligands tested, which
was comparable to [*Ga]Ga-PSMA-617 in potency and
pharmacokinetics, with modest increase in absolute tumor
uptake.

We carried out further detailed studies of [®Ga]Ga-P137.
[%8Ga]Ga-P137 was stable in vitro and in vivo. In vitro studies
confirmed the specific uptake of PSMA-expressing LNCaP
cells and PSMA-expressing 22Rv1 cells (Fig. 2). Under the
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Fig.6 Images from [*Ga]Ga-P137 PET/CT (A) and [%*Ga]Ga-PMSA-617 PET/CT (B) show intense tracer uptake at primary focus of prostate
cancer site(arrow pointed) in patient 1. Left images: PET images. Middle images: axial CT images. Right images: axial-fused PET/CT images

same condition, [®*Ga]Ga-P137 showed 1.3 times higher cell
uptake than [®Ga]Ga-PSMA-617 (2.97 +0.18%IA/10° cells
vs 2.23 +0.40%IA/10° cells) which is in agreement with the
observation in the static imaging study at 1 h. Like other suc-
cessful PSMA imaging agents, tumor and kidney showed the
highest initial uptake of radiopharmaceutical in biodistribution
studies.

To test the feasibility for clinical imaging, we performed a
pilot study in three patients in head-to-head comparison with
[%8Ga]Ga-PSMA-617. As shown in Fig. 5, radiopharmaceu-
tical uptake is observed in the salivary and lacrimal glands
and the kidneys, which is in keeping with Glu-Urea-based
ligands. [®Ga]Ga-P137 identified an intra-prostatic tumor
lesion (patient 1), multiple lymph node lesions (patient 2), and
bone metastases (patient 3) compared to [®*Ga]Ga-PSMA-617.
Probably due to higher hydrophilicity (log P: —2.45 +0.18 for
[8Ga]Ga-P137 vs —2.00+0.23 for [*®Ga]Ga-PSMA-617),
[%8Ga]Ga-P137 demonstrated faster clearance and significantly
lower uptake in the bladder than [%8Ga]Ga-PSMA-617, which
may prove advantageous in depicting intra-prostatic lesions.
Further study is necessary to confirm and uncover the mecha-
nism for that observation.

@ Springer

Conclusion

ODAP-Urea-based PSMA-targeting ligands can be used to
image PSMA in vivo, including in humans. [%*Ga]Ga-P137
demonstrated the most promising characteristics within
the series tested, including high PSMA binding affinity,
high in vitro and in vivo stability, and high PSMA-specific
cell uptake. Compared with [*8Ga]Ga-PSMA-617, [*3Ga]
Ga-P137 showed better pharmacokinetics with significantly
reduced accumulation in the bladder in our pilot clinical
study, warranting further investigation of ODAP-Urea-based
PSMA-targeting radiopharmaceuticals.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00259-021-05486-x.
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