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Preface to “Radiolabeled Compounds for Diagnosis
and Treatment of Cancer”

Radiopharmaceuticals are used in the diagnosis and treatment of various diseases, especially
cancer. In general, radiopharmaceuticals are either salts of radionuclides or radionuclides bound to
biologically active molecules, drugs, or cells. Tremendous progress has been made in discovering,
developing, and commercializing numerous radiopharmaceuticals for the imaging and therapy of
cancer. Significant research is ongoing in academia and the pharmaceutical industry to develop more
novel radiolabeled compounds as potential radiopharmaceuticals for unmet needs. This Special
Issue aims to focus on all aspects of the design, characterization, evaluation, and development
of novel radiolabeled compounds for the diagnosis and treatment of cancer and the application
of new radiochemistry and methodologies for the development of novel radiolabeled compounds.
Outstanding contributions presented in this Special Issue will significantly add to the field of

radiopharmaceuticals.

Krishan Kumar
Editor
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Nuclear medicine was recognized as a potential medical field a long time ago when
1311 was used in thyroid cancer patients [1-3]. Diagnostics and Therapeutics are the
two branches of Nuclear Medicine. Single-Photon Emission Computed Tomography
(SPECT) and Positron Emission Tomography (PET) are in vivo molecular imaging modali-
ties which are widely used in nuclear medicine for the diagnosis and follow-up of many
major diseases after treatment [4,5]. Combining PET with Computed X-Ray Tomography
(CT), PET-CT, enables better diagnosis than with a traditional gamma camera alone. It is a
powerful tool that provides unique information on a wide variety of diseases.

These methods use radiolabeled target-specific molecules and biomolecules, includ-
ing peptides, proteins, protein fragments, and monoclonal antibodies (mAbs) as probes
or imaging pharmaceuticals or radiopharmaceuticals. Molecules and biomolecules are
labeled with metallic or non-metallic radionuclides with the desired emission type and
half-lives for the intended application. Imaging pharmaceuticals are being used routinely
in cardiology, neurology, and oncology, etc. Their design and development is a rather inter-
disciplinary process covering many different areas of science: chemistry, radiochemistry,
pharmaceutical, analytical, medicine, engineering, regulatory, etc.

The use of radionuclides for therapeutic applications was reported some time ago [1-3].
Several radionuclides have been used successfully for the treatment of many benign and
malignant disorders [6]. For example, several new radionuclides and radiopharmaceuticals
have been developed for the treatment of metastatic bone pain and neuroendocrine and
other malignant or non-malignant tumors. Radioimmunotherapy is a targeting therapy
for cancer that uses monoclonal antibodies (mAbs) labeled with a radionuclide directed
against tumor-associated antigens. The ability for the antibody to specifically bind to a
tumor-associated antigen increases the dose delivered to the cancer cells specifically, while
decreasing the dose to normal tissues.

The concept of Theranostics has an integrated approach to diagnosis and therapy. A
targeting vector is radiolabeled with a therapeutic radionuclide which also emits radia-
tion for imaging. Alternatively, the targeting vector is labeled either with a diagnostic
or a therapeutic radionuclide with similar chemical properties. One of the classic exam-
ples of theranostics is the use of ®*Ga-labeled tracers for diagnosis followed by therapy
using a therapeutic radionuclide, i.e., 1771 4, etc. In addition to their diagnostic and thera-
peutic applications in nuclear medicine, radiolabeled compounds are powerful tools for
in vitro/in vivo evaluation during discovery and preclinical development and to evaluate
the in vivo pharmacokinetics and pharmacodynamics of potential drug candidates.

Numerous radiopharmaceuticals based on,11C, %4Cu, 18F, 7Ga, %8Ga, 111In, 1231, 1257,
1817 1771, 13N, 223Ra, 153Sm, Pm T, 20171, 133X e, and 20, radionuclides have been approved
by the Food and Drug Administration (FDA) for various diagnostics and therapeutics
applications [7]. Significant research is ongoing worldwide for use of novel radionuclides
and radiolabeled molecules and biomolecules in oncology, neurology, and cardiology for
imaging and therapy. A large number of human clinical trials using radionuclides and
radiopharmaceuticals have been completed in the past and still are ongoing. Details of
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these clinical trials can be found in the Clinical Trials database (www.clinicaltrial.gov,
accessed on 29 September 2021) published by the US National Library of Medicine of NIH.

The objective of the Special Issue entitled “Radiolabeled Compounds for Diagnosis
and Treatment of Cancer” was to focus on all aspects of design, characterization, evaluation,
and development of novel radiolabeled compounds for the diagnosis and treatment of
cancer and the application of new radiochemistry and methodologies for the development
of novel radiolabeled compounds. The Special Issue includes eleven outstanding papers,
including seven research and four review articles. The following is an overview of these
papers.

The main objective of the first paper by Kumar and Woolum was to develop and
test a novel reagent, inorganic monochloramine (NH,Cl) for radioiodine labeling of new
chemical entities and biomolecules, which is cost-effective, easy to make and handle,
and is selective to label amino acids, peptides, and proteins. The data presented in this
report demonstrate that the yields of the non-radioactive iodine labeling reactions using
monochloramine are >70% for an amino acid and a cyclic peptide. The reagent selectively
iodinates the tyrosine residue in the biomolecules.

A new squaramide-containing AAZTAS (1,4-bis-(carboxymethyl)-6-[bis-(carboxy
methyl)-amino-6-pentanoic-acid]-perhydro-1,4-diazepine) chelator for targeting FAP
(Fibroblast Activation Protein) was evaluated by Rosch and coworkers. The ®Ga-, 44Sc-,
and ”7Lu- AAZTAS SA FAPi chelates were investigated for their in vitro properties and
compared with those of DOTA.SA.FAPi. AAZTAS.SA.FAPi and its derivatives showed
sub-nanomolar ICsy values for FAP and sufficiently high stability in different media.

Vorobyeva et al. evaluated an ankyrin repeat protein (DARPin) Ec1, for imaging of
EpCAM (Epithelial Cell Adhesion Molecule) in Triple-Negative Breast Cancer (TNBC).
125T and %M Tc-labeled DARPin Ecl imaging probes retained high binding specificity and
affinity to EpCAM-expressing MDA-MB-468 TNBC cells. Biodistribution studies in Balb/c
mice bearing MDA-MB-468 xenografts demonstrated specific uptake of both 12°I- and
99mTe-labeled Ecl in TNBC tumors. Zl-labeled Ecl had appreciably lower uptake in
normal organs compared with “™Tc-labeled Ec1, which resulted in significantly (p < 0.05)
higher tumor-to-organ ratios. The biodistribution data were confirmed by micro-Single-
Photon Emission Computed Tomography/Computed Tomography (microSPECT/CT)
imaging.

A new minigastrin (MG) analog (DOTA-DGlu-Pro-Tyr-Gly-Trp-(N-Me)Nle-Asp-1Nal-
NH; with site-specific amino acid substitutions and stabilized against enzymatic degra-
dation) and possible metabolites were synthesized and investigated in preclinical studies
by Hormann et al. A biodistribution study of the radiolabeled peptide in BALB/c mice
showed low background activity, preferential renal excretion and prolonged uptake in
CCK2R-expressing tissues. The in vivo stability study of the radiolabeled peptide was
>56% intact radiopeptide in the blood of BALB/c mice 1 h post-injection. High CCK2R
affinity and cell uptake were confirmed only for the intact peptide, whereas enzymatic
cleavage within the receptor-specific C-terminal amino acid sequence resulted in a complete
loss of affinity and cell uptake.

[®8Ga]Ga-DOTA-AmBz-MVK(Ac)-OH and its derivative, [®®Ga]Ga-DOTA-AmBz-
MVK(HTKO01166)-OH, coupled with the PSMA-targeting motif were synthesized and
evaluated by Bendre et al. to determine if they could be recognized and cleaved by the
renal brush border enzymes. [®®Ga]Ga-DOTA-AmBz-MVK(Ac)-OH was effectively cleaved
specifically by neutral endopeptidase (NEP) of renal brush border enzymes at the Met-
Val amide bond, and the radio-metabolite [®®Ga]Ga-DOTA-AmBz-Met-OH was rapidly
excreted via the renal pathway with minimal kidney retention. [*®*Ga]Ga-DOTA-AmBz-
MVK(HTKO01166)-OH retained its PSMA-targeting capability and was also cleaved by NEP.
It appears that MVK can be a promising cleavable linker for use to reduce kidney uptake
of radiolabeled DOTA-conjugated peptides and peptidomimetics.

Halik and coworkers developed and evaluated two novel ®3Ga and 7’ Lu-labeled
chelate conjugates for their lipophilicity and stability in human serum. Additionally,
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the fully stable conjugates were examined in molecular modeling with a human neu-
rokinin 1 receptor structure and in a competitive radioligand binding assay using rat
brain homogenates. This initial research is in the conceptual stage to give potential
theranostic-like radiopharmaceutical pairs for the imaging and therapy of neurokinin
1 receptor-overexpressing cancers.

Lin et al. evaluated the therapeutic efficacy of 188 Re-liposome on Hypopharyngeal Can-
cer (HPC) tumors using bioluminescent imaging followed by next-generation sequencing
(NGS) analysis to address the deregulated microRNAs and associated signaling pathways.
Repeated doses of 18 Re-liposome were administered to tumor-bearing mice, and the tumor
growth was suppressed after treatment. It was concluded that the 8Re-liposome could
suppress the HPC tumors in vivo, and the therapeutic efficacy was associated with the
deregulation of microRNAs that could be considered as a prognostic factor.

Four review articles are included in this Special Issue. The first review by Kumar
and Ghosh provides a comprehensive review of the physical properties of iodine and
iodine radionuclides, production processes of 1241, various '?*I-labeling methodologies
for molecules and biomolecules, peptides, proteins, protein fragments, and mAbs, and
the development of 2*I-labeled immunoPET imaging pharmaceuticals for various cancer
targets in preclinical and clinical environments. The second review by Alluri et al. provides
an overview of the development of positron emission tomography (PET) radiotracers for
in vivo imaging of the adrenergic receptors (ARs) system in the brain. The third article by
Eychenne et al. focuses on the development of radiolabeled somatostatin analogs (SSAs) to
visualize the distribution of receptor overexpression in tumors and radiotherapy of many
solid tumors, especially gastro-entero-pancreatic neuroendocrine tumors (GEP-NET). The
fourth review by Gomes et al. focuses on the use of pyrazoles as suitable scaffolds for the
development of '8F-labeled radiotracers for PET imaging in the last 20 years.

In summary, radiolabeled compounds play an important role in the diagnosis and
treatment of various cancers. Tremendous progress has been made in discovering, devel-
oping, and registering with the FDA numerous radiopharmaceuticals for imaging and
therapy by targeting various receptors in cancer. The impact of radiolabeled compounds in
academia and industry is profound, and this continuous research tends to develop more
novel compounds for unmet needs. Contributions from this Special Issue in Molecules will
add significantly to the field of Radiopharmaceuticals.

Finally, I would like to thank the authors for their contributions to this Special Issue,
the reviewers for their critical review in evaluating the submitted articles, and the editorial
staff of Molecules, especially the Assistant Editor of the journal, Emity Wang, for her kind
assistance during the preparation and release of this Special Issue.
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Abstract: Radioiodine labeling of peptides and proteins is routinely performed by using various
oxidizing agents such as Chloramine T, Iodobeads, and Iodogen reagent and radioactive iodide (I"7),
although some other oxidizing agents were also investigated. The main objective of the present
study was to develop and test a novel reagent, inorganic monochloramine (NH,Cl), for radioiodine
labeling of new chemical entities and biomolecules which is cost-effective, easy to make and handle,
and is selective to label amino acids, peptides, and proteins. The data presented in this report
demonstrate that the yields of the non-radioactive iodine labeling reactions using monochloramine
are >70% for an amino acid (tyrosine) and a cyclic peptide (cyclo Arg-Gly-Asp-d-Tyr-Lys, cRGDyK).
No evidence of the formation of N-chloro derivatives in cRGDyK was observed, suggesting that
the reagent is selective in iodinating the tyrosine residue in the biomolecules. The method was
successfully translated into radioiodine labeling of amino acid, a peptide, and a protein, Bovine
Serum Albumin (BSA).

Keywords: radioiodine labeling; radioiodination; radiotracers; biomolecules; peptides; proteins;
monoclonal antibodies; radiopharmaceuticals; imaging pharmaceuticals; 123,124,125,1311_|abeled
molecules and biomolecules

1. Introduction

Radioiodine labeling (Radioiodination) of molecules, using radioactive iodide, was
first established a long time ago when 3!T isotope of iodide was used for the labeling of
polyclonal anti-kidney serum [1]. Since then, the radioiodine labeling technique is being
used in the evaluation of New Chemical Entities (NCEs) and small and large biomolecules
for their biological and medical applications. Four isotopes of iodine (1221, 1241, 1251, and
1317) are used routinely for radioiodine labeling of NCEs and biomolecules, depending on
the intended application. For example, 121 radionuclide, with a long half-life of 59.9 days,
is used for radioiodine labeling of a molecule or a biomolecule for its pharmacokinetics,
metabolism, and biodistribution studies. On the other hand, 1231, with a half-life of 13.1 h,
and 12#], with a half-life of 4.17 d, are used for the evaluation of a molecule or a biomolecule
for its SPECT (Single Photon Emission Computed Tomography) and PET (Positron Emis-
sion Tomography) imaging applications, respectively. >'I radionuclide, a beta particle
emitter, is used for the therapeutic application of a radiolabeled molecule or biomolecule.

For direct radioiodine labeling of a molecule or a biomolecule, the presence of an
aromatic moiety, tyrosine or histidine is required. The primary site of the iodine addition
is tyrosine amino acid residue in NCEs or biomolecules; however, if the pH exceeds 8.5,
the secondary site on the imidazole ring of histidine is preferred. The tyrosine moiety can
be labeled twice, giving a mixture of mono and di-iodinated species. The formation of di-
iodinated tyrosine is faster than the mono-iodinated tyrosyl moiety. Several reports related
to the methods and reagents of radioiodine labeling of molecules and biomolecules have
been published in the past [2,3]. Every effort must be made, regardless of the application of
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the radioiodine-labeled molecule or biomolecule, to maintain immunoreactivity and high
molar activity of the biomolecule after labeling and purification.

Radioiodine labeling of a molecule or a biomolecule, peptides and proteins, involves
an oxidizing agent and an iodide radionuclide which is usually available as Sodium Iodide
(Nal) in neutral or basic aqueous solutions. A large number of inorganic and organic
oxidizing reagents have been used, in the past, for radioiodine labeling of biomolecules,
peptides and proteins. This includes I, [1], sodium hypochlorite [4], nitrous acid [5,6],
ammonium persulfate [7], hydrogen peroxide [8], ferric sulfate [9], iodate [10], iodine
monochloride [11,12], hypochlorite /hypochlorous acid [13], IBPy,BF, [14], Penta-O-Acetyl-
N-Chloro-N-Methylglucamine [15,16], N-chloro derivatives of secondary amines [17], N-
chloromorpholine [18], Chloramine-T [19,20], iodobeads [21], lodogen [22,23], and Iodogen
reagent coated on the bottom of tubes (commonly known as the Iodination tubes) [24,25].
Some enzymes are known for catalyzing the mild oxidation of iodide for radioiodine
labeling of tyrosine, and to some extent histidine also, in proteins [26,27]. If it is not possible
to radioiodine label proteins by direct electrophilic addition to tyrosine and histidine
residues, a most common alternative approach (indirect radioiodine labeling method) is
using a prosthetic group for radioiodine labeling of NCEs and biomolecules [28,29].

Iodination tubes, the most popular and convenient, are used routinely in research
laboratories. Iodogen in the iodination tube, like Chloramine T, converts I~ to I* (H,OI*)
or ICl followed by an electrophilic substitution reaction on the aromatic moiety in peptides
and proteins (Figure 1), forming mono- and di-iodinated tyrosyl residues [30].

Protein Protein Protein
CH, CH, CH,
H,OlI* H,OI*
— S
| I |
OH OH OH
Tyrosine Mono lodinated Di lodinated

Figure 1. Radioiodine labeling scheme for tyrosine residue in peptides and proteins.

Iodogen, like Chloramine-T, has the potential to over radioiodine label or sometimes
damage and form an N-chloro derivative of a lysine-residue in peptide and proteins [8].
For this reason, N-chloroderivatives of secondary amines with low oxidation potentials
were tested as potential radio iodine labeling agents [17,18]. These N-chloroderivatives
were prepared fresh and used immediately due to the instability of these materials.

The main objective of the present study was to evaluate an agent which is cost-effective,
easy to make and handle, contains active chlorine for the conversion of I to I*, and is
selective for non-radioactive iodine /radioiodine labeling of tyrosine containing peptides
and proteins, with iodine rather than forming N-chloro derivatives of amino acids in pep-
tides and proteins containing primary amines. For this purpose, we selected an inorganic
monochloramine (NH,Cl) due to (1) easy in situ formation from the reaction of ammonium
hydroxide and sodium hypochlorite, (2) the reagents, ammonium hydroxide and sodium
hypochlorite, are inexpensive, (3) the redox potential of monochloramine is lower than
Chloramine-T and, consequently, NH,Cl may be less damaging than Chloramine-T to
biomolecules [31], (4) oxidation of I~ to I* by monochloramine occurs via chlorine atom
transfer and the rate of the oxidation reaction is very fast under neutral pH conditions [32],
and (5) the routinely used oxidizing agents, chloramine T, iodobeads, and iodogen, prob-
ably, follow the same mechanism as NH,Cl. In this present work, we have conducted
a systematic nonradioactive iodine/radioiodine labeling (12’1/12°1 labeling) study of an
amino acid, tyrosine, a cyclic peptide, cRGDyK (cyclo Arg-Gly-Asp-d-Tyr-Lys), and a
protein, Bovine Serum Albumin (BSA), containing tyrosine and histidine residues, for the
development of a novel reagent for non-radioactive iodine and radioiodine labeling.
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A cyclic peptide, cRGDyK, selected in this study, is interesting in many ways: (1)
monomeric, dimeric, and tetrameric cyclic RGD peptides have shown binding affinity to
oy 33 integrin, an angiogenic biomarker which is overexpressed in the endothelium of
most solid tumors. (2) Several radiolabeled cyclic RGD peptides have been investigated as
potential radiotracers for angiogenesis imaging [33,34]. (3) Presence of lysine amino group
in cRGDyK provides additional possibilities for dual probes development, i.e., conjugating
with dyes to produce optical probes. (4) Transfer of chlorine from NH,Cl to nitrogen in
amines, amino acids, and peptides is a thermodynamically favorable reaction [35]. NH,Cl
mediated labeling of cRGDyK, which contains lysine along with tyrosine residue, will also
demonstrate the selectivity of the non-radioactive iodine/radioiodine labeling procedure.

The data presented in this report demonstrate that the yields of the non-radioactive
iodine labeling reaction using monochloramine are high for an amino acid (tyrosine) and
a cyclic peptide (cyclo Arg-Gly-Asp-d-Tyr-Lys, cRGDyK). No evidence of the formation
of N-chloro derivative in cRGDyK was observed, suggesting that the reagent is selective
in iodinating the tyrosine residue in the biomolecules. The method was successfully
translated into radioiodine labeling of an amino acid, a peptide, and a protein, Bovine
Serum Albumin (BSA).

2. Results and Discussion
2.1. Preparation and Characterization of Monochloramine

Monochloramine (NH,Cl) was prepared fresh daily by mixing 10% to 20% excess
ammonium hydroxide and sodium hypochlorite at pH 10 [30]. The concentrations of
sodium hypochlorite stock solutions and the prepared monochloramine samples were
determined from the measurement of their absorbances and molar extinction coefficients
at the absorbance maxima [9]. The absorption maximum (nm) and the molar extinction
coefficient (M~ 'em™!) for sodium hypochlorite and monochloramine are 292, 350 and
243, 461, respectively [30]. The rate of formation of monochloramine from the reaction
of hypochlorite and ammonia is fast and complete. The amount of hydrazine from the
Raschig Synthesis and nitrogen is expected to be low due to the limited amount of excess
ammonia. Raschig synthesis usually requires a large amount of excess ammonia [36].
Freshly prepared monochloramine under basic conditions was used immediately to avoid
any formation of di or trichloramines from NH,Cl by the disproportionation reactions.

2.2. Non-Radioactive lodine Labeling of Tyrosine and cRGDyK

In several non-radioactive iodine labeling experiments with tyrosine, known amounts
of tyrosine (0.8-2.2 umole), sodium iodide ('*’INa) solution (0.9-2.35 umole), and
monochloramine (1-3 pmole) were reacted in a small glass vial or Eppendorf tube contain-
ing 0.1 mL sodium phosphate buffer (0.1 M, pH 7.4). The reaction mixture was incubated
at room temperature for 30 min. At the end of the incubation time, the reaction was
quenched by adding the reducing agent, a freshly prepared sodium metabisulfite solution.
The reaction mixture was analyzed using a gradient Reversed-Phase High-Performance
Liquid Chromatography (RP-HPLC) method.

Four peaks (Retention Times, RT in min, given in parenthesis), unreacted Iodide (3.4)
and tyrosine (6.4), mono-iodinated tyrosine (I-Tyr, 14.2,) and di-iodinated tyrosine (I>-Tyr,
19.8), with a variable ratio dependent on the reaction conditions, were observed. The peak
for unreacted iodide is in the form of oxidized iodide. The yield of the non-radioactive
iodine labeling reaction was calculated based on the limiting reagent, tyrosine, as high as
>85%. Figure 2 (top) shows a representative HPLC chromatogram for a reaction mixture in
which 0.6 umole of tyrosine, 0.52 pmole sodium iodide, and 0.55 pmole NH,Cl were used.
The percentage peak areas observed were 24.5, 20.8, 34.5, and 20.11 for unreacted sodium
iodide, unreacted tyrosine, I-tyrosine, and I,-tyrosine, respectively. The calculated yield for
the formation of iodinated tyrosine is ~72%.
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Figure 2. HPLC chromatograms of the reaction mixtures of non-radioactive iodine labeling of
tyrosine (a) and cyclo Arg-Gly-Asp-d-Tyr-Lys (cRGDyK) (b).

Similarly, for non-radioactive iodine labeling of a cyclic peptide, 0.4 pmole of cRGDyK,
0.47 pmole sodium iodide, and 0.4 umole NH,Cl, were reacted in an Eppendorf tube for
30 min. At the end of the reaction, 0.58 umole freshly prepared sodium metabisulfite
was added. Four peaks (Retention Times, RT in min, and percentage peak areas given in
parenthesis), unreacted Iodide (3.7, 1.85) and cRGDyK (9.0, 2.4), mono-iodinated-cRGDyK
(I-.cRGDyK, 14.0, 44.0) and di-iodinated .cRGDyK (I;-cRGDyK, 17 .4, 52. 0), were observed
(Figure 2, bottom). There was also a small solvent front peak that was not integrated for
further calculations. The yield of the non-radioactive iodine labeling reaction was calculated
based on the limiting reagent, cRGDyK, as 97%. Additional, non-radioactive iodine labeling
experiments with cRGDyK were performed in 1:1:1 (0.5 umole scale cRGDyK) and 2:1:1
(1 pmole scale cRGDyK) mole ratios of cRGDyK:I:NH,Cl. The yields of the formation
of the iodinated cRGDyK (the sum of I-cRGDyK and I,-cRGDyK) were 77% and 71% for
the 1:1:1 and 2:1:1 reaction mixture, respectively. There is always a mixture of mono- and
di-iodinated tyrosine and cRGDyK; however, the ratio of the two species is dependent on
the concentrations of the reactants and reaction conditions.

The crude non-radioactive iodine labeling reaction mixtures of tyrosine and cRGDyK
were purified by an RP Sep-Pak cartridge method, to remove unreacted iodide, and RP-
HPLC purification method, to remove unreacted tyrosine or cRGDyK. The two RP-HPLC
peaks, at 14.2 and 19.8 min retention times from the non-radioactive iodine labeling of
tyrosine, were collected, concentrated, and confirmed by Electrospray lonization (ESI) mass

8
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spectra as mono- and di-iodinated tyrosine with m/e peaks, for (m + H)*, at 306.8 (calcu-
lated 307.09) and 433.8 (calculated 433.9), respectively. Similarly, the identity of I- cRGDyK
and I,- cRGDyK was confirmed by ESI mass spectra after collecting the 14 and 17.4 min
peaks from the non-radioactive iodine labeling reaction mixture of cRGDyK. The /e peaks,
for (m + H)*, were observed as 746.2 (calculated 746.68) and 872.1 (calculated (872.58) for
I- cRGDyK and I,- cRGDyK, respectively. As shown in Figure 3, the ESI mass spectrum
did not show any evidence of the formation of the N-chloro derivative of cRGDyK. On the
contrary, non-radioactive iodine labeling of cRGDyK using the Iodogen method showed
evidence of N-chlorination of the lysine residue in the cyclic peptide [13].
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Figure 3. ESI mass spectra of two HPLC chromatogram peaks collected from the non-radioactive
iodine labeling reaction mixture of cyclo Arg-Gly-Asp-d-Tyr-Lys (c(RGDyK).

2.3. Radioiodine Labeling of Tyrosine and Cyclo Arg-Gly-Asp-d-Tyr-Lys (cCRGDyK)

The non-radioactive iodine labeling reaction protocols were translated into radioiodine
labeling of tyrosine and cRGDyK. For radioiodine labeling of tyrosine and cRGDyK,
0.64 umole of tyrosine, 212 uCi 1251 and 0.45 pmole NH,Cl and 0.2 pmole of cRGDyK,
198 uCi 12°1, and 0.2 pmole NH,Cl, respectively, were mixed in 0.1 mL sodium phosphate
buffer (0.1 M, pH 7.0). The reaction mixtures were incubated at room temperature for
30 min. At the end of the incubation time, the radioiodine labeling reactions were quenched
by the addition of a freshly prepared sodium metabisulfite solution. From the RP-HPLC
(the method conditions given in the experimental section) analysis of the crude material, it
was observed that the radioiodine incorporation into tyrosine and cRGDyK was 83.2% and
~99%, respectively.

Purification of the reaction mixture of a radioiodine-labeled tyrosine or cRGDyK
was accomplished initially by using the Sep-Pak method. Several fractions containing

9
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approximately 10 drops were collected and counted for radioactivity during Sep-Pak
purification. All major fractions were combined and concentrated to near dryness under
a stream of nitrogen at room temperature. The final product was reconstituted in water
or Phosphate Buffer Saline (PBS). Seventy to eighty percent of the radioiodine-labeled
materials were recovered after Sep-Pak purification. Figure 4 shows HPLC chromatograms
of radioiodine labeled tyrosine and cRGDyK after Sep-Pak purification. Due to the non-
carrier-added nature of the radioiodine-labeling reactions, the formation of 12°I-tyrosine
and 12°I,-cRGDyK is low. For example, the percentages (given in the parenthesis) are:
125]-tyrosine (96), 12°I,-tyrosine (4), '2I-cRGdyK (93.4), and %I,-cRGDyK (6.6). Higher
percentages of di-iodinated tyrosine and cRGDyK were seen in non-radioactive iodine
labeling experiments.

3900 1
3400 A 13.25
2900 A
E
g 2400 4
E.
S, 1900 4
B
S 1400 -
(=1
T
900 A
400 A
L 19.25
-100 :
0 5 10 15 20 25
Time, min
(a)
1175 1
14.0
975 A
= 775
0O
Q
©T 575 4
| e
(=)}
‘@
Q375 4
= 16.0
2 s
175 4
-25 - v - v 3
o 5 10 15 20 25

Time, min

(b)

Figure 4. HPLC Chromatogram of radioiodine labeled tyrosine (a) and cyclo Arg-Gly-Asp-d-Tyr-Lys
(cRGDyK) (b) after Sep-Pak purification.

Further HPLC purification was performed to separate mono and di- radioiodine-
labeled tyrosine or cRGDyK. HPLC fractions were collected, concentrated, and analyzed.
The fractions of the mixture of mono- and di- '?I-labeled tyrosine and cRGDyK were
collected. The calculated recovery (sum of the two) after purification was 65% to 75%.

To optimize the reaction time for radioiodine labeling of tyrosine and cRGDyK, a
mixture of 0.16 umole of cRGDyK, 356 uCi 1251 and 0.22 pumole of NH,Cl were reacted.
An aliquot of the reaction mixture was analyzed at 10 min and 30 min after quenching
the reaction. From the time-dependent radioiodine incorporation into cRGDyK, it was
concluded that 10 min of incubation of the reaction mixture is sufficient for the completion
of radioiodine labeling of the tyrosine residue in cRGDyK. Longer period incubation
converted mono-iodinated cRGDyK to an increased percentage of di-iodinated species.

10



Molecules 2021, 26, 4344

For example, the ratios of 2°I-cRGDyK:'?°1,-cRGDyK were observed as ~67:33 and ~42:58
after 10 and 30 min incubation, respectively (Figure 5). The amount of 2°I,-cRGDyk at
30 min in this study is higher than the study above, possibly due to the higher amount of
1251 (giving higher 12°T radioactivity /mass ratio) used in this study.
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Figure 5. The percentage of '2°I-cRGDyK and !%°I,-cRGDyK after incubation of the reaction mixture
for 10 and 30 min, respectively.

2.4. Radioiodine Labeling of Bovine Serum Albumin (BSA)

For radioiodine labeling of BSA, 50 ug (50 uL of 1 mg/mL) of the BSA solution was
transferred into an Eppendorf tube containing 100 pL of sodium phosphate buffer (0.1 M
pH 7.4). Carrier-free 125TNa (~93 uCi) followed by monochloramine (200 pL of 4.14 mM,
0.8 umole) were added to the tube and incubated at room temperature for 30 min. The
reaction was quenched by the addition of sodium metabisulfite. The crude reaction mixture
was purified using a PD-10 column by loading radioiodine-labeled BSA onto the column
and eluting with PBS. Small fractions were collected into pre-labeled microcentrifuge tubes.
The fractions containing most of the activity were pooled and counted for radioactivity.

The incorporation of radioiodine into BSA (i.e., yield) was calculated as 82.4% from the
ratio of radioactivity recovered from the elution of the PD-10 and the amount of radioactiv-
ity taken initially for radioiodine labeling of BSA. The PD-10 column purified radioiodine-
labeled BSA was analyzed for radiochemical purity (RCP), and free radioiodide by using a
Paper Chromatography and a Size-Exclusion High-Performance Liquid Chromatography
(SEC-HPLC) methods. In the paper chromatography method, the radioiodine labeled BSA
precipitates at the origin in the 85:15 methanol: water developing phase and radioiodide
moves to the solvent front. The percent RCP and free radioiodide of radioiodine-labeled
BSA were calculated from the measured CPM, by Capintec well counter, of the bottom half
and top half of the paper strip, respectively (Equations (1) and (2)).

% RCP of radioiodine-labeled BSA = (Counts on the bottom half/Total )
counts from top and the bottom halves) x 100
% Free radioiodide = (Counts on the top half/Total counts from

top and the bottom halves) x 100 @

For a representative radioiodine-labeled BSA sample, top and bottom halves had 4.58
and 212.2 kCPM, respectively. The RCP and free radioiodide of radioiodine labeled BSA
were calculated from the Paper Chromatography method as 97.9% and 2.1%, respectively.
An SEC-HPLC chromatogram for the same radioiodine labeled BSA sample is shown
in Figure 6. Radioiodine labeled BSA and free radioiodide eluted at 6.7 and 12.9 min,
respectively. Consistent with the Paper Chromatography results, the SEC-HPLC showed
RCP of radioiodine labeled BSA as 98.7% with free radioiodide as 1.3%.
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Figure 6. HPLC chromatogram of radioiodine labeled Bovine Serum Albumin (BSA).

2.5. Comparison of Monochloramine with Other Oxidizing Agents

Like other oxidizing agents, Chloramine-T, iodobeads, Iodogen, etc., monochloramine
is a useful and effective oxidizing agent for radioiodine labeling of amino acids, peptides,
and proteins. Monochloramine is easy to prepare and handle and is cost-effective due to the
use of inexpensive reagents, ammonium hydroxide and sodium hypochlorite. The yields
of radioiodine labeling and molar activities using monochloramine and other oxidizing
agents are expected to be comparable. Using all oxidizing agents requires the purifica-
tion steps to remove unreacted radioiodide and the amino acid or peptide. Radioiodine
labeling using monochloramine is selective, i.e., no evidence of the formation of N-chloro
derivative of cRGDyK while previous studies, using lodogen, have shown the formation
of N-chloroderivative of cRGDyK [13]. The rate of radioiodine labeling, using NH,Cl, is
faster, such as Chloramine-T, as these are solution—solution phase reactions. Chloramine-T
and other oxidizing agents have shown damage to proteins under certain conditions [8].
Similarly, NH,Cl also has the potential to oxidize -SH groups in proteins. However, the
lower redox potential of NH,ClI than Chloramine-T and faster rates of oxidation of I to I'*
than oxidation of -SH groups by NH,Cl makes it less likely [31,37]. Like other oxidizing
agents, radioiodine labeling conditions, i.e., amount of NH,Cl and incubation time, must
be optimized before routine radiolabeling of proteins using inorganic monochloramine.

3. Materials and Methods
3.1. General

All chemicals and reagents, tyrosine and BSA (Sigma-Aldrich, St. Louis, MO, USA),
cRGDyK (Peptide International, Louisville, KY, USA), sodium iodide (Acros, Sommerville,
NJ, USA), ammonium hydroxide and sodium hypochlorite (Fisher Scientific, Fair Lawn,
NJ, USA), and sodium bisulfite (Sigma-Aldrich) were used as received. Sodium monobasic
phosphate, sodium dibasic phosphate, sodium hydroxide, hydrochloric acid and sodium
chloride (all from Fisher Scientific) were used for buffer and mobile phase preparations
and pH and ionic strength control. Gibco 1X PBS (pH 7.4) buffer was supplied by Fisher
Scientific. Crude reaction mixtures from the non-radioactive iodine/radioiodine labeling
reactions of tyrosine and cRGDyK and BSA were purified to remove unreacted non-
radioactive/radioactive sodium iodide by using a Reversed-Phase Sep-Pak Cjg Light
cartridge (Waters, Milford, MA, USA) and a PD-10 column (GE Healthcare, Chicago, IL,
USA), respectively. For radioiodine labeling experiments, 2> INa was purchased from
Perkin Elmer (Shelton, CT, USA).

3.2. Chemistry

For the preparation of the tyrosine stock solution, it was necessary to add diluted HCl
to lower the pH ~5 initially for its solubilization followed by solution pH adjustment to
7 by the addition of a sodium phosphate buffer. Sodium iodide and cRGDyK solutions
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were prepared in water. Since the 1251 Na sample is supplied in a 0.1 N sodium hydroxide
base solution, it was occasionally necessary to adjust the pH of the solution to ~7 by the
addition of a small amount of hydrochloric acid. Monochloramine (NH,Cl) was prepared
fresh daily as described elsewhere by mixing 10% to 20% excess ammonium hydroxide
and sodium hypochlorite at a pH ~10 [30]. The final pH of the monochloramine solution
was adjusted to ~8 with HCl. The concentration of sodium hypochlorite stock solution and
monochloramine sample was determined spectrophotometrically [9].

3.3. Analytics

An Agilent 8453 model spectrophotometer was used for all UV /Vis spectral and
absorbance measurements. A Capintec dose calibrator Model CRC-R (Capintec, Ramsey,
NJ, USA) was used for the determination of radioactivity amounts in the 125TNa source
and the radioiodine-labeled materials. Agilent model 1100 HPLC systems (Agilent, Wilm-
ington, DE, USA) were used for purification and analysis of non-radioactive iodine- and
radioiodine-labeled tyrosine, cRGDyK, and BSA samples. These systems consisted of
quaternary pumps, degasser, temperature-controlled column compartment, auto-injector,
and multi-wavelength/diode array detectors and control by Agilent’s Chem Station or Lab
Logics’ (Sheffield, UK) Laura software. For detection of radioiodine labeled materials, a
Flow Scintillation Analyzer (FSA 150) from Perkin Elmer or a Flow Ram from Lab Logic
Systems was used. A Capintec well counter model CRC-25W was used for the analysis of
paper chromatography samples. ESI mass spectral analysis was used for the characteri-
zation of the nonradioactive-iodine labeled samples of tyrosine and cRGDyK. A Bruker
amazon ETD mass spectrometer at Campus Chemical Instrument Center (CCIC) Mass
Spectrometry and Proteomics Facility at The Ohio State University (OSU) was used.

3.4. Radiochemistry

In a typical non-radioactive iodine/radioiodine labeling experiment, known amounts
of tyrosine or cRGDyK solution and '?INa or >>INa were mixed in a vial or Eppendorf
tube containing 0.1-0.5 mL sodium phosphate buffer (0.1 M, pH 7.4). A known amount of
monochloramine was added to the vial. The reaction mixture was agitated and mixed after
the addition of each reagent by using a pipette, and incubated at room temperature for the
desired time. At the end of the incubation period, the non-radioactive iodine or radioiodine
labeling reaction was quenched by the addition of an excess of a freshly-prepared reducing
agent, sodium metabisulfite. Purification of the reaction mixture of the non-radioactive
iodine or the radioiodine labeled tyrosine or cRGDyK was accomplished in two steps. An
RP-Sep-Pak Cyg Light cartridge was used to remove any unreacted sodium iodide or 12°1
Na, followed by an RP-HPLC purification method to remove any unlabeled or unreacted
tyrosine or cRGDyK.

The Sep-Pak purification method involved conditioning the Sep-Pak Cyg Light car-
tridge with 3 mL of ethanol, washing with 3 mL water, loading of the crude material,
washing with 1.5 mL water, followed by elution with 100 puL portions of 0.5 mL 100%
ethanol. All major fractions were combined and concentrated to near dryness under a
stream of nitrogen at room temperature. The final product was reconstituted in water
or Phosphate Buffer Saline (PBS). The semi-purified mixture was analyzed and further
purified by an RP-HPLC method involving a Zorbax C18 5 um, 4.6 x 250 mm column, a
flow rate of 1 mL/min, a UV detection at A = 280 nm, a radioisotope detector, and a gradient
mobile phase. The following gradient of water containing 0.1% TFA (A) and acetonitrile
containing 0.1% TFA (B) was used: 95% A and 5% B initially, ramping the concentration
of B to 25% in 20 min and then keeping it at 25% for 4 min. The concentration of B was
brought down to 5% next in one min and kept up to 30 min.

For radioiodine labeling of BSA, a known amount of BSA was transferred into an
Eppendorf tube containing 100 puL of sodium phosphate buffer (0.1 M pH 7.4). Carrier-free
125]Na followed by monochloramine in sodium phosphate buffer were added to the tube.
The reaction mixture was agitated and mixed with the pipette and incubated at room
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References

temperature for the desired time. The reaction was quenched by the addition of sodium
metabisulfite in excess. The crude reaction mixture was purified using a PD-10 column.
For purification of radioiodine-labeled BSA, the reaction mixture was loaded onto the
conditioned column and eluted with PBS. Small fractions were collected into pre-labeled
microcentrifuge tubes. The fractions containing most of the activity were pooled and
counted for radioactivity.

The radioiodine-labeled BSA was analyzed by two methods, paper chromatography
and SEC-HPLC. The Paper Chromatography method involved a 3 MM cellulose chro-
matography paper strip and an 85:15 methanol: water mixture as a developing solution.
After the paper strip was developed and allowed to dry, the strip was then cut into two half
pieces in the middle. Each piece of the strip was counted in a Capintec well counter. The
Size-Exclusion HPLC method involved an Agilent SEC-3 100 A column (4.6 x 300 mm),
150 mM sodium phosphate buffer pH 7.0, a flow rate of 0.35 mL/min, UV detection at
A =280 nm, and a radioisotope detector.

4. Conclusions

The use of simple inorganic chloramine, NH,Cl, for non-radioactive and radioiodine
labeling of a tyrosine residue in NCEs and biomolecules has been demonstrated in this
present work. The non-radioactive iodine labeling method is selective, i.e., no evidence
of the formation of N-chloro derivative, and gives a high yield, >70%. The method was
successfully translated for radioiodine labeling of biomolecules. As seen in the case of
Chloramine-T and other oxidizing agents, NH,Cl also has the potential to oxidize -SH
groups in proteins [31,37]. However, the lower redox potential of NH,Cl than Chloramine-
T and faster rates of oxidation of I to I* than oxidation of -SH groups by NH,Cl makes it
less likely.
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Abstract: Recently, the first squaramide-(SA) containing FAP inhibitor-derived radiotracers were intro-
duced. DATA®™ SA FAPi and DOTA.SA.FAPi with their non-radioactive complexes showed high affinity
and selectivity for FAP. After a successful preclinical study with [®8Ga]Ga-DOTA.SA.FAP;, the first
patient studies were realized for both compounds. Here, we present a new squaramide-containing com-
pound targeting FAP, based on the AAZTA? chelator 1,4-bis-(carboxylmethyl)-6-[bis-(carboxymethyl)-
amino-6-pentanoic-acid]-perhydro-1,4-diazepine. For this molecule (AAZTA® SA FAPi), complexation
with radionuclides such as gallium-68, scandium-44, and lutetium-177 was investigated, and the
in vitro properties of the complexes were characterized and compared with those of DOTA.SA FAPi.
AAZTAS SAFAPi and its derivatives labelled with non-radioactive isotopes demonstrated similar excel-
lent inhibitory potencies compared to the previously published SA FAPi ligands, i.e., sub-nanomolar
ICsq values for FAP and high selectivity indices over the serine proteases PREP and DPPs. Labeling
with all three radiometals was easier and faster with AAZTAS.SA.FAPi compared to the corresponding
DOTA analogue at ambient temperature. Especially, scandium-44 labeling with the AAZTA derivative
resulted in higher specific activities. Both DOTA.SA.FAPi and AAZTA® SA FAPi showed sufficiently
high stability in different media. Therefore, these FAP inhibitor agents could be promising for theranostic
approaches targeting FAP.

Keywords: AAZTA; scandium-44; lutetium-177; FAP; SA; DPP; PREP

1. Introduction

Fibroblast activation protein (FAP) is a post-prolyl proteolytic enzyme that belongs
to the S9 family of serine proteases [1]. In addition to FAP, this S9 family includes other
proline-specific serine proteases, such as prolyl oligopeptidase (PREP) and the dipeptidyl
peptidases 4, 8, and 9 (DPP4, DPP8, and DPP9). Targeting fibroblast activation protein
(FAP), overexpressed selectively in cancer-associated fibroblasts (CAFs), has recently be-
come an attractive goal for diagnostic imaging and first therapeutic trials. FAP is involved
in the promotion and development of tumor growth and is typically overexpressed in
activated fibroblasts in the tumor stroma, whereas it is absent in most normal healthy
tissues. Furthermore, FAP is overexpressed in several pathological tissue sites that are char-
acterized by active remodeling [2-5]. Expression of FAP is found in CAFs in approximately
90% of epithelial carcinomas such as breast, pancreatic, colon, and prostate tumors [6-8].
These properties make FAP a very interesting and universally applicable tumor target for a
variety of tumor types.
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PET tracers that operate as FAP-specific enzyme inhibitors (FAPi), have first been
published by Lindner and Loktev et al. [9-11]. The FAP inhibitor used is a small molecule
with an N-acylated glycyl(2-cyano-4,4-difluoropyrrolidine) that binds to FAP active site
and blocks its enzymatic activity. This highly potent inhibitor, referred to as UAMC1110,
shows high affinity for FAP but not for the DPPs and PREP [12]. Meanwhile, many clinical
trials have been initiated with related PET tracers based on the same FAP inhibitor [13-21].
Lindner and Loktev et al. developed DOTA-based FAP inhibitor conjugates with hete-
rocyclic units as spacer. The most prominent are FAPI-04 and FAPI-46, with piperazine
between chelator and inhibitor. Other examples include a glycosylated fluorine-18 deriva-
tive and tracers for SPECT applications with technetium-99 and rhenium-188 introduced
by tricarbonyl ligands with piperazine linker systems [22,23]. Recently, we developed
FAP inhibitor agents using squaramide-combined bifunctional chelators [24]. The use of
a squaramide linker facilitated the synthetic work and delivered compounds with good
pharmacological properties. The latter results were illustrated by the excellent in vitro
affinity of these products for FAP and by their in vivo behavior in preclinical and clinical
applications. With respect to clinical studies, the DATAS™.SA FAPi derivative showed spe-
cific tracer uptake in focal nodular hyperplasia via ®®Ga-PET/CT [25]. The DOTA.SA.FAPi
tracer displayed a high target-to-background ratio during ®3Ga-PET/CT studies in patients
with various cancers [26].

The advantageous properties of gallium-68, such as its high positron energy with
BT =89% and Eg avg =830 keV and its good accessibility due to the availability of 8Ge/%Ga
generators, make it a commonly used PET radionuclide [27]. However, the short phys-
ical half-life of the nuclide (1.1 h) may impede focusing on longer-lasting physiological
processes in PET/CT measurements. Scandium-44, which is also characterized by a high
branching ratio of 3* = 94% and Ep avg = 632 keV, could be a valuable alternative with a
ty/2 of 4.0 h. There are two ways to produce scandium-44: one uses a cyclotron via the
44Ca(p,n)“Sc reaction, and the other, that we chose, uses a **Ti/**Sc generator [27-29].
An established post-processing elution protocol provides carrier-free scandium-44 from a
185 MBq generator, with ~90% elution efficiency and a titanium-44 breakthrough of only
<7 MBq [30]. Due to its four-time longer half-life than gallium-68, the *-emitter scandium-
44 could be better suited for pretherapeutic PET/CT measurements resulting in individual
dosimetric calculations in endoradiotherapy with longer-lived therapy nuclides such as
yttrium-90, lutetium-177, or scandium-47. Scandium-44 has already been used in both
preclinical and clinical applications [31-35]. In particular, the first in human PET measure-
ments in metastasized castrate-resistant prostate cancer with [#4Sc]Sc-PSMA-617 indicated
its potential as PET nuclide and pre-therapeutic agent [36]. Furthermore, the 3"-emitter
lutetium-177, with a half-life of 6.7 days, is nowadays a very commonly used radionuclide
in radioendotherapy. It is clinically used for neuroendocrine tumors in the somatostatin
analogues [Y7Lu]Lu-DOTATOC and [Y7Lu]Lu-DOTATATE for peptide-mediated radiore-
ceptor therapy and for treatment of prostate carcinomas by means of lutetium-177-PSMA
therapy with PSMA derivatives such as PSMA-617 and PSMA-I&T [37-43].

In this work, we introduce a novel FAP inhibitor agent called AAZTAS.SA.FAPi.
AAZTA chelators allow fast and quantitative complexation under mild conditions and
display high stability. This is in particular relevant for radionuclides with high needs of
coordination capacity, such as scandium-44 and lutetium-177.

Together with the recently published DOTA.SA.FAPi, both precursors were radio-
chemically investigated in terms of labeling and stability with gallium-68, scandium-44,
and lutetium-177 and tested for their in vitro properties.

2. Results and Discussion
2.1. Synthesis of Chelator Conjugates

For AAZTA® SA FAPi, we first synthesized AAZTAS(*Bu)y. The coupling of squaric
acid to the terminal carboxyl group and the subsequent binding to the FAP inhibitor was
performed in the same way as for the previously described DATA’™.SA.FAPi [24]. Figure 1
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shows the synthesis route of AAZTA® SA.FAPj, following the protocol of Sinnes et al. and
Greifenstein et al. [44,45].
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Figure 1. Synthesis of AAZTAS.SA FAPi via AAZTA®(‘Bu)y and AAZTAS SA: (a) 2-nitrocyclohexanone, Amberlyst A21,
paraformaldehyde, methanol, 80 °C, 16 h; (b) palladium hydroxide/C, acetic acid, hydrogen, ethanol, 25 °C, 16 h;
(c) tert-butyl bromoacetate, potassium carbonate, potassium iodide, acetonitrile, 40 °C, 48-72 h; (d) 1 M lithium hy-
droxide, 1,4-dioxane/water (2:1), 25 °C, 16 h; (e) N-Boc-ethylenediamine, HATU, HOBt, DIPEA, acetonitrile, 25 °C, 16 h;
(f) dichloromethane/TFA (80:20)%, 25 °C, 7 h; (g) 3,4-diethoxycyclobut-3-ene-1,2-dione, 0.5 M phosphate buffer pH =7,
25 °C, 16 h; (h) NH,-UAMC1110, 0.5 M phosphate buffer pH =9, 25 °C, 16 h; (*) as reported [44,45]; (**) as reported [24].
DOTA.SA FAPi was synthesized as previously described [24].

Figure 2 shows the structures of the FAP inhibitor probes DOTA.SA.FAPi and
AAZTA®.SA FAPi.

HOOC™\,/ \ / ~COOH

C Y
DOTA.SA.FAPi N NP
Hooc—™\__

DOTA

H
H
fﬁ\N/\/ N0 [ ?F
HoocC COOH H N
e ;&o N (L

o]

, 0
AAZTAS.SAFAPi HOOC/\NM SAFAPI
< ) o)

AAZTAS

HOOC

Figure 2. Structures of DOTA.SA.FAPi and AAZTAS SA.FAPi.

2.2. In Vitro Inhibition Measurements

The ICsg values for FAP, PREP, and the DPPs of the hybrid chelator conjugate
AAZTAS SA FAPi compared to those of DOTA.SA.FAPi are shown in Table 1. The ICs
values of AAZTA®.SA.FAPi as well as those of its non-radioactive complexes ["tSc]Sc-
AAZTAS SA.FAPi and ["*Lu]Lu-AAZTAS.SA.FAPi for FAP appeared to be in the low
nanomolar range (0.55-0.57 nM), whereas the IC5y values for PREP resulted in the low
micromolar range (2.4-3.6 uM). Screening against DPP4 and DPP9 for both SA.FAPi
complexes revealed that the remaining activity was more than 50% at a final concentra-
tion of 1 uM. Hence, the ICs( values for the DPPs were reported as >1 uM. The absence
of a basic amine in the FAP inhibitor is known to result in an enormous increase of
selectivity for the target molecule FAP, whereas the affinity for the DPPs can be dras-
tically reduced. [12,46]. The ICs5 values for FAP and PREP were in the same order of
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magnitude of those for the previously reported SA.FAPi compounds, i.e., indicating
high inhibition potency and excellent FAP-to-PREP selectivity indices. In addition, high
selectivity towards DPP4 and DPP9 was achieved.

Table 1. ICs values of AAZTA®.SA.FAPi and DOTA.SA.FAPi derivatives for FAP and the related
proteases DPPs and PREP. Data are presented as the mean with standard deviation (n = 3 for FAP
and PREP and n =2 for the DPPs).

Compound DPPs PREP FAP Selectivitiy Index
ICsp (uM) 1C5¢ (uM) ICsp (nM) (FAP/PREP)

AAZTAS SA FAPi >1 24+04 0.56 + 0.02 4286
["atSc]Sc-AAZTAS SA FAPi >1 3.6 +0.8 0.57 +0.04 6316
[MtLu]Lu-AAZTAS SA.FAPi >1 32+ 0.6 0.55 + 0.04 5818
DOTA.SA FAPi n.d. 544032 09+0.12 6000
["**Ga]Ga-DOTA.SA.FAPi >1 87+09°2 144+022 6214
["Lu]Lu DOTA.SA.FAPi >1 25+042 084022 3125
DATAS™ SA FAPi n.d. 1.7+012 08+0.22 2113
["tGa]Ga-DATA™ SA FAPi >1 47+0.32 07+0.12 6714
UAMC1110-FAP inhibitor >10 1.8+ 0.01° 043 +0.072 4186

a data from Moon et al. [24]; P data from Jansen et al. [12]; n.d. not determined.

2.3. Radiolabeling and In Vitro Stability in Complexwith Gallium-68, Scandium-44, and
Lutetium-177

Gallium-68: DOTA.SA FAPi complexed with gallium-68 showed very high kinetics in
quantitative radiochemical yields (RCYs) in our previous work [24]. Gallium labeling of
AAZTAS SA .FAPi with diverse precursor amounts (10, 15 and 20 nmol) was performed
at room temperature (Figure 3a). [®®Ga]Ga-AAZTA®.SA.FAPi displayed quantitative com-
plexation already after 3-5 min (Figure 3a, Figure S1, Supplementary Material). Compared
to the DOTA derivative, complexation led to very high RCYs for tracer amounts >10 nmol,
even at ambient temperature. In the case of the previously reported DOTA.SA.FAP;], high
RCYs could only be achieved with an amount >15 nmol and at a high temperature of 95 °C.
the stability of [%8Ga]Ga-AAZTA®.SA FAPi in human serum (HS), ethanol (EtOH), and
saline (NaCl) was excellent, with >99.9% intact complexes over a measured time period of
2 h (Figure 3b, Figures 52-54).

— o o P o] an 1 s 1
x 90 A
g
>
O]
o
g 80 A
o
5
—O— 20 nmol g —— HS
15 nmol 70 A A—EtOH
— 10 nmol —O—saline
T T T 1 60 T T T T T ]
6 9 12 15 0 20 40 60 80 100 120
t/ min t/ min

Figure 3. (a) Kinetics of [48Ga]Ga-AAZTA3 SA FAPi at RT for tracer amounts >10 nmol (1 = 3); (b) Stability of [®8Ga]Ga-
AAZTA® SA.FAPi at 37 °C in HS, EtOH, and NaCl over a period of 120 min (n = 3).

Scandium-44: AAZTAS.SA.FAPi demonstrated excellent complexation with scandium-
44 even at RT. We tested 5-20 nmol of precursor, which resulted in quantitative labeling
already after 5 min for all amounts (Figure 4a, Figure S5). Stability was tested in HS,
phosphate-buffered saline (PBS), and NaCl at 37 °C, demonstrating in highly satisfactory
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values in all three media (Figure 4b, Figures S6-S11). After 1 h, [*Sc]Sc-AAZTAS.SA FAPi
conjugates were stable, with >99% intact conjugate in all three media. Even up to the end
of the measurement (8 h), the intact conjugates were stable in PBS and saline (>99%) and in
HS (>97%) (Figure 4b).
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Figure 4. (a) Kinetics of [44Sc]Sc-AAZTAS SA.FAPi at RT for tracer amounts >5 nmol (n = 3 for 10; n = 1 for 5, 15, and
20 nmol); (b) Stability of [**Sc]Sc-AAZTAS SA FAPi at 37 °C in HS, PBS, and NaCl over a period of 8 h (1 = 3).

DOTA.SA FAPi also showed good complexation with scandium-44. However, whereas
[#4Sc]Sc-AAZTAS SA.FAPi already displayed quantitative RCYs with 5 nmol (GBq/0.17 pmol)
of precursors, [*Sc]Sc-DOTA.SA FAPi showed very low complexation with 20 nmol. Only
with a quantity of 30 nmol, DOTA.SA.FAPi high yields with scandium-44 were reached,
with RCYs >83% and >95%, when, respectively, 30 and 40 nmol (GBq/1.33 umol) were used
(Figure 5a). Stability in HS, PBS, and NaCl were high over the measured period of 8 h,
resulting in >97% intact complexes with #4Sc in all three medias (Figure 5b).
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Figure 5. (a) Kinetics of [#4Sc]Sc-DOTA.SA.FAPi at 95 °C for tracer amounts >20 nmol (1 = 5 for 20-40 nmol); (b) Stability
of [#4Sc]Sc-DOTA.SA.FAP; at 37 °C in HS, PBS, and NaCl over a period of 8 h (1 = 3).

Lutetium-177: For both DOTA.SA.FAPi and AAZTA®.SA FAPi, precursors at a concen-
tration of 20 nmol were used for labeling with lutetium-177. Both derivatives presented
quantitative complexations with the radiometal after 60 min (Figure 6, Figure S12). The
177Lu-AAZTA derivative showed >99% RCY already after 1 min at RT, whereas the 77 Lu-
DOTA derivative reached >99% complexation after 15 min at 95 °C (Figure 6).
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Figure 6. Kinetic measurements for [7”Lu]Lu-AAZTAS.SA.FAPi up to 60 min (green); Kinetic
measurements for [177Lu]Lu-DOTA.SA.FAPi up to 60 min (blue); (n = 3, 20 nmol for both conjugates).

Stability studies of both conjugates were performed in HS, PBS, and saline over a
period of 10 days at 37 °C. In PBS and NaCl, very high stability values could be achieved
for [\ Lu]Lu-AAZTAS SA.FAPi, with >99% after 2 d, >98% after 3 d, and >95% intact
conjugates after 10 days. In HS, the 177Lu-AAZTA complex showed >99% of stability after
1 h, >98% after 3 h, and >96% after 6 h. However, the stability decreased significantly with
time. After 1 d, the remaining stability of ['7/Lu]Lu-AAZTA’ SA.FAPi in HS was >83%,
after 2 d it was >64%, and after 3 d it was >55% (Figure 7a). Nevertheless, the stability
of ['"7Lu]Lu-AAZTA®.SA.FAPi in HS was satisfactory, with >95% intact conjugate after
6 h. If it is assumed that small molecules accumulate in the target tissue within the first
few hours, and therefore their stability in HS over a long period is not relevant. [1/Lu]Lu-
DOTA.SA FAPi showed very high stability, with >99% of intact conjugate in HS within the
measured time period of 10 days. In PBS and NaCl, the stability was high, i.e., >98% after
3 d and still >93% after 10 d (Figure 7b).

2.4. Lipophilicity Measurements

Lipophilicity (logD value) was determined via the “shake-flask” method. For both pre-
cursors AAZTAS SA.FAPi and DOTA.SA.FAPi logD (pH = 7.4), values were measured for
the ®Ga- and #Sc complexes. Table 2 shows the logD values for the respective radiotracers.

Table 2. LogD values (pH = 7.4) of [®®Ga]Ga-AAZTA’ SA.FAPi, [**Sc]Sc-AAZTA>.SA FAPi and
[®8Ga]Ga-DOTA.SA .FAPi.

Compound LogD7 4
[(8Ga]Ga-AAZTAS .SA.FAPi —2.53+0.13
[*4Sc]Sc-AAZTAS SA . FAPi —2.50 £ 0.11
[#8Ga]Ga-DOTA.SA.EAPi —2.68 £ 0.06

The lipophilicity of the radiolabeled compounds [®®Ga]Ga-AAZTAS.SA FAPi, [®*Ga]Ga-
AAZTA® SA FAPi and [#Sc]Sc-AAZTA®.SA.FAPi resulted located in hydrophilic ranges. Both
gallium-68 derivatives [®*Ga]Ga-DOTA.SA.FAPi and [*Ga]Ga-AAZTA®.SA FAPi showed
almost identical logD values of —2.68 and —2.53, respectively. The carboxyl groups and
the ionic bonds between chelator and radiometal favor the hydrophilic character of these
radiotracers. The logD value of FAPI-04 is reported in the literature as —2.4 & 0.28, confirming
the hydrophilic character of ®®Ga-DOTA complexes [22]. [*Sc]Sc-AAZTA> SA.FAPi display a
similar logD value of —2.50 compared to gallium-68 derivatives. There seems to be no great
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influence of the DOTA and AAZTA chelators in the presence of gallium-68 and scandium-44
radiometals on the lipophilicity of the FAPi radiopharmaceuticals.
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Figure 7. (a) Stability of [Y7Lu]Lu-AAZTA% SA.FAPi at 37 °C in HS, PBS, and NaCl over a period of 10 d (n = 3);
(b) Stability of [7"Lu]Lu-AAZTA® SA.FAPi at 37 °C in HS after 1, 3, and 6 h (n = 3); (c) Stability measurements of
['77Lu]Lu-DOTA.SA.FAPi at 37 °C in HS, PBS, and NaCl during 10 d (1 = 3).

3. Materials and Methods
3.1. General

All basic chemicals were purchased from Merck KGaA (Darmstadt, Germany), TCI
Deutschland GmbH (Eschborn, Germany), Fisher Scientific GmbH (Schwerte, Germany),
Thermo Fisher GmbH (Kandel, Germany) and VWR International GmbH (Darmstadt,
Germany) and used without further purification. (5)-6-(4-aminobutoxy)-N-(2-(2-cyano-4,4-
difluoropyrrolidin-1-yl)-2-oxoethyl)-quinoline-4-carboxamide (called NH,-UAMC1110)
was purchased from KE Biochem Co. (Shanghai, China). Thin-layer chromatography was
performed with silica gel 60 F254-coated aluminum plates that were acquired from Merck
KGaA (Darmstadt, Germany). Detection was carried out by fluorescence extinction at
A = 254 nm and by staining with potassium permanganate. The LC/MS spectra were
measured on an Agilent Technologies 1220 Infinity LC system coupled to an Agilent Tech-
nologies 6130B Single Quadrupole LC/MS system. NMR measurements were performed
at 400 MHz (400 MHz FT NMR spectrometer AC 400, Bruker Analytik GmbH). For HPLC
(high-performance liquid chromatography) a 7000 series Hitachi LaChrom with a Hitachi
L7100 pump, an L7400 UV detector, and a Phenomenex Synergi C18 (250 x 10 mm, 4 um)
column (Aschaffenburg, Germany) were used.

23



Molecules 2021, 26, 3482

3.2. Organic Synthesis

Synthesis of DOTA.SA.FAPi was reported recently [24]. Synthesis of AAZTAS SA FAPi
was realized by first generating AAZTA®(!Bu), according to the procedure by Sinnes et al.
and Greifenstein et al. [44,45]. Subsequent coupling to the SA.FAPi conjugate was per-
formed using the protocol published earlier for the analogous DATA™.SA.FAPi precur-
sor [24]. After HPLC purification with a gradient of 10-20%, MeCN (+0.1% TFA)/90-
80% water (+0.1% TFA) in 20 min, AAZTA® SA.FAPi was obtained as a yellowish solid
(16.8 mg; 0.02 mmol; 41%). MS (ESI*): 500.3 (M+2H?*); 999.3 (M+H*); calculated for
C45H56F2N100142 998.40.

3.3. Non-Radioactive Compounds and In Vitro Inhibition Studies

natge /nat u-AAZTA® .SA.FAPi were synthesized by reaction of 5.0 mg (5 pumol)
AAZTAS SA.FAPi with 1.5 eq "ScCl; and "*LuCl3, respectively, in 500 pL 0.5 M NaAc
buffer pH 4.5 for 2 h at room temperature. Complexation was confirmed by ESI-MS, and
HPLC purification was performed with a flow rate 5 mL/min, HyO (+0.1% TFA)/MeCN
(+0.1% TFA), with a linear gradient condition of 5-95% MeCN in 10 min. The products
(4.1 mg; 3.9 pmol; 79% for "Sc-complex and 4.2 mg; 3.6 pumol; 72%) were obtained
as a yellowish powder. MS (EST*) for "Sc-complex: m/z (%): 521.3 (M+2H)?**; 1041.4
(M+H)* calculated for C45H5pF2ScN1O14: 1039.9 and ™tLu-complex: m/z (%): 586.2
(M+2H)2+,’ 1171.4 (1\/[+H)ﬁL calculated for C45H52F2LHN100142 1169.9.

3.4. Inhibition Assays

Enzymes: Recombinant human FAP and PREP were expressed and purified as pub-
lished [24]. Recombinant human dipeptidyl 9 (DPP9) was purified as described by De
Decker et al. [46]. Human dipeptidyl peptidase 4 was purified from seminal plasma as
published [47].

IC5p measurements and counter-screening: IC5p-measurements of the probes for FAP
and PREP were carried out as published, using, respectively, Z-Gly-Pro-AMC and Suc-
Gly-Pro-AMC as the substrate [24]. IC5) experiments were repeated in triplicate, and
the results are presented as mean + standard deviation. Methods and data fitting were
performed as published earlier [24]. Screening against DPP4 and DPP9 was performed
at final probe concentrations of 10 uM and 1 uM using Ala-Pro-paranitroanilide (pNA) as
the substrate at the respective final concentrations of 25 uM (DPP4) and 150 uM (DPP9)
at pH 7.4 (0.05 M HEPES-NaOH buffer with 0.1% Tween-20, 0.1 mg/mL BSA, and 150
mM NaCl). Probes were pre-incubated with the respective enzyme for 15 min at 37 °C;
afterwards, the substrate was added, and the velocities of pNA release were measured
kinetically at 405 nm for at least 10 min at 37 °C. Measurements were executed using the
Infinite 200 (Tecan Group Ltd., Mennendorf, Switzerland), and the Magellan software was
used to process the data. If the remaining activity was more than 50% at 1 uM, the ICsg
values for the DPPs were reported as >1 uM.

3.5. Radiolabeling and Stability Measurements

Gallium-68: ®Ge /%8Ga generators (ITG Garching, Germany) were used with ethanol-
based post-processing evaluated by Eppard et al. [48]. Elution of gallium-68 was per-
formed with 0.05 M HCl trapped on a micro-chromatography CEX column AG 50W-X4.
The column was washed with 80% EtOH/0.15 M HCl, and %8Ga3* was eluted with 90%
EtOH/0.9 M HCL

Scandium-44: Scandium-44 was obtained by a #Sc/44Ti generator [29,30,36]. A solu-
tion of 0.005 M H,C,0,/0.07 M HCl was eluted through the 44T /448c generator to adsorb
[##Sc]Sc3* onto the cation exchanger AG 50 W-X8. Elution of scandium-44 was executed
with 0.25 M ammonium acetate buffer pH 4.

Lutetium-177: n.ca. ["/Lu]LuCls in 0.04 M HCl was provided by ITG Garching, Germany.

Radioactivity was measured using a PC-based dose calibrator (ISOMED 2010, Nuklear
Medizintechnik Dresden GmbH, Dresden, Germany). Reaction controls were done using
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radio-TLC, with 0.1 M citrate buffer pH 4 and an analytical HPLC 7000 series Hitachi
LaChrom with a Phenomenex Luna C18 column (250 x 4.6 mm, 5 um), linear gradient of
5-95% MeCN (+0.1% TFA)/H50 (+0.1% TFA), flow rate 1 mL/min in 10 min. TLCs were
measured in a CR-35 Bio Test-Imager from Duerr-ndt (Bietigheim-Bissingen, Germany)
with the analysis software AIDA Elysia-Raytest (Straubenhardt, Germany).

Labeling was carried out with 100-150 MBq gallium-68 in 300 uL of 1 M ammonium
acetate (AmAc) buffer pH 5.5 and with 3040 MBq scandium-44 in 1 mL of 0.25 M AmAc
pH 4.0, and aliquots were taken at 1, 3, 5, 10, and 15 min. For lutetium-177, activity of
30-40 MBq in 300 pL of 1 M AmAc pH 5.5 was used, and aliquots were taken at 1, 3, 5, 15,
30, and 60 min. Stability was tested in 500 puL of human serum, phosphate-buffered saline,
ethanol, and saline (0.9% isotonic NaCl solution) using ~5 MBq of tracer solution with >95%
radiochemical purity. The measured time points were adjusted to the physical half-lifes,
i.e., gallium-68 (15, 30, 60, 90, 120 min), scandium-44 (0.5, 1, 2, 4, 8 h), and lutetium-177
(1-6h,1,2,3,7,10 d). HS (human male AB plasma, USA origin) and PBS were purchased
from Sigma Aldrich, and 0.9% saline from B. Braun Melsungen AG (Melsungen, Germany).

