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Abstract

Purpose The lead-203 (*®Pb)/lead-212 (*2Pb) elementally identical radionuclide pair has gained significant interest in the
field of image-guided targeted alpha-particle therapy for cancer. Emerging evidence suggests that 2!?Pb-labeled peptide-
based radiopharmaceuticals targeting somatostatin receptor subtype 2 (SSTR2) may provide improved effectiveness com-
pared to beta-particle-based therapies for neuroendocrine tumors (NETs). This study aims to improve the performance
of SSTR2-targeted radionuclide imaging and therapy through structural modifications to Tyr’-octreotide (TOC)-based
radiopharmaceuticals.

Methods New SSTR2-targeted peptides were designed and synthesized with the goal of optimizing the incorporation of
Pb isotopes through the use of a modified cyclization technique; the introduction of a Pb-specific chelator (PSC); and the
insertion of polyethylene glycol (PEG) linkers. The binding affinity of the peptides and the cellular uptake of 2°*Pb-labeled
peptides were evaluated using pancreatic AR42J (SSTR2+) tumor cells and the biodistribution and imaging of the 2**Pb-
labeled peptides were assessed in an AR42J tumor xenograft mouse model. A lead peptide was identified (i.e., PSC-PEG,-
TOC), which was then further evaluated for efficacy in >'?Pb therapy studies.

Results The lead radiopeptide drug conjugate (RPDC) — [***Pb]Pb-PSC-PEG,-TOC — significantly improved the tumor-
targeting properties, including receptor binding and tumor accumulation and retention as compared to [***Pb]Pb-DOTA’-Tyr>-
octreotide (DOTATOC). Additionally, the modified RPDC exhibited faster renal clearance than the DOTATOC counterpart.
These advantageous characteristics of [2'?Pb]Pb-PSC-PEG,-TOC resulted in a dose-dependent therapeutic effect with mini-
mal signs of toxicity in the AR42J xenograft model. Fractionated administrations of 3.7 MBq [*'?Pb]Pb-PSC-PEG,-TOC
over three doses further improved anti-tumor effectiveness, resulting in 80% survival (70% complete response) over 120
days in the mouse model.

Conclusion Structural modifications to chelator and linker compositions improved tumor targeting and pharmacokinetics
(PK) of 20¥212Pp peptide-based radiopharmaceuticals for NET theranostics. These findings suggest that PSC-PEG,-TOC is
a promising candidate for Pb-based targeted radionuclide therapy for NETs and other types of cancers that express SSTR2.
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Introduction

NETs are a diverse group of neoplasms that can originate
and occur in many different organs and tissues of the body
[1]. Although disease progression can be variable, these
tumors often progress slowly and may be asymptomatic or
accompanied by non-specific symptoms, which can make
them difficult to diagnose [2, 3]. As a result, NET patients
often have inoperable tumors or metastases at the time of
diagnosis [1, 4], which necessitates identification of an
effective systemic therapy.

One such class of therapy is SSTR2-targeted peptide
receptor radionuclide therapy (PRRT). Therapeutic out-
comes with the current standard-of-care PRRT, lutetium-
177-DOTATATE {['"’Lu]Lu-DOTATATE; Lutathera®}
targeting SSTR2, have been shown to be effective for well-
differentiated gastroenteropancreatic (GEP) NETs [5, 6].
However, despite the promise of the beta-particle-based
PRRT (b-PRRT), objective responses are seen in only
18-30% of patients with midgut NETs with 1% complete
response rate, emphasizing the critical need for improved
therapy options [5, 6]. Preclinical [7-12] and clinical
[13-16] evidence suggests that alpha-particle-based PRRT
(a-PRRT) may be more effective than b-PRRT for NETSs.
212pp is an attractive in vivo a-particle generator for tar-
geted-radiopharmaceutical therapy. The half-life (¢,,=10.6
h) of 212Pb matches well with the biological half-lives of
small peptides [17], with potent a-particle emissions in the
decay series [18-20]. In addition, the availability of ele-
mentally identical 2>>Pb provides an imaging surrogate for
212ph with decay properties (7, n =152h; 279 keV gamma
ray; 81% intensity) that allow for multiple time point sin-
gle-photon emission computed tomography (SPECT and
SPECT/CT). This property enables the potential for pre-
cise assessment of radiopharmaceutical pharmacokinetic
(PK) properties not only in the preclinical development
phase, but also in the clinical setting for determination
of image-derived individualized normal organ and tumor
dosimetry-based treatment plans.

In this context, molecular modifications to peptide
structures can dramatically change the binding affinities to
targeted receptors, PK properties, and the biodistribution
of peptides for radiopharmaceutical applications — with
the goal of ultimately improving the therapeutic window
(and outcomes) of the radiopharmaceutical [21]. Poten-
tial structural modifications that can affect performance
characteristics include changes in amino acid sequence,
cyclization of the peptide sequence with biologically
stable chemical features, insertion of a chemical linker
between the chelator and the peptide backbone (optimized
for length and chemical composition), and development of
radionuclide-specific chelators that optimize radiolabeling
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efficiency and radiometal chelator coupling. DOTATOC
and DOTATATE, the most widely used peptides target-
ing SSTR2, are cyclized with a disulfide bond to maintain
their structural integrity. However, the disulfide bond and
(more significantly) sulfhydryl groups after cleavage are
known to increase non-specific accumulation of the pep-
tides in the kidneys [22, 23]. Thus, it can be hypothesized
that replacing the disulfide bond with other synthetic cycli-
zation approaches, such as the so-called click chemistry
[24], may reduce kidney uptake and improve in vivo stabil-
ity. The choice of chelator is also an important structural
consideration for RPDC design. For example, changes to
the chelator structure and the selection of the radioisotope
often lead to alterations in tumor uptake, normal organ
clearance, and other PK properties [25, 26]. Additionally,
the chemistry of the linker that connects the chelator to
the peptide backbone represents another key bioconjugate
tool that can be used to alter the PK of the RPDC [27-31].
Within this context, the performance of the 2°*Pb/?!?Pb
theranostic pair in combination with different chelators,
cyclization techniques, and chemical linkers has not been
systematically tested for SSTR2-targeted therapy in NETs.

In this study, we aimed to develop a new form of peptide
bioconjugate, specifically designed for the inclusion of Pb
isotopes with the goal of improving SSTR2 targeting in NET
models. We used various synthetic design strategies, such as
click chemistry-based cyclization, a new chelator composi-
tion (1,4,7,10-tetraazacyclododecane-7-acetamide-1,4,10-
triacetic acid, herein referred to as the Pb-specific chela-
tor or PSC), and PEG linker insertions, to optimize tumor
accumulation and retention while improving renal clearance.

Materials and methods
Peptide synthesis and radiochemistry

New peptides were designed and synthesized using standard
fluorenylmethyloxycarbonyl (Fmoc)-based solid phase peptide
synthesis. The peptides were developed under two basic strate-
gies: (a) a click cyclization approach to substitute the disulfide
bond of TOC with a triazole link, which potentially improves
PK and in vivo stability; and (b) Pb-specific structural optimi-
zation based on TOC by incorporating the new chelator com-
position and various sizes of PEG linkers (Fig. 1 and Table 1).
To wit, peptide conjugates DOTATOC, click-cyclized
DOTATOC (DOTA-click-TOC), PSCTOC, PSC-PEG,-TOC,
and PSC-PEG,-TOC were synthesized and evaluated. The
radiolabeling and purification process for the preparation of
203pb/212Ph-labeled peptides followed the methods outlined in
a previously published study [32]. The details of peptide syn-
thesis, 2'?Pb dose calibration, 2**Pb/?'2Pb radiolabeling, and
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Fig. 1 Structural modifications based on TOC for potential improve-
ment of SSTR2-targeted therapeutic performance. The strategies
included a a click cyclization approach to substitute the disulfide
bond with a triazole link and b installation of a Pb-specific structural
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dose preparation are described in the Supplementary Mate-
rial. The stability of the most promising RPDC, [>**Pb]Pb-
PSC-PEG,-TOC, was evaluated in water and normal human
serum up to 24 h of incubation at 37 °C using the radio-HPLC
system. Furthermore, PSC-PEG,-TOC was assessed for a radi-
olabeling yield with clinically relevant >**Pb activity (1.8-3.6
GBq) to assess changes in performance with increases in molar
activity (MBg/nmol; Supplementary Material).
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optimization of TOC with the incorporation of a new chelator compo-
sition, Pb-specific chelator (PSC), and various sizes of polyethylene
glycol (PEG) linkers

In vitro competitive binding assay

['1]I-TOC was synthesized in-house by radiolabeling 37
MBq Na'®I with 20 nmol TOC peptide via the Chlora-
mine-T method as described by de Blois and colleagues in
2012 [33] and purified on reverse phase Strata-X C-18 col-
umn (Phenomenex, Torrance, CA, USA). SSTR2-positive
ARA42]J rat pancreatic acinar cells were purchased from the
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Table 1 Overview of the characteristics of the TOC-based peptide variants

A Peptide Sequence Mass (obs./calc.)  HPLC retention, min IC5y (nM)
(unlabeled/Pb-labeled)?

TOC D-Phe-cyclo[Cys-Tyr-D-Trp-Lys-Thr-Cys]-Thr-OH 1034.4/1034.4 ND/NA 3.1+1.1
DOTATOC DOTA-D-Phe-cyclo[Cys-Tyr-D-Trp-Lys-Thr-Cys]-Thr-OH 1420.8/1420.6 15.3/18.0 11.3+13
DOTA-click-TOC  DOTA-D-Phe-cyclo[Pra-Tyr-D-Trp-Lys-Thr-Lys(N;)]-Thr-OH  1465.8/1465.7 16.7/ND ND
PSCTOC PSC-D-Phe-cyclo[Cys-Tyr-D-Trp-Lys-Thr-Cys]-Thr-OH 1419.3/1419.6 14.8/16.9 62+ 1.1
PSC-PEG,-TOC PSC-PEG,-D-Phe-cyclo[Cys-Tyr-D-Trp-Lys-Thr-Cys]-Thr-OH ~ 1578.8/1578.7 17.5/19.0 53+£12
PSC-PEG,-TOC PSC-PEG,-D-Phe-cyclo[Cys-Tyr-D-Trp-Lys-Thr-Cys]-Thr-OH ~ 1666.8/1666.8 19.8/21.3 94+1.3

*The retention time for each peptide was evaluated in an HPLC system (Agilent 1200 Series) with a linear 16-26% acetonitrile (ACN) gradient
in 20 mM HCI over 20 min (which initiated with 5-min equilibrium in 4% ACN followed by the increase to 16% in 1 min) at 37 °C on a Vydac
218TP C18 column (4.6x150 mm, 5 pm) with ImL/min flow rate. obs., observed; calc., calculated; ND, not determined; NA, not applicable

American Type Culture Collection (ATCC; CRL-1492) and
were cultured in RPMI 1640 medium, supplemented with
10% fetal bovine serum (FBS), 2 mM glutamine, and anti-
biotics (0.1 mg/mL streptomycin and 100 IU penicillin) at
37 °C under a humidified condition (5% CO,). The cells
were plated into poly-D-lysine-coated 24-well plates at a
density of 1.0 x 107 cells per well. At day 3, the cells were
treated with 0.5 kBq of ['ZI]I-TOC and increasing concen-
trations (107! to 107 M) of the synthesized peptides (i.e.,
TOC, click-TOC, DOTATOC, PSCTOC, PSC-PEG,-TOC,
or PSC-PEG,-TOC); treatment was conducted in binding
medium (RPMI 1640 supplemented with 0.2% BSA and
0.3 mM 1,10-phenanthroline) for 2 h at 37 °C. Cells were
then washed twice with ice-cold PBS and lysed with 0.5 N
NaOH. The radioactivities of the harvested samples were
measured using an automated gamma counter (PerkinElmer
Cobra II; PerkinElmer, Freemont, CA). ICs, was determined
using GraphPad Prism V8.0.

Cellular uptake of 23Pb-labeled peptides

PSCTOC and PSC-PEG,-TOC were labeled with 2°*Pb and
purified via HPLC for high molar activities as descibed in
the Supplementary Material and in Li and collaborators [32].
The HPLC-purified 2*Pb-labeled peptides (3.4 kBq) were
incubated with AR42]J cells in 24-well plates (pre-coated
with poly-D-lysine), which were plated at a density of 2.0 X
10° cells 2 days prior, in the binding medium at 37 °C for up
to 120 min. The cells were then washed twice and lysed, and
the radioactivities of the samples were determined (n=3).

In vivo biodistribution of 2°>Pb-labeled peptides

All animal experiments were performed according to
approved protocols that were compliant to all rules and reg-
ulations of federal regulatory bodies and the Institutional
Animal Care and Use Committee (IACUC) at the University
of Iowa.
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AR42J cells (5.0 x 10° cells/animal) were implanted
subcutaneously on the left shoulder of female athymic nu/
nu mice. 37 kBq of 2**Pb-labeled DOTATOC, PSCTOC, or
PSC-PEG,-TOC (molar activity: 22 MBg/nmol) was admin-
istered to the the tumor-bearing mice via tail vein. Extra
groups of mice were co-administered 37 kBq of **Pb-PSC-
PEG,-TOC with DL-lysine (400 mg/kg) to determine the
effect of amino acid on renal uptake of the radiopharmaceu-
tical. Mice (n=3 per time point) were euthanized at 1, 3, and
24 h post-administration, and tumors and organs/tissues of
interest were excised and weighed. The radioactivities of the
samples were measured using the gamma counter.

SPECT/CT imaging of [2°>Pb]Pb-DOTATOC vs. [2°Pb]
Pb-PSC-PEG,-TOC

Mice bearing AR42J xenografts (~ 400 mm?) were adminis-
tered 11.1 MBq of [?®*Pb]Pb-DOTATOC or [***Pb]Pb-PSC-
PEG,-TOC (molar activity: 62 MBqg/nmol) with or without
co-injection of excess (30 nmol) unlabeled PSC-PEG,-TOC.
Serial SPECT/CT imaging was conducted at 3 h and 24 h
post-administration. The imaging study was performed at
the University of lowa Small Animal Imaging Core using
an INVEON trimodality SPECT/positron emission tomog-
raphy (PET)/CT scanner (Siemens Preclinical, Knoxville,
TN) equipped with medium-energy (0.3 mm) pinhole col-
limators. Data were reconstructed using three-dimensional
ordered-subsets expectation maximization (OSEM-3D)
algorithm with eight iterations and six subsets. Post-recon-
struction images were smoothed with a 3D Gaussian kernel.
Post-imaging biodistribution of the radiotracer in mice was
obtained at 30 h post-administration.

Tumor and kidney dosimetry

The Particle and Heavy Ion Transport code System (PHITS)
[34] was utilized for dose calculations in the kidneys and
tumor. The 2*Pb biodistribution data were used as a sur-
rogate to interpret the PK of the >!?Pb-labeled peptides. The



European Journal of Nuclear Medicine and Molecular Imaging (2024) 51:1147-1162

1151

PK of the radiopharmaceutical was assumed to follow a
mono-exponential curve. The details of dosimetry analyses
are described in the Supplementary Material.

[2'2Pb]Pb-PSC-PEG,-TOC alpha-particle radiotherapy

When the average tumor size of AR42J tumor-bearing mice
reached a volume of about 150 mm? (approximately 10
days after inoculation), 0.37 MBq and 1.85 MBq of [*!?Pb]
Pb-PSC-PEG,-TOC (9 MBg/nmol) in 100 pL saline were
administered to the mice. The administered activities were
determined in reference to dosimetry analysis, in which a
dose of 1.7 MBq was estimated to result in 5.4 Gy renal
dose (Table 2). 1.85 MBq was anticipated to deposit a dose
of about 6.0 Gy in the kidneys, which is expected to be
safe for mice. After the initial study that demonstrated high
therapeutic efficacy without significant toxicity, the dose
was escalated in the subsequent study to 3.7 MBq of [2!2Pb]
Pb-PSC-PEG,-TOC to investigate if the higher administered
activity could be tolerated in mice and if further improve-
ment on tumor control could be achieved. Mouse body-
weights and tumor sizes were measured at least twice per
week for 90 days. The endpoints of the study included tumor
size over 1500 mm?, tumor ulceration, bodyweight loss over
20%, and observed general toxicity.

In another study, possible treatment regimens of [*!2Pb]
Pb-PSC-PEG,-TOC were determined by comparing single
and fractionated administrations of [212Pb]Pb—PSC—PEG2—
TOC in mice bearing AR42J tumors. When the average size
of AR42J tumors in mice reached 130 mm?>, the mice were
administered a single dose (3.7 MBq on day 0) or fraction-
ated doses (1.2 MBq x 3 cycles on day 0, day 9, and day 28)
of [*'?Pb]Pb-PSC-PEG,-TOC. The mice were monitored up
to 120 days. DL-lysine (400 mg/kg) was co-administered in
10 mice per each group for both studies.

Mouse individual tumor growth curves and bodyweight
changes were recorded, and median survival in the format
of Kaplan-Meier survival curves was determined using
the GraphPad Prism (V8.0). The statistical significance of

survival data was determined using the log-rank (Mantel-
Cox) test.

Results

Structural modifications dramatically improve
binding affinity to SSTR2 and cellular uptake

In vitro data suggested that click-cyclization of TOC signifi-
cantly compromised the binding affinity to SSTR2 (Fig. 2a).
Click-TOC did not competitively reduce the binding of ['*°I]
I-TOC to SSTR2 in the 10™!! to 107 M concentration range.
Compared to DOTA chelator, the novel chelating agent
composition (i.e., PSC) improved in vitro binding affinity
to SSTR2 in AR42]J cells when conjugated to TOC (Fig. 2a
and Table 1). DOTATOC exhibited reduced binding affinity
compared to TOC, but PSCTOC partially restored the affin-
ity (ICy, values, TOC: 3.1 & 1.1 nM vs. DOTATOC: 11.3 +
1.3 nM vs. PSCTOC: 6.2 + 1.1 nM). PSC-PEG,-TOC pro-
duced an improvement in affinity (5.3 + 1.2 nM) vs. DOTA-
TOC of more than a factor of 2, whereas PSC-PEG,-TOC
provided an improved affinity than DOTATOC but weaker
affinity (9.4 + 1.3 nM) than PSCTOC.
[2*Pb]Pb-PSCTOC exhibited a 6-fold improvement
in cellular uptake compared to [?**Pb]Pb-DOTATOC at
2 h post-incubation (Fig. 2b), demonstrating the potential
improvements to SSTR2 binding that can be achieved by
molecular modifications to the chelator for TOC bioconju-
gates. Moreover, [203Pb]Pb-PSC-PEG2-TOC showed remark-
ably (and significantly) higher cellular uptake than [2*Pb]
Pb-PSCTOC and [?**Pb]Pb-DOTATOC by factors of 4 and
21 respectively, at the same incubation time (Fig. 2b).
Despite the comparable binding affinities (5.3 + 1.2 nM
vs. 6.2 + 1.1 nM; Fig. 2a and Table 1) of PSC-PEG,-TOC
(unlabeled) and PSCTOC (unlabeled), a large differential
uptake was observed between these two peptides when
labeled with 2*Pb (5% for [***Pb]Pb-PSCTOC vs. 18% for
[*%*Pb]Pb-PSC-PEG,-TOC at 2 h post-incubation). Taken

Table 2 Estimated tumor and kidney doses and the maximum administration activity based on different renal dose limits in AR42J tumor-bear-

ing nude mice

Radiopeptide Estimated dose (Gy/MBq) Maximum administration activity (MBq)* Tumor dose at
- — — — 5.4 Gy renal limit
Tumor Kidney T/K 5.4 Gy limit 11 Gy limit 20 Gy limit (Gy)
[2'2Pb]Pb-DOTATOC 2.43 7.03 035  0.77 1.57 2.85 1.87
[2'2Pb]Pb-PSCTOC 9.19 5.41 170 1.00 2.04 3.70 9.18
[>'2Pb]Pb-PSC-PEG,-TOC 12.70 6.22 2.04  0.87 1.77 3.22 11.03
[2'2Pb]Pb-PSC-PEG,-TOC (+ Lysine)  8.65 3.24 267 167 3.39 6.17 14.40

*Maximum administration activity was determined based on the renal dose limit of 5.4 Gy, 11 Gy, and 20 Gy. 5.4 Gy (27 Gy/5) is based on the
safe levels of renal limit values from beta particles (27 Gy) and an RBE of 5 for alpha particles. 11 Gy and 20 Gy were based on a survival study
in mice using [*'*Bi]Bi-DOTATATE and they represent LD and LD, for 90 days respectively

@ Springer
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Fig.2 In vitro binding performance metrics of the newly synthesized
peptides using AR42J SSTR2-positive cells. a Competitive inhibition
plots of ['*’I]I-TOC binding to SSTR2 in AR42J cells with increasing
concentrations of TOC and its structural variants. ICy, values; TOC:
3.1 + 1.1 nM, DOTATOC: 11.3 + 1.3 nM, PSCTOC: 6.2 + 1.1 nM,
PSC-PEG,-TOC: 5.3 + 1.2 nM, PSC-PEG,-TOC: 9.4 + 1.3 nM (at
least n=6 from three biological replicates for DOTATOC and PSC-
TOC; n=4-6 from two biological replicates for TOC, “click” TOC,
PSC-PEG,-TOC, and PSC-PEG,-TOC). b Cellular uptake of ***Pb-
labeled DOTATOC, PSCTOC, and PSC-PEG,-TOC in AR42J cells.
The binding medium, which contained 3.4 kBq of HPLC-purified
203Pb-labeled peptides, was incubated with the cells at 37 °C for up
to 120 min

together, the data show that the 2**Pb-chelator complex hin-
dered the receptor binding of TOC to a certain degree and
that the addition of PEG, linker minimized the effect of the
Pb-chelator complex on receptor binding — and correspond-
ingly restored the high affinity binding of TOC to SSTR2.

[2*Pb]Pb-PSC-PEG,-TOC demonstrated improved
in vivo biodistribution profile

The biodistribution of the TOC-based peptides dominated
mainly by tumor accumulation/retention and renal excre-
tion, with relatively low uptake in other tissues of interest
(Fig. 3a). The in vivo tumor uptake exhibited a similar trend
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as was observed in the in vitro cellular uptake studies, where
tumor uptake was highest for [203Pb]Pb—PSC—PEG2—TOC,
followed by [**>Pb]Pb-PSCTOC and [***Pb]Pb-DOTATOC
(Fig. 3; Tables S1-S3). Notably, the [***Pb]Pb-PSC-PEG,-
TOC cleared through the kidneys more rapidly than other
peptides. The %ID/g values in the kidneys were significantly
higher for [2*Pb]Pb-PSC-PEG,-TOC than for [***Pb]Pb-
DOTATOC at early time points (e.g., 20.6 %ID/g vs. 12.2
%1D/g, respectively at 1 h post-administration; Table S1),
indicating an initial faster blood clearance via renal path-
way rather than hepatobiliary system. The values became
significantly lower for [203Pb]Pb-PSC-PEG2—TOC than for
[2%Pb]Pb-DOTATOC at 24 h (1.5 %ID/g vs. 7.6 %ID/g
respectively; Table S3). The benefits of higher tumor uptake
and faster renal clearance of the new peptide improved the
tumor-to-kidney ratio substantially (Fig. 3b). In addition,
co-administration of DL-lysine with the radiotracer sig-
nificantly reduced the renal accumulation of [2°3Pb]Pb-
PSC-PEG,-TOC by 56% without compromising the tumor
uptake of the radiotracer in mice (Fig. 3c). A comprehen-
sive biodistribution of [2**Pb]Pb-PSC-PEG,-TOC with co-
administration of DL-lysine was acquired at four different
time points (1, 3, 6, and 24 h) in the mouse model (Fig. 3d).
These data were subsequently used to interpret the PK of
[*?Pb]Pb-PSC-PEG,-TOC in the presence of DL-lysine for
dosimetry analysis.

The potential of PSC-PEG,-TOC as a superior imaging
agent linked to Pb isotopes was also observed by SPECT/
CT imaging (Fig. 4). The SPECT/CT images obtained at 3
h and 24 h post-administration showed that [293Pb]Pb-PSC-
PEG,-TOC had higher tumor uptake and faster renal clear-
ance compared to [23Pb]Pb-DOTATOC, which increases
the therapeutic index significantly (Fig. 4a, b). The tumor
uptake of [**>Pb]Pb-PSC-PEG,-TOC was almost completely
blocked by co-administration of excessive unlabeled pep-
tide, indicating that the high tumor uptake of [?**Pb]Pb-
PSC-PEG,-TOC is mediated by specific binding to SSTR2
(Fig. 4a, ¢).

Dosimetry analysis of tumor and kidney dose
deposition

Dosimetry analyses were conducted to estimate the dose
absorbed in the tumor and the kidneys (Fig. 5). Based on the
observed biodistribution, as expected the PHITS simulation
platform (utilizing the DigiMouse voxel phantom model)
identified kidneys as a dose limiting organ. Not surprisingly,
radiation dose was dominated by alpha-particles (>93% of
final dose) relative to beta particle emissions in the 2!>Pb
decay series (Fig. 5a). Based on the 2°*Pb biodistribution
data, the activity-curves were determined for 2!>Pb-labeled
peptides with and without DL-lysine co-administration
(Fig. 5b, ¢).
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According to our analysis, the candidate — [>'>Pb]Pb-
PSC-PEG,-TOC — exhibited the best ratio of radiation dose
between the tumor and the kidneys. It scored 0.35, 1.70,
and 2.04 for [*'?Pb]Pb-DOTATOC, [*'?Pb]Pb-PSCTOC, and
[212Pb]Pb-PSC-PEG2-TOC, respectively, when we admin-
istered the same amount of radioactivity (Table 2). The
data support that [*'2Pb]Pb-PSC-PEG,-TOC could deposit
20% more dose than [>'?Pb]Pb-PSCTOC to tumor with the
same renal dose deposition. Compared to the renal doses
resulting from [>'?Pb]Pb-PSC-PEG,-TOC in the absence
of DL-lysine, the renal doses from [*'?Pb]Pb-PSC-PEG,-
TOC in the presence of DL-lysine were estimated to be 48%
lower. These data represent a 24% increase in tumor-specific
dose according to the maximum administered radioactivity
(Table 2).

Because the renal-dose limit for alpha-particles has not
been established, the maximum administered radioactiv-
ity was estimated based on potential renal-dose limits from
alpha-particles — 5.4 Gy, 11 Gy, and 20 Gy. 5.4 Gy was
determined by 27 Gy, the renal-dose limit for beta particles
[35, 36], divided by RBE = 5; 11 Gy and 20 Gy were based
on the renal doses, which resulted in LD (lethal for 5%
population by 90 days) and LDs, (lethal for 50% popula-
tion by 90 days) respectively in nude mice, according to a
survival study with [>*Bi]Bi-DOTATATE [12]. The right-
most column in the Table 2 describes the estimated tumor
dose deposited when the mice were maximally administered
activities that can limit the dose to 5.4 Gy of alpha dose
in the kidneys. In this analysis, PSC-PEG,-TOC can be
administered about 13% more activity than DOTATOC (0.87
MBq/0.77 MBq = 1.13; based on 5.4 Gy renal-dose limit),
and 5.9-fold higher absorbed dose can be deposited into the
tumor with the maximum activity (11.03 Gy vs. 1.87 Gy).

[*'2Pb]Pb-PSC-PEG,-TOC radiotherapy
demonstrated robust anti-tumor effectiveness

212pp therapy studies were designed based on the favora-
ble biodistribution profile and imaging of [2*Pb]Pb-PSC-
PEG,-TOC. Mice bearing AR42J tumor xenografts were
treated with escalating radioactivity doses of [2!2Pb]Pb-
PSC-PEG,-TOC (i.e., 0.37 MBq, 1.85 MBq, and 3.70
MBq), which were co-administered with DL-lysine (400
mg/kg). Tumor growth was significantly suppressed and
overall survival was improved in the 2'?Pb-treated groups
compared to the untreated group, with a dose-dependent
effect observed up to 1.85 MBq of [*'*Pb]Pb-PSC-PEG,-
TOC (Fig. 6). The administration of 3.70 MBq of [*!?Pb]
Pb-PSC-PEG,-TOC elicited two presumable cases of
complete response by the end of the 90-day study, which
was not achieved with the lower administered activities
(Fig. 6a). However, the median survival was not signifi-
cantly different compared to the 1.85 MBq-treated group

(49 days for the 1.85 MBg-treated vs. 46 days for the 3.70
MBg-treated; Fig. 6b). 1.85 MBq of [*!?Pb]Pb-PSC-PEG,-
TOC was well tolerated and did not cause significant body-
weight loss in the treated mice (Fig. 6¢). On the other
hand, the administration of 3.70 MBq of [*!2Pb]Pb-PSC-
PEG,-TOC resulted in an average initial weight loss of
about 13% (at day 5), which appears to be attributed to the
administered radiopharmaceutical. Importantly however,
the bodyweight of the mice was fully recovered within 8
days, suggesting that the effect is reversible. The dosime-
try analysis estimated that the administration of 0.37 MBq,
1.85 MBgq, and 3.70 MBq of [*'?Pb]Pb-PSC-PEG,-TOC
delivered 3.2 Gy, 16.0 Gy, and 32.0 Gy of tumor doses,
respectively, and 1.2 Gy, 6.0 Gy, and 12.0 Gy of kidney
doses, respectively (Table 2).

Another therapy study was conducted to compare the
efficacy for a single (large) administered radioactivity dose
with multiple fractionated doses of [212Pb]Pb-PSC-PEG2-
TOC. The control mice reached the endpoint (tumor volume
> 1500 mm3) within 12 days, with a median survival of
9 days (Fig. 7a, b). In this case, a significant inhibition of
tumor growth was observed in the mice treated with a single
dose of 3.70 MBq of [*!?Pb]Pb-PSC-PEG,-TOC, resulting
in an improved median survival of 84 days and 40% com-
plete responses were observed at the predetermined termi-
nation of the study (120 days) (Fig. 7a, b; P<0.0001 vs.
control). Interestingly, a more robust therapeutic response
was observed when [212Pb]Pb—PSC—PEG2—TOC was admin-
istered over three 1.2 MBq fractions (Fig. 7a), leading to an
80% survival rate at 120 days and 70% complete responses
(Fig. 7b, P<0.05 vs. single-dose). Bodyweight losses were
reversible in both treatment cohorts, indicating that 3.70
MBgq of [*'?Pb]Pb-PSC-PEG,-TOC was well tolerated fol-
lowing either a single or fractionated dose regimen (Fig. 7¢).

Histopathological changes at the conclusion of treatment
with the single dose or with fractionated doses were scored
into 5 categories, where score O represents the absence of
toxicity and score 4 represents very severe toxicity (Fig. S4).
For mice that received single dose of 3.7 MBq of [*'?Pb]Pb-
PSC-PEG,-TOC (n=4), the occurrence of tubulointerstitial
inflammation was mild (1-10%). Three out 4 mice showed
absent or mild glomeruli injury. There was wide distribu-
tion of tubular injury among the 4 mice with 1 mouse in
each category, suggesting potential individual variance. For
the 8 mice that received 3 cycles of 1.2 MBq [*!*Pb]Pb-
PSC-PEG,-TOC, 7/8 mice showed mild tubulointerstitial
inflammation. Similar glomeruli injury score was found in
both cohorts, except that one very severe scoring (>31%)
was found in mice treated with fractionated [>'*Pb]Pb-PSC-
PEG,-TOC. Moderate (11-25%) to severe (26-50%) occur-
rence of tubular injury was found in all treated animals at the
conclusion of the study on day 120. As all control mice were
euthanized before conclusion of the study due to aggressive
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«Fig. 3 a-b Biodistribution of 203Pb-labeled DOTATOC, PSCTOC,
and PSC-PEG,-TOC in AR42J tumor-bearing nude mice and %ID/g
of tumor and kidneys as well as tumor-to-kidney ratios over time; ¢
biodistribution of [203Pb]Pb-PSC-PEG,-TOC at 3 h post-admin-
istration in mice with and without co-administration of DL-lysine
(400 mg/kg); and d comprehensive biodistribution of [203Pb]Pb-
PSC-PEG,-TOC with DL-lysine co-administration at 1, 3, 6, and 24
h post-administration. The data are presented as mean values + SD
(n=3; *P<0.05, ***P<0.005). Intestine (S), small intestine; intestine
(L), large intestine

tumor burden, no direct comparison with control cohort was
possible.

Discussion

In this investigation, synthetic design strategies were
employed to modify the structure of an SSTR2-targeted
peptide based on TOC to allow for the inclusion of Pb iso-
topes and to determine if these structural modifications
could improve key performance metrics (e.g., in vitro bind-
ing affinity and internalization; in vivo tumor targeting and
renal clearance rate), with a goal of enhancing the overall
efficacy and tolerability of the radiopharmaceutical.

In previous studies, we had aimed at similar enhance-
ments to a peptide construct targeted to the melanocortin
receptor subtype 1 (MCIR) in metastatic melanoma. In this
work, we examined a similar set of structural modifications
beginning with analogs of the alpha-melanocyte stimulating
hormone (a-MSH). A key structural modification that sig-
nificantly enhanced the peptide performance in these earlier
studies was the use of a triazole linkage for cyclization of
the peptide. As we described earlier, the triazole linkage
is obtained in a facile fashion via the Cu-catalyzed azide-
alkyne cycloaddition (aka “click” chemical reactions) [26].
For the a-MSH analogs produced in the previous investiga-
tion, the fused triazole cyclization approach was shown to
improve binding affinity and in vivo stability of the peptide
in melanoma models. However, in the current investigation
of TOC derivatives presented here, we found that the same
click chemistry cyclization strategy almost completely abol-
ished the binding of the RPDC to SSTR2. Here, results sug-
gest that the binding of the SSTR2-targeted peptides to the
receptor is influenced not only by the amino acid sequence,
but also by the conformations of the amino acid sequence
that is sensitive to cyclization structure, and that the fused
triazole linkage disrupts the conformation in a way that
inhibits receptor binding to SSTR2. These results high-
light the difficulty in predicting the ultimate RPDC perfor-
mance based on similar modifications made to other peptide
sequences as has been reported previously [37, 38].

Insertion of PEG linkers has been explored as a means
to manipulate the in vivo PK of various therapeutics [27].

Investigations in the use of PEG linker insertions for RPDCs
have shown mixed results in terms of improvements to PK
properties. For example, while certain studies identified that
improved PK properties could be imparted by insertions or
alterations in the lengths of PEG linkers [39, 40], other stud-
ies showed that PEG insertions made no difference in the
ultimate performance of the RPDC [41]. In our study, we
tested multiple lengths of PEG linkers and found that a PEG,
linker, inserted between the chelator and the peptide back-
bone, improved receptor-binding properties — presumably
by minimizing the potential steric hindrances of the chelator-
metal complex on SSTR2 binding without disrupting the
conformation of the amino acids in the peptide backbone.

In the vivo setting, [***Pb]Pb-PSC-PEG,-TOC signifi-
cantly improved the tumor-targeting properties (i.e., recep-
tor binding, tumor accumulation and retention), compared
to [***Pb]Pb-DOTATOC. In addition, the [***Pb]Pb-PSC-
PEG,-TOC radiopharmaceutical exhibited faster renal
clearance than the [?**Pb]Pb-DOTATOC counterpart. Inter-
estingly, although PSC-PEG,-TOC and PSCTOC (both unla-
beled) had comparable ICs, receptor specific binding affini-
ties, the cellular uptake of [**>Pb]Pb-PSC-PEG,-TOC was
significantly higher than [**>Pb]Pb-PSCTOC. We attribute
the improved cellular uptake of [203Pb]Pb-PSC-PEG2-TOC
compared to [293Pb]Pb-PSCTOC to a decrease in the inter-
ference of the chelator->“*Pb complex with SSTR2 bind-
ing due to the PEG, linker insertion, which in turn leads to
improved binding affinity to SSTR2. The fast renal kinetics
of the PEG linker-inserted radiopeptide possibly results from
increased hydrophilicity of the radiopeptide imparted by the
PEG, [39, 42, 43]. The biodistribution and the SPECT/CT
imaging displayed faster renal clearance of [2**Pb]Pb-PSC-
PEG,-TOC without compromising tumor targeting, which
significantly improved the therapeutic index of the therapy.
PSC-PEG,-TOC also exhibited an excellent labeling yield
and robust radiochemical stability (as well as metabolic sta-
bility) in water and human serum for >**Pb (Fig. S1 and
Fig. S2). In our recently published study [44], we reported
the favorable labeling and chelation properties of the PSC-
conjugates (i.e., PSC-PEG,-TOC) for 212pp a5 well as 22Bi,
in comparison to DOTA-conjugated peptides (i.e., DOTA-
PEG,-TOC and DOTATATE). High specific activities (up to
120 MBg/nmol; >90% efficiency) of [2*Pb]Pb-PSC-PEG,-
TOC were achieved in the present study (Fig. S3). Success-
ful production of [2*Pb]Pb-PSC-PEG,-TOC with high yield
for clinical use has been reported [45], and [293/212pp | Pb-
PSC-PEG,-TOC theranostics are currently under phase I/
I1a investigation (NCT05636618).

In the first therapy study with the single-dose regimen,
significant tumor growth inhibition was observed in all
treated animals, despite the bulky initial tumor size. The
average tumor sizes upon initiation of treatment were 161 +
42,145 + 41, 153 + 37, and 234 + 49 mm? in the animals
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Fig.4 SPECT/CT imaging

of [**Pb]Pb-DOTATOC and
[2%Pb]Pb-PEG,-TOC in AR42J
tumor-bearing nude mice. a
The AR42J-bearing mice were
imaged at 3 h and 24 h after
the administration of 11.1 MBq
[**Pb]Pb-DOTATOC and
[2%Pb]Pb-PSC-PEG,-TOC. 30
nmol of cold peptide was co-
administered for the blocking
imaging to confirm the tumor
specificity; b tumor-to-kidney
uptake ratio over time, analyzed
from the obtained images using
the Inveon research workplace
software; and ¢ the mice were
euthanized after the imaging
study, and the biodistribution
of [?®*Pb]Pb-PSC-PEG,-TOC
was obtained at 30 h post-
administration. Intestine (S),
small intestine; intestine (L),
large intestine
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treated with 0 MBq, 0.37 MBq, 1.85 MBq, and 3.70 MBq
of [*'*Pb]Pb-PSC-PEG,-TOC, respectively. Dose-dependent
tumor inhibition was observed in animals treated with up to
1.85 MBq of [*'*Pb]Pb-PSC-PEG,-TOC, but not with 3.70
MBgq. The lack of further improvement in the 3.70 MBq
treatment cohort might be attributable to the significantly
larger initial tumor size in this cohort, despite observing two
out of ten complete tumor remission in this cohort.

In the second experiment, single-dose treatment with 3.70
MBgq of [>!*Pb]Pb-PSC-PEG,-TOC was initiated when the
average tumor size was 130 mm?>. This treatment resulted in
a significant improvement in median survival of the mice (84
days) and a complete response rate (40%), suggesting that
the initial tumor size can significantly affect therapy efficacy
in preclinical studies. These findings may be particularly
significant because the short ranges of alpha-particles, which
are less than 88 mm in the case of !?Pb decay daughters

@ Springer

(accounting for a few cell diameters) [20], result in highly
non-homogenous dose deposit due to the large tumor size
and intra-tumoral heterogeneity of receptor expression [46].
Further improved outcomes were observed from fraction-
ated dosing of [212Pb]Pb-PSC—PEG2—TOC. Fractionated
doses induce prolonged radiation delivery, which can result
in a pro-apoptotic environment and more effective tumor
cell killing [47]. Conversely, a single high dose can cause
rapid tumor cell death, followed by repopulation of surviv-
ing cells, leading to less durable long-term effect. Addition-
ally, fractionation can upregulate target receptor expression,
thereby increasing the tumor control of subsequent therapies
[48]. Another advantage of fractionation is its potential to
minimize receptor saturation by the RPDC and enable more
complete coverage of the tumor with heterogeneous receptor
expression, reducing the bypassing effect of the therapeu-
tic agent. Further studies are required to develop a more
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Fig.5 Dose deposition analysis a
in tumors and kidneys resulting
from in vivo administration of
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detailed understanding of the most effective treatment regi-
men in this regard.

A recent study conducted by Stallons and collaborators
[49] demonstrated that 1,4,7,10-tetraazacyclododecane-
1,4,7,10-tetraacetic acid amide (DOTAM)-conjugated TATE
(DOTAMTATE) has potential for NET therapy with >!2Pb
in a preclinical model. In the study, therapy with [2!?Pb]
Pb-DOTAMTATE showed dose-dependent tumor control
and a survival benefit in the same animal model used in

our study, indicating the potential of 2'?Pb for NET therapy.
The most effective treatment regimen was observed with
three cycles of 0.37 MBq [*'?Pb]Pb-DOTAMTATE given at
2-week intervals. This treatment resulted in approximately
50% complete responses and a median survival of about 76
days post-treatment. In that study, the therapeutic dose was
not increased due to the high toxicity profile of [*'*Pb]Pb-
DOTAMTATE. In a toxicity study with tumor-free athymic
nude mice, a dose of 1.48 MBq of [*'?Pb]Pb-DOTAMTATE
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Fig.6 Therapeutic outcomes a
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or higher resulted in a 100% death rate within 10 days. In
contrast, our study shows that administering up to 3.70 MBq
[*>Pb]Pb-PSC-PEG,-TOC in mice, with three fractionated
doses (i.e., 1.20 MBq X 3 cycles), results in 70% complete
responses and an 80% survival rate at 120 days. Notably, our
study differed in study design (we used AR42J-bearing mice
administered with DL-lysine). Nonetheless, we observed no
toxicity-related mouse deaths from the administration of up
to 3.70 MBgq single bolus injection of [*'?Pb]Pb-PSC-PEG,-
TOC. These results highlight the need for more studies to
develop a more detailed understanding of the therapeutic
index of [*!?Pb]Pb-PSC-PEG,-TOC and to identify poten-
tial further improvements through multi-dosing strategies.
Results presented here, together with recent clinical imag-
ing of the [?**Pb]Pb-PSC-PEG,-TOC [50], provide com-
pelling evidence that [***Pb/?!?Pb]Pb-PSC-PEG,-TOC has
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prodigious potential for image-guided receptor-targeted
alpha-particle therapy for SSTR2-expressing tumors.

Conclusion

Preclinical studies described here suggest that PSC-PEG,-
TOC has the potential to improve the efficacy of Pb-based
a-particle therapy for SSTR2-expressing tumors with a
significantly lower toxicity profile than previous SSTR2-
targeted peptides. Thus, PSC-PEG,-TOC is a promising
candidate for the treatment of NET patients who are naive
or refractory to b-PRRT. Upcoming toxicity evaluation and
therapeutic studies in multi-dosing regimen will provide
more definitive information regarding the potential of this
radiopharmaceutical.
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Fig.7 Therapeutic outcomes of [>'*Pb]Pb-PSC-PEG,-TOC in mice
bearing AR42J tumor following administrations of single dose vs.
three fractionated doses. Female nude mice bearing AR42J tumor
xenograft (with mean tumor size of 123-137 mm3) were adminis-
tered 0 MBq, 3.7 MBq (day 0), or 3 X 1.2 MBq (days 0, 9, and 28) of
[212Pb]Pb-PSC-PEG,-TOC. The treatment intervals were not perfectly

We expect that this type of structural modification strategy
can also be applied to other peptide-based therapeutics. To
this end, experiments are under way to explore the potential
improvement of the current (i.e., [\”’Lu]Lu-DOTATATE) and
other therapeutics by optimizing the structure for a specific
radionuclide. The results presented here highlight the diffi-
culty in predicting impact of molecular modifications of struc-
tural changes on the PK properties of radiopharmaceuticals
and the impact of chelator modifications to the stability of
daughter radionuclides at the chelator-radiometal coupling.
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optimized due to a logistic issue of the >>*Ra/*'?Pb generators during
the COVID-19 pandemic. Results are presented for a tumor growth
in each individual animal (n=10 per group); b Kaplan-Meier overall
survival curves (*P<0.05; ****P<(0.0001); and ¢ mean bodyweight
changes of treated mice and control mice

Our findings underscore the potential benefits of frac-
tionated RPDC therapy in cancer treatment. Fractionated
doses can create a favorable environment for tumor cell
apoptosis, enhance tumor control through receptor upregu-
lation, and minimize receptor saturation. These advantages
suggest that fractionation using RPDC may hold promise
in optimizing cancer treatment regimens. However, fur-
ther research is needed to determine the most effective
and tailored approaches for harnessing these benefits in
clinical practice.

@ Springer



1160

European Journal of Nuclear Medicine and Molecular Imaging (2024) 51:1147-1162

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00259-023-06494-9.

Acknowledgements The authors thank Susan A. Walsh and Michael R.
Acevedo at the Small Animal Imaging Core (SAIC) Facility of the Uni-
versity of lowa for the support of the animal imaging, and Dr. Fiorenza
Tanzini at Perspective Therapeutics for assisting with the editing and
revision of the manuscript.

Authors contribution D. Lee, M. Li, D. Liu, F. C. Pigge, Y. Menda, F.
L. Johnson, M. K. Schultz — study conception and design

D. Lee, N. J. Baumhover — study design, peptide synthesis, and
characterization

D. Lee, M. Li, D. Liu, N. J. Baumhover, E. A. Sagastume, B. M.
Marks, P. Rastogi — study design, carried out experiments, and con-
tributed to manuscript

D. Lee, M. Li, D. Liu, F.L. Johnson, M. K. Schultz — study design,
material preparation, data collection and analysis, manuscript prepara-
tion and editing

D. Lee — wrote the first draft of the manuscript; all authors
reviewed and revised each version of the manuscript; all authors have
read and approved the final manuscript.

Funding This work was partially supported by grants awarded
by the US National Institutes of Health, National Cancer Institute
R44CA268314; R44CA250872; R44CA254613; 1RO1CA243014;
1P50CA174521. Authors M. Li, F.L. Johnson, N. Baumhover, D.
Liu, E.A, Sagastume, B.M. Marks, and M.K. Schultz are employees
of Perspective Therapeutics, which provided partial research support
for these studies.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Oronsky B, Ma PC, Morgensztern D, Carter CA. Nothing but NET:
a review of neuroendocrine tumors and carcinomas. Neoplasia.
2017;19:991-1002. https://doi.org/10.1016/j.ne0.2017.09.002.

2. Thompson GB, van Heerden JA, Martin JK Jr, Schutt AJ,
Ilstrup DM, Carney JA. Carcinoid tumors of the gastrointesti-
nal tract: presentation, management, and prognosis. Surgery.
1985;98:1054-63.

3. Vinik Al, Woltering EA, Warner RR, Caplin M, O’Dorisio TM,
Wiseman GA, et al. NANETS consensus guidelines for the diag-
nosis of neuroendocrine tumor. Pancreas. 2010;39:713-34. https://
doi.org/10.1097/MPA.Ob013e3181ebaftd.

@ Springer

10.

11.

13.

14.

15.

Goede AC, Caplin ME, Winslet MC. Carcinoid tumour of the
appendix. Br J Surg. 2003;90:1317-22. https://doi.org/10.1002/
bjs.4375.

Strosberg J, El-Haddad G, Wolin E, Hendifar A, Yao J, Chasen B,
et al. Phase 3 trial of '"’Lu-Dotatate for midgut neuroendocrine
tumors. N Engl J Med. 2017;376:125-35. https://doi.org/10.1056/
NEJMoal607427.

Brabander T, van der Zwan WA, Teunissen JJM, Kam BLR,
Feelders RA, de Herder WW, et al. Long-term efficacy, survival,
and safety of ['7’Lu-DOTA?, Tyr*]octreotate in patients with gas-
troenteropancreatic and bronchial neuroendocrine tumors. Clin
Cancer Res. 2017;23:4617-24. https://doi.org/10.1158/1078-
0432.CCR-16-2743.

Chan HS, de Blois E, Morgenstern A, Bruchertseifer F, de Jong
M, Breeman W, et al. In vitro comparison of 23Bj- and ""Lu-
radiation for peptide receptor radionuclide therapy. PLoS One.
2017;12:e0181473. https://doi.org/10.1371/journal.pone.0181473.
Chan HS, Konijnenberg MW, de Blois E, Koelewijn S, Baum
RP, Morgenstern A, et al. Influence of tumour size on the
efficacy of targeted alpha therapy with 2'*Bi-DOTA?, Tyr>-
octreotate. EJNMMI Res. 2016;6:6. https://doi.org/10.1186/
$13550-016-0162-2.

Graf F, Fahrer J, Maus S, Morgenstern A, Bruchertseifer F, Ven-
katachalam S, et al. DNA double strand breaks as predictor of
efficacy of the alpha-particle emitter Ac-225 and the electron
emitter Lu-177 for somatostatin receptor targeted radiotherapy.
PLoS One. 2014;9:e88239. https://doi.org/10.1371/journal.pone.
0088239.

Miederer M, Henriksen G, Alke A, Mossbrugger I, Quintanilla-
Martinez L, Senekowitsch-Schmidtke R, et al. Preclinical evalu-
ation of the alpha-particle generator nuclide >*>Ac for somatosta-
tin receptor radiotherapy of neuroendocrine tumors. Clin Cancer
Res. 2008;14:3555-61. https://doi.org/10.1158/1078-0432.
CCR-07-4647.

Norenberg JP, Krenning BJ, Konings IR, Kusewitt DF, Nayak TK,
Anderson TL, et al. 2'*Bi-DOTA?, Tyr*-octreotide peptide receptor
radionuclide therapy of pancreatic tumors in a preclinical animal
model. Clin Cancer Res. 2006;12:897-903. https://doi.org/10.
1158/1078-0432.CCR-05-1264.

. Chan HS, Konijnenberg MW, Daniels T, Nysus M, Makvandi M,

de Blois E, et al. Improved safety and efficacy of >'*Bi-DOTA-
TATE-targeted alpha therapy of somatostatin receptor-expressing
neuroendocrine tumors in mice pre-treated with L-lysine. EJN-
MMI Res. 2016;6:83. https://doi.org/10.1186/s13550-016-0240-5.
Kratochwil C, Giesel FL, Bruchertseifer F, Mier W, Apostolidis
C, Boll R, et al. 2'*Bi-DOTATOC receptor-targeted alpha-radi-
onuclide therapy induces remission in neuroendocrine tumours
refractory to beta radiation: a first-in-human experience. Eur J
Nucl Med Mol Imaging. 2014;41:2106—19. https://doi.org/10.
1007/s00259-014-2857-9.

Ballal S, Yadav MP, Bal C, Sahoo RK, Tripathi M. Broaden-
ing horizons with 22>Ac-DOTATATE targeted alpha therapy for
gastroenteropancreatic neuroendocrine tumour patients stable
or refractory to !7’Lu-DOTATATE PRRT: first clinical experi-
ence on the efficacy and safety. Eur J Nucl Med Mol Imaging.
2020;47:934-46. https://doi.org/10.1007/s00259-019-04567-2.
Kratochwil C, Apostolidis L, Rathke H, Apostolidis C, Bicu F,
Bruchertseifer F, et al. Dosing 2Ac-DOTATOC in patients with
somatostatin-receptor-positive solid tumors: 5-year follow-up of


https://doi.org/10.1007/s00259-023-06494-9
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.neo.2017.09.002
https://doi.org/10.1097/MPA.0b013e3181ebaffd
https://doi.org/10.1097/MPA.0b013e3181ebaffd
https://doi.org/10.1002/bjs.4375
https://doi.org/10.1002/bjs.4375
https://doi.org/10.1056/NEJMoa1607427
https://doi.org/10.1056/NEJMoa1607427
https://doi.org/10.1158/1078-0432.CCR-16-2743
https://doi.org/10.1158/1078-0432.CCR-16-2743
https://doi.org/10.1371/journal.pone.0181473
https://doi.org/10.1186/s13550-016-0162-2
https://doi.org/10.1186/s13550-016-0162-2
https://doi.org/10.1371/journal.pone.0088239
https://doi.org/10.1371/journal.pone.0088239
https://doi.org/10.1158/1078-0432.CCR-07-4647
https://doi.org/10.1158/1078-0432.CCR-07-4647
https://doi.org/10.1158/1078-0432.CCR-05-1264
https://doi.org/10.1158/1078-0432.CCR-05-1264
https://doi.org/10.1186/s13550-016-0240-5
https://doi.org/10.1007/s00259-014-2857-9
https://doi.org/10.1007/s00259-014-2857-9
https://doi.org/10.1007/s00259-019-04567-2

European Journal of Nuclear Medicine and Molecular Imaging (2024) 51:1147-1162

1161

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

hematological and renal toxicity. Eur J Nucl Med Mol Imaging.
2021;49:54-63. https://doi.org/10.1007/s00259-021-05474-1.

. Yadav MP, Ballal S, Sahoo RK, Bal C. Efficacy and safety of

25Ac-DOTATATE targeted alpha therapy in metastatic para-
gangliomas: a pilot study. Eur J Nucl Med Mol Imaging.
2022;49:1595-606. https://doi.org/10.1007/s00259-021-05632-5.
Wolin EM. The expanding role of somatostatin analogs in the
management of neuroendocrine tumors. Gastrointest Cancer Res.
2012;5:161-8.

Dos Santos JC, Schafer M, Bauder-Wust U, Lehnert W, Leotta K,
Morgenstern A, et al. Development and dosimetry of 2%*Pb/?!2Pb-
labelled PSMA ligands: bringing “the lead” into PSMA-targeted
alpha therapy? Eur J Nucl Med Mol Imaging. 2019;46:1081-91.
https://doi.org/10.1007/s00259-018-4220-z.

Yong K, Brechbiel MW. Towards translation of 2'?Pb as a clinical
therapeutic; getting the lead in! Dalton Trans. 2011;40:6068-76.
https://doi.org/10.1039/c0dt01387k.

Lee D, Li M, Bednarz B, Schultz MK. Modeling cell and tumor-
metastasis dosimetry with the particle and heavy ion transport
code system (PHITS) software for targeted alpha-particle radio-
nuclide therapy. Radiat Res. 2018;190:236—47. https://doi.org/10.
1667/RR15081.1.

Lozza C, Navarro-Teulon I, Pelegrin A, Pouget JP, Vives E. Pep-
tides in receptor-mediated radiotherapy: from design to the clini-
cal application in cancers. Front Oncol. 2013;3:247. https://doi.
org/10.3389/fonc.2013.00247.

Chen J, Cheng Z, Owen NK, Hoffman TJ, Miao Y, Jurisson SS,
et al. Evaluation of an !''In-DOTA-rhenium cyclized alpha-MSH
analog: a novel cyclic-peptide analog with improved tumor-target-
ing properties. J Nucl Med. 2001;42:1847-55.

Geng Q, Sun X, Gong T, Zhang ZR. Peptide-drug conjugate linked
via a disulfide bond for kidney targeted drug delivery. Bioconjug
Chem. 2012;23:1200-10. https://doi.org/10.1021/bc300020f.
Turner RA, Oliver AG, Lokey RS. Click chemistry as a macrocy-
clization tool in the solid-phase synthesis of small cyclic peptides.
Org Lett. 2007;9:5011—4. https://doi.org/10.1021/01702228u.
Lin M, Welch MJ, Lapi SE. Effects of chelator modifications
on %¥Ga-labeled [Tyr*]octreotide conjugates. Mol Imaging Biol.
2013;15:606-13. https://doi.org/10.1007/s11307-013-0627-x.
Martin ME, Sue O’Dorisio M, Leverich WM, Kloepping KC,
Walsh SA, Schultz MK. “Click”-cyclized ®Ga-labeled peptides
for molecular imaging and therapy: synthesis and preliminary
in vitro and in vivo evaluation in a melanoma model system.
Recent Results Cancer Res. 2013;194:149-75. https://doi.org/
10.1007/978-3-642-27994-2_9.

Roberts MJ, Bentley MD, Harris JM. Chemistry for peptide
and protein PEGylation. Adv Drug Deliv Rev. 2002;54:459-76.
https://doi.org/10.1016/s0169-409x(02)00022-4.

Antunes P, Ginj M, Walter MA, Chen J, Reubi JC, Maecke HR.
Influence of different spacers on the biological profile of a DOTA-
somatostatin analogue. Bioconjug Chem. 2007;18:84-92. https://
doi.org/10.1021/bc0601673.

Guo H, Miao Y. Introduction of an 8-aminooctanoic acid linker
enhances uptake of *™Tc-labeled lactam bridge-cyclized alpha-
MSH peptide in melanoma. J Nucl Med. 2014;55:2057-63.
https://doi.org/10.2967/jnumed.114.145896.

Fragogeorgi EA, Zikos C, Gourni E, Bouziotis P, Paravatou-
Petsotas M, Loudos G, et al. Spacer site modifications for the
improvement of the in vitro and in vivo binding properties of

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

99mTc-N,S-X-bombesin[2-14] derivatives. Bioconjug Chem.
2009;20:856-67. https://doi.org/10.1021/bc800475k.

Parry JJ, Kelly TS, Andrews R, Rogers BE. In vitro and in vivo
evaluation of ®*Cu-labeled DOTA-linker-bombesin(7-14) ana-
logues containing different amino acid linker moieties. Bioconjug
Chem. 2007;18:1110-7. https://doi.org/10.1021/bc0603788.

Li M, Zhang X, Quinn TP, Lee D, Liu D, Kunkel F, et al.
Automated cassette-based production of high specific activity
[293212pp ] peptide-based theranostic radiopharmaceuticals for
image-guided radionuclide therapy for cancer. Appl Radiat Isot.
2017;127:52—-60. https://doi.org/10.1016/j.apradiso.2017.05.006.
de Blois E, Chan HS, Breeman WA. Iodination and stability of
somatostatin analogues: comparison of iodination techniques. A
practical overview. Curr Top Med Chem. 2012;12:2668-76.
Sato T, Iwamoto Y, Hashimoto S, Ogawa T, Furuta T, Abe S-i,
et al. Features of particle and heavy ion transport code system
(PHITS) version 3.02. J Nucl Sci Technol. 2018;55:684-90.
https://doi.org/10.1080/00223131.2017.1419890.

Valkema R, Pauwels SA, Kvols LK, Kwekkeboom DJ, Jamar F, de
Jong M, et al. Long-term follow-up of renal function after peptide
receptor radiation therapy with **Y-DOTA Tyr*-octreotide and '""Lu-
DOTA®, Tyr*-octreotate. J Nucl Med. 2005;46(Suppl 1):83S-918.
Konijnenberg M, Melis M, Valkema R, Krenning E, de Jong
M. Radiation dose distribution in human kidneys by octreo-
tides in peptide receptor radionuclide therapy. J Nucl Med.
2007;48:134-42.

Bigott-Hennkens HM, Junnotula S, Ma L, Gallazzi F, Lewis
MR, Jurisson SS. Synthesis and in vitro evaluation of a rhe-
nium-cyclized somatostatin derivative series. ] Med Chem.
2008;51:1223-30. https://doi.org/10.1021/jm701056x.

Grace CR, Erchegyi J, Samant M, Cescato R, Piccand V, Riek R,
et al. Ring size in octreotide amide modulates differently agonist
versus antagonist binding affinity and selectivity. ] Med Chem.
2008;51:2676-81. https://doi.org/10.1021/jm701445q.

Varasteh Z, Rosenstrom U, Velikyan I, Mitran B, Altai M,
Honarvar H, et al. The effect of mini-PEG-based spacer length
on binding and pharmacokinetic properties of a *Ga-labeled
NOTA-conjugated antagonistic analog of bombesin. Molecules.
2014;19:10455-72. https://doi.org/10.3390/molecules190710455.
Liu S, He Z, Hsieh WY, Kim YS, Jiang Y. Impact of PKM link-
ers on biodistribution characteristics of the *™Tc-labeled cyclic
RGDfK dimer. Bioconjug Chem. 2006;17:1499-507. https://doi.
org/10.1021/bc0602351.

Rogers BE, Della Manna D, Safavy A. In vitro and in vivo evalu-
ation of a ®*Cu-labeled polyethylene glycol-bombesin conjugate.
Cancer Biotherap Radiopharma. 2004;19:25-34.

Chen X, Hou Y, Tohme M, Park R, Khankaldyyan V, Gonzales-
Gomez I, et al. Pegylated Arg-Gly-Asp peptide: *Cu labeling and
PET imaging of brain tumor o, 3;-integrin expression. J Nucl Med.
2004;45:1776-83.

Fang W, He J, Kim YS, Zhou Y, Liu S. Evaluation of 99mTc-
labeled cyclic RGD peptide with a PEG, linker for thrombo-
sis imaging: comparison with DMP444. Bioconjug Chem.
2011;22:1715-22. https://doi.org/10.1021/bc2003742.

Li M, Baumhover NJ, Liu D, Cagle BS, Boschetti F, Paulin G,
et al. Preclinical evaluation of a lead specific chelator (PSC) con-
jugated to radiopeptides for 2>Pb and ?'?Pb-based theranostics.
Pharmaceutics. 2023;15:414. https://doi.org/10.3390/pharmaceut
ics15020414.

@ Springer


https://doi.org/10.1007/s00259-021-05474-1
https://doi.org/10.1007/s00259-021-05632-5
https://doi.org/10.1007/s00259-018-4220-z
https://doi.org/10.1039/c0dt01387k
https://doi.org/10.1667/RR15081.1
https://doi.org/10.1667/RR15081.1
https://doi.org/10.3389/fonc.2013.00247
https://doi.org/10.3389/fonc.2013.00247
https://doi.org/10.1021/bc300020f
https://doi.org/10.1021/ol702228u
https://doi.org/10.1007/s11307-013-0627-x
https://doi.org/10.1007/978-3-642-27994-2_9
https://doi.org/10.1007/978-3-642-27994-2_9
https://doi.org/10.1016/s0169-409x(02)00022-4
https://doi.org/10.1021/bc0601673
https://doi.org/10.1021/bc0601673
https://doi.org/10.2967/jnumed.114.145896
https://doi.org/10.1021/bc800475k
https://doi.org/10.1021/bc0603788
https://doi.org/10.1016/j.apradiso.2017.05.006
https://doi.org/10.1080/00223131.2017.1419890
https://doi.org/10.1021/jm701056x
https://doi.org/10.1021/jm701445q
https://doi.org/10.3390/molecules190710455
https://doi.org/10.1021/bc060235l
https://doi.org/10.1021/bc060235l
https://doi.org/10.1021/bc2003742
https://doi.org/10.3390/pharmaceutics15020414
https://doi.org/10.3390/pharmaceutics15020414

1162

European Journal of Nuclear Medicine and Molecular Imaging (2024) 51:1147-1162

45.

46.

47.

48.

Mueller D, Herrmann H, Solbach C, Li M, Liu D, Beer A, et al.
Radiopharmaceutical production of [Pb-203]VMT-a-NET for
clinical use. J Nucl Med. 2022;63:2910.

Shi C, Morse MA. Mechanisms of resistance in gastroenteropan-
creatic neuroendocrine tumors. Cancers. 2022:14. https://doi.org/
10.3390/cancers14246114.

Dalmo J, Spetz J, Montelius M, Langen B, Arvidsson Y, Johans-
son H, et al. Priming increases the anti-tumor effect and therapeu-
tic window of '""Lu-octreotate in nude mice bearing human small
intestine neuroendocrine tumor GOT1. EINMMI Res. 2017;7:6.
https://doi.org/10.1186/s13550-016-0247-y.

Oddstig J, Bernhardt P, Nilsson O, Ahlman H, Forssell-Aronsson
E. Radiation induces up-regulation of somatostatin receptors 1, 2,
and 5 in small cell lung cancer in vitro also at low absorbed doses.

@ Springer

49.

50.

Cancer Biother Radiopharm. 2011;26:759-65. https://doi.org/10.
1089/cbr.2010.0921.

Stallons TAR, Saidi A, Tworowska I, Delpassand ES, Torgue
JI. Preclinical investigation of 22Pb-DOTAMTATE for peptide
receptor radionuclide therapy in a neuroendocrine tumor model.
Mol Cancer Ther. 2019;18:1012-21. https://doi.org/10.1158/
1535-7163.MCT-18-1103.

Muller D, Herrmann H, Schultz MK, Solbach C, Ettrich T, Prasad
V. 23Pb-VMT-alpha-NET scintigraphy of a patient with neuroen-
docrine tumor. Clin Nucl Med. 2023;48:54-5. https://doi.org/10.
1097/RLU.0000000000004464.

Publisher’s note Springer Nature remains neutral with regard to

jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.3390/cancers14246114
https://doi.org/10.3390/cancers14246114
https://doi.org/10.1186/s13550-016-0247-y
https://doi.org/10.1089/cbr.2010.0921
https://doi.org/10.1089/cbr.2010.0921
https://doi.org/10.1158/1535-7163.MCT-18-1103
https://doi.org/10.1158/1535-7163.MCT-18-1103
https://doi.org/10.1097/RLU.0000000000004464
https://doi.org/10.1097/RLU.0000000000004464

	Structural modifications toward improved lead-203lead-212 peptide-based image-guided alpha-particle radiopharmaceutical therapies for neuroendocrine tumors
	Abstract
	Purpose 
	Methods 
	Results 
	Conclusion 

	Introduction
	Materials and methods
	Peptide synthesis and radiochemistry
	In vitro competitive binding assay
	Cellular uptake of 203Pb-labeled peptides
	In vivo biodistribution of 203Pb-labeled peptides
	SPECTCT imaging of [203Pb]Pb-DOTATOC vs. [203Pb]Pb-PSC-PEG2-TOC
	Tumor and kidney dosimetry
	[212Pb]Pb-PSC-PEG2-TOC alpha-particle radiotherapy

	Results
	Structural modifications dramatically improve binding affinity to SSTR2 and cellular uptake
	[203Pb]Pb-PSC-PEG2-TOC demonstrated improved in vivo biodistribution profile
	Dosimetry analysis of tumor and kidney dose deposition
	[212Pb]Pb-PSC-PEG2-TOC radiotherapy demonstrated robust anti-tumor effectiveness

	Discussion
	Conclusion
	Acknowledgements 
	References