3.6. Lipophilicity Determination

Lipophilicity of [®®Ga]Ga-AAZTA®.SA.FAPi, [**Sc]Sc-AAZTAS.SA .FAPi and [*Ga]Ga-
DOTA.SA FAPi was determined using the “shake-flask” methodology. After reaction of
the precursor with the respective radionuclide, the reaction solution was adjusted to pH
7.4 with NaOH. Aliquots of ~5 MBq for the ®Ga complexes and of ~3 MBq for the #4Sc-
complexed were taken and adjusted to a total volume of 700 pL with PBS (n= 4). 700 uL
1-octanol was added, and the solution was shaken for 2 min (1500 rpm). Afterwards, each
tube was centrifuged for 2 min. 400 pL of the octanol- and PBS phases were pipetted in
new tubes, and aliquots of each phase (3 uL of the PBS phase and 6 pL of the octanol phase)
were measured via radio-TLC. The PBS phases were adjusted to 700 puL, and 700 uL octanol
was added to each tube. The procedure was repeated twice. LogD values were calculated
as the logarithm of the octanol/PBS ratio.

4. Conclusions

In this work, a new squaramide FAPi conjugate to the AAZTA chelator is introduced.
After successful preparative synthesis, the complex was tested for its in vitro binding char-
acteristics and compared to the analogue DOTA.SA .FAPi derivative, published recently [24].
The inhibitory potency studies of AAZTA®.SA.FAPi showed excellent sub-nanomolar affini-
ties for FAP, in the same order of magnitude of those of the already published SA.FAPi
monomeric structures DATA>™SA.FAPi and DOTA.SA.FAPi. Furthermore, high selectivity
against PREP and the DPPs was achieved. AAZTA®.SA FAPi labeling with gallium-68,
scandium-44, and lutetium-177, as well DOTA.SA FAPi complexation with scandium-
44 and lutetium-177, were successfully performed. Remarkably, for AAZTAS SA FAP;,
compared to the DOTA derivative, [*Sc]Sc-AAZTA .SA.FAPi required significantly less
precursor for quantitative labeling, resulting in higher specific activities, and performed
complete complexation at ambient temperatures. The stability of the radiometal-complexed
AAZTA’ SA.FAPi in various media was excellent, as demonstrated by the presence of
highly intact conjugates. Complexation with the $*-emitting scandium-44 may offer a
good alternative to gallium-68 usage in diagnosis due to the longer half-life of 4 h and the
favorable traits of this nuclide. Interesting is also the remarkable labeling and stability
with lutetium-177, allowing therapeutical application. A first theranostic approach of
DOTA.SA FAPi was reported by Ballal et al. [49]. Therefore, the new FAP inhibitor-based
probes DOTA.SA.FAPi and AAZTA> SA.FAPi, complexed with gallium-68, scandium-44,
and lutetium-177, are promising radiopharmaceuticals for use in a theranostic settings.
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Abstract: Target-specific biomolecules, monoclonal antibodies (mAb), proteins, and protein frag-
ments are known to have high specificity and affinity for receptors associated with tumors and
other pathological conditions. However, the large biomolecules have relatively intermediate to long
circulation half-lives (>day) and tumor localization times. Combining superior target specificity of
mAbs and high sensitivity and resolution of the PET (Positron Emission Tomography) imaging tech-
nique has created a paradigm-shifting imaging modality, InmunoPET. In addition to metallic PET
radionuclides, 12*1 is an attractive radionuclide for radiolabeling of mAbs as potential immunoPET
imaging pharmaceuticals due to its physical properties (decay characteristics and half-life), easy and
routine production by cyclotrons, and well-established methodologies for radioiodination. The ob-
jective of this report is to provide a comprehensive review of the physical properties of iodine and
iodine radionuclides, production processes of 1241, various 2*I-labeling methodologies for large
biomolecules, mAbs, and the development of 1241 labeled immunoPET imaging pharmaceuticals for
various cancer targets in preclinical and clinical environments. A summary of several production
processes, including 123Te(d,n) 1241, 124Te(d,2n) 241, 121Sb(0r,n) 1241, 123Sb(«,3n) 1241, 123Sh(3He,2n) 241,
natgh (o, xn)1241, 12tSp(3He,n) 241 reactions, a detailed overview of the 124Te(p,n)lz‘ll reaction (includ-
ing target selection, preparation, processing, and recovery of 1241), and a fully automated process that
can be scaled up for GMP (Good Manufacturing Practices) production of large quantities of 1241 is
provided. Direct, using inorganic and organic oxidizing agents and enzyme catalysis, and indirect,
using prosthetic groups, 1?*I-labeling techniques have been discussed. Significant research has been
conducted, in more than the last two decades, in the development of 1241 1abeled immunoPET imag-
ing pharmaceuticals for target-specific cancer detection. Details of preclinical and clinical evaluations
of the potential '2*I-labeled immunoPET imaging pharmaceuticals are described here.

Keywords: positron emission tomography; PET; target-specific biomolecules; immunoPET imaging
pharmaceuticals; production processes; 1241_labeled monoclonal antibodies; cancer; radiolabeling;
radiotracers

1. Introduction

Several non-invasive imaging techniques are being used to identify, characterize,
and quantify in vivo anatomical changes and biological processes that occur at the cel-
lular and molecular levels. Radioisotope-based Positron Emission Tomography (PET),
and Single-Photon Emission Computed Tomography (SPECT) are very sensitive imaging
techniques. However, PET is considered to be superior to SPECT due to the availability of
higher sensitivity scanners and better quantification of regional tissue concentrations of
radiolabeled imaging pharmaceuticals [1]. Sufficient acquisition speed of the PET imaging
technique allows the determination of pharmacokinetics and biodistribution of imaging
pharmaceuticals and produces three-dimensional images of the functional processes in
the body.
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Various non-metallic (1C, 13N, 1°0, 18F and 121, etc.) and metallic (**Cu, %8Ga,
and ¥Zr, etc.) radionuclides are used routinely for the preparation of PET imaging phar-
maceuticals for preclinical and clinical environments [2]. Table 1 provides a summary
of the physical characteristics and the production methods [2-5] for some PET radionu-
clides, produced by a generator and proton bombardment of solid, liquid, and gas targets,
that are suitable for radiolabeling of small and large biomolecules and nanomaterials for
the development of potential PET imaging pharmaceuticals.

Table 1. Physical properties and production methods for some cyclotron produced non- metallic and metallic positron (f*)
emitting radionuclides [2-5].

Production

Radionuclide Method Half-Life %Decay Mode Emax (B1), MeV Emean (B%), MeV Reference
15 15 15 ~ p*/99.9
0 N(p,n)°0 2.0 min BC/01 1.732 0.725 [2,3]
13N 1Clpm)N 10.0 min B /998 1.199 0.492 [2,3]
160(p,) >N : EC/0.2 ' : ’
11 14 11 . B7/99.8
C N(p,0)''C 20.4 min EC/0.2 0.960 0.386 [2,3]
18 18 18 ~ B*/96.9
F O(p,n)'8F 110 min EC/31 0.634 0.250 [2,3]
+
1241 124Te(p,n)1241 42d E’Cﬁ% 2.138 0.975 [2,3]
+
#4Cu %4Ni(p,n)®*Cu 12.7h ‘Scﬁgg 0.653 0.278 [2-4]
68Zn(p,n)68Ga B*/88.9
%8Ga 8Ge/%8Ga 67.8 min EC/1 11 1.899 0.836 [2,3]
Generators ’
44 44 44 B+/94
Sc Ca(p,n)*Sc 397h EC/6 1.474 0.632 [5]
+
66Ga 6 Zn(p,n)®*Ga 95h Ecﬁgg 415 1.75 [4]
+
8oy 86Sr(p,n)8Y 14.7h chéé? 1.221 0.535 [3,4]
55 58N (19 )55 p*/76
Co Ni(p,«)*>Co 175h EC/24 1.498 0.570 [4]
+
897r 8Y(p,n)¥zr 784h Ecﬁé; 0.902 0.396 [2-4]
52M *Cr(p,n)>*Mn 559 d B /294 0.575 0.242 [4]
n natCr(p,x)>2Mn : EC/77 : :

The clinical applications of PET imaging pharmaceuticals have increased tremen-
dously over the past several years since the availability of the FDA (Food and Drug Admin-
istration) approved 'C-, 18F-, and ®®Ga-labeled imaging pharmaceuticals, (['!C]Choline,
[1LC]Acetate, ['8F]NaF, [\8F]FDG, [18F]Florbetapir, ['8F]Fluemetamol, ['8F]Florbetaben,
['8F]Fluciclovine, [18F]Flortaucipir ['8F]Fluoroestradiol, [®*Ga]DOTA-TATE (NETSPOT),
[#8Ga]DOTA-TOC), and [*8Ga]PSMA-11, for various applications, including metabolism,
neurology, and oncology, etc. Additional worldwide clinical trials with ®®Ga-labeled
PSMA target-specific ligands, PSMA-11 and PSMA-617, are ongoing for prostate cancer
imaging [6] The majority of clinical applications involve [¥F]FDG; however, its use for
neurological, oncological, and cardiological applications has been limited [7]. Therefore, nu-
merous radiolabeled biomolecules that can target receptors that are known to overexpress
on certain tumors were discovered, developed, and tested in the past [8-10].
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Target-specific biomolecules, known to have high specificity and affinity for receptors
associated with tumors and other pathological conditions, include small biomolecules
(e.g., folate), peptides, and larger biomolecules like monoclonal antibodies (mAb), proteins,
antibody fragments, and RNA nanoparticles [11-13]. The large biomolecules (mAbs and
proteins etc.), with higher tumor specificity and affinity, have relatively intermediate
to long circulation half-lives (>day) and tumor localization times. Combining superior
target specificity of mAbs and high sensitivity and resolution of the PET technique has
created a paradigm-shifting imaging modality, InmunoPET (Immuno Positron Emission
Tomography) [14]. The concept of immunoPET was proposed more than two decades
ago. Significant progress has been made, since then, in the development of immunoPET
imaging pharmaceuticals as a result of FDA approval of several therapeutics mAbs in recent
years [15-17]. Our understanding of tumor heterogeneity and clinical disease management
has improved, in the recent past, due to the availability of immunoPET.

The critical factors that need to be considered for the selection of positron-emitting
radionuclides for the development of immunoPET imaging pharmaceuticals are: (1) desir-
able decay characteristics of the radionuclide to yield high-quality images, (2) availability
of methods to produce the isotope in sufficient and pure amounts, (3) availability of ef-
ficient radiolabeling methodologies, and most importantly, (4) physical half-life of the
radionuclide that will allow sufficient time to monitor pharmacokintetics (tumor uptake
and elimination) and biodistribution and for the transportation of the radiolabeled material
to the preclinical or clinical site.

Short-lived and long-lived radioisotopes are considered suitable for the development
of small-molecule- and large-biomolecule-based PET imaging pharmaceuticals, respec-
tively, by using indirect and direct labeling techniques. Various strategies, including
bifunctional chelating agents, prosthetic groups, click chemistry, enzyme-mediated, silicon-
and boron- acceptor methodologies, the pre-targeting, the reporting gene methods, etc.,
are used for the design and development of immunoPET imaging pharmaceuticals [2,14].
The radionuclides with a short half-life (e.g., ®®Ga and 8F) are unsuitable for the develop-
ment of immunoPET imaging pharmaceuticals. Consequently, radionuclides with longer
half-lives, with well-established radiolabeling methodologies, are used for the development
of large biomolecules based imaging pharmaceuticals matching more closely with their
longer circulation times. Some of the suitable metallic (e.g., 450 52Mn, Co, %4Cu, °Ga,
86Y, 8971, etc.) and non-metallic (e.g., ?*) radionuclides with longer half-lives are listed
in Table 1.

Thermodynamically stable and kinetically inert radiolabeled metal (e.g., **Cu, %Zr,
%6Ga, and 8°Y, etc.) chelate conjugates, using bifunctional chelating agents (BFC) to target-
specific biomolecules, have been studied extensively for their potential applications as imag-
ing pharmaceuticals. Two steps are involved in the development of metallic radionuclide-
labeled large-biomolecules based imaging pharmaceuticals. The first step is the conjugation
of a bifunctional chelating agent that forms a thermodynamically stable and kinetically inert
metal chelate, with the target-specific large biomolecule. In the second step, the BFC-large
biomolecule conjugate is labeled with a metallic radionuclide [18-20]. Linear (e.g., DTPA =
Diethylenetriamine N, N, N’, N”, N”” pentaacetic acid, HBED-CC = N,N’-bis[2-hydroxy-5-
(carboxyethyl)benzyl] ethylenediamine-N,N’-diacetic acid, and DFO = Desferrioxamine
B or Deferoxamine B, etc.) and macrocyclic polyaminocarboxylates (e.g., NOTA =1,4,7-
triazacyclononane-1,4,7-triacetic acid, DOTA = 1,4,7,10-tetraazacyclododecane-1,4,7,10-
tetraacetic acid, etc.) and their analogs and derivatives are known to form thermodynam-
ically stable and kinetically inert metal chelates. Alternatively, the radiolabeling of the
BFC is accomplished in the first step followed by the conjugation to the target-specific
biomolecule in the second step.

Based on the long half-life and physical properties of the positron-emitting isotope
of iodine, %I may be used for both imaging (positron) and therapy (electron capture)
as well as for *'T dosimetry. The therapeutic effect of 1?*I relies on the Auger electron
emission responsible for the local action within nanometers. The relatively low percentage
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of high-energy positrons (22.7%) and a high percentage of cascade gamma photons in the
background compared to the conventional PET isotopes makes imaging with 24 techni-
cally challenging. However, optimizing image acquisition parameters and appropriate
corrections within the image reconstruction process improve the image quality. ¥Zr and
52Mn, with 3.27 and 5.59 d half-lives, respectively, are attractive choices for the devel-
opment of immunoPET imaging pharmaceuticals. Labeling of large biomolecules with
metallic radionuclides requires additional conjugation steps in the process and purification
could be challenging. DFO has been the most popular bifunctional chelator for conjugation
with mAbs and 8°Zr labeling. The production of high purity >*Mn and in vivo stability of
manganese chelates and their conjugates are still developing.

I-124 is an attractive radionuclide for the development of mAbs as potential im-
munoPET imaging pharmaceuticals due to its physical properties (decay characteris-
tics and half-life), easy and routine production by cyclotrons [21], and well-established
methodologies for radioiodination [22-24]. For example, 1241 has been used to label small
molecules, peptides, mAbs, proteins, and antibody fragments for tumor imaging [25-28],
in thyroid and parathyroid cancer imaging [29-31], to label single molecules like meta-
iodobenzylguanidine (MIBG), amino acids, and fatty acids among others for investigation
of several heart and brain diseases, as well as functional studies of neurotransmitter recep-
tors [32-34]. It has also been used to label photosensitizers for photodynamic therapy [35].
Labeling of biomolecules with radioactive iodine was first established several decades ago
when the 13!T isotope of iodide was used for labeling polyclonal antikidney serum [36].
The aromatic moieties present in the large biomolecule to be labeled are a tyrosine residue
and to a lesser extent a histidyl group [37,38].

The objective of the present report is to provide a comprehensive review of the physi-
cal properties of iodine and 1?*I radionuclide, production processes of 1?4 radionuclide,
various ?*I-labeling methodologies for large biomolecules, specifically mAbs, and applica-
tion of 1?*I-labeled mAb, as immunoPET imaging pharmaceuticals, for oncologic applica-
tions. A summary of several production processes, including 123Te(d,n)1241, 124Te(d,2n) 1241,
natgh(«,xn)1241, 121Sb(x,n), natSb(®*He,n) reactions, a detailed overview of the 124Te(p,r1)1241
reaction (including target selection, preparation, processing, and recovery of 1241), and a
fully automated process that can be scaled up for GMPproduction of large quantities of 1241
is provided. Direct, using inorganic and organic oxidizing agents and enzyme catalysis,
and indirect, using prosthetic groups, 1?I-labeling techniques, have been discussed. Signif-
icant research has been conducted, in more than the last two decades, in the development
of 124I-labeled immunoPET imaging pharmaceuticals for target-specific cancer detection.
Details of preclinical and clinical evaluations of the potential '**I-labeled immunoPET
imaging pharmaceuticals are described here.

Overall, this is a first comprehensive review providing a thorough understanding of
various areas that are essential for our understanding of the discovery and the development
of novel ?*I-labeled immunoPET imaging pharmaceuticals.

2. Overview of Physical Properties of Iodine and Iodine Radionuclides

Iodine with symbol I, atomic number 53, and atomic weight 127, and with [Kr]4d'%5s25p>
electronic configuration belongs to group 17 of the periodic table. Iodine exists as a diatomic
molecule, I, in its elemental state and is known to existin —1, +1, +3, 5, and 7 oxidation
states. Atomic radii are 133 and 220 pm for lodine (I;) and iodide (I7), respectively.
Elemental iodine, with chemical formula I, where two iodine atoms share a pair of
electrons to each achieve a stable octet for themselves. Similarly, the iodide anion, I”, is the
strongest reducing agent among the stable halogens, being the most easily oxidized back to
diatomic I,. In general, I, converts into I3~ in the presence of excess iodide. The standard
potential of the iodide/triiodide redox couple is 0.35 V (versus the normal hydrogen
electrode, NHE) [39].

Iodine radioisotopes have long been used as theranostic agents in the field of thyroid
cancer [40]. There are 37 known isotopes of iodine, 1081 to 1441 that undergo radioactive
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decay, except 1271 which is a stable isotope. The longest-lived of the radioactive isotopes of
iodine is 12T with a 15.7 million years half-life, decaying via beta decay to stable '2?Xe [41].
However, the most well-known iodine radionuclides are 1231, 1241 1251 and 1311, which are
used in preclinical and clinical environments for medical applications. Background related
to their physical characteristics and medical applications are given below.

The main gamma emission peak of 1231 159 keV, makes it suitable for SPECT imaging
as it is close to the 140 keV peak of ™ Tc peak. A short physical half-life (13.22 h) [41] of 12
allows the study of compounds that have rapid radiolabeling methods, fast clearance, and
short metabolic processes. Several 2I-labeled imaging pharmaceuticals, including 12°I-
Iobenguane, for detection of primary or metastatic pheochromocytoma or neuroblastoma as
an adjunct to other diagnostic tests, 1>*I-ioflupane for visualization of the striatal dopamine
transporter, and ['?’I]Nal capsules for evaluation of thyroid function and morphology,
are approved by the Food and Drug Administration (FDA) for clinical use.

I-125 has mainly X-ray energy emission at 27 keV with low gamma emission at
35.5 keV. It has photon energy which is low for optimal imaging and its half-life is long
(59.4 days) [41]. '®I-labeled imaging pharmaceuticals, *I-HSA and ®l-iothalamate,
are approved by the FDA for clinical use for total blood/plasma determination and evalua-
tion of glomerular filtration, respectively. This radionuclide is used routinely in discovery
and preclinical environments. For example, %I has been used for NCEs (New Chemi-
cal Entities) labeling and their evaluation for in vitro cell binding assays, biodistribution,
and pharmacokinetic properties in preclinical models.

I-131, a beta-emitting isotope (606 keV, 90%) and a half-life of 8.02 days [41], is often
used for radiotherapy. The penetration range of the beta particle is 0.6 to 2.0 mm at the
site of uptake. The 3T is taken up into thyroid tissue. The beta particles emitted by the
radioisotope destroy the associated thyroid tissue with little damage to surrounding tissues
(more than 2.0 mm from the tissues absorbing the iodine). 1317 emits gamma photons that
can be used for SPECT imaging. '*!lodine meta-iodobenzylguanidine (**'I-MIBG) is a
radiopharmaceutical used for both imaging and treating certain types of neuroendocrine
tumors, including neuroblastomas, paragangliomas, and pheochromocytomas. FDA ap-
proved !3I-labeled products are, iobenguane '3'1, a form of 13!I-MIBG, for the treatment
of paragangliomas and pheochromocytomas, '3!I-labeled HSA for determination of total
blood and plasma volumes, cardiac output, cardiac and pulmonary blood volumes and
circulation times, protein turnover studies, heart and great vessel delineation, localization
of the placenta, and localization of cerebral neoplasms, and ['3!T]Nal for the diagnostics
and the therapeutic applications.

Initially, 4T was considered as an impurity in the production of %I, although it
was recognized that this radionuclide has attractive properties for use in PET imaging.
For example, the half-life of 4.18 d is long enough for clearance and localization of 124I-
labeled mAbs. Additionally, the 22.7% positron decay with maximum and mean positron
energies of 2.138 and 0.975 MeV, respectively, allows PET imaging. In contrast, the most
common PET radiotracer, !8F, has a positron abundance of 97% with maximum and mean
positron energies of 0.634 and 0.250 MeV, respectively. 124I has potential as both diagnostics
and therapeutic radionuclide and its use are becoming more widespread.

In addition to positron emissions, 12*I emits a rather large portion of gamma rays
during its decay (Figure 1), with the majority (63%) of which is 603 keV energy (Table 2).
Coincidences of this 603 keV photon and a 511 keV annihilation photon cannot be distin-
guished from the true coincidences involving two 511 keV annihilation photons. Multiple
correction methods have been suggested to address this background activity but their
effectiveness is limited in the setting of the low count rates observed in clinical scans.
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Figure 1. Simplified decay scheme of 1?*I radionuclide (taken from reference [42]).

Table 2. A summary of the main emissions of 1241 (taken from reference [42]).

Decay Type Energy, keV Probability
Bt 1 1535 12
B*2 2138 11
v1 603 63
v2 723 10
Y3 1510 3
v 4 1691 11

X 27.2 17
X 27.5 31
€ 866 11
€ 2557 25
€ 3160 24

3. Overview of 12*I Production Processes

Routine availability of a long half-life radioisotope (124) for PET imaging that is eco-
nomically, efficiently, and safely produced will enable the evaluation and development of
numerous immunoPET imaging pharmaceuticals for research and clinical use. The planned
strategies for the production of 1241 at a particular facility are decided by the availability of
irradiating particles and their energy ranges. If multiple choices of beams are available at
the production site, a reaction scheme is selected which produces 1241 with maximum yield
and highest purity.

3.1. Production Reactions, Target Selection, and Preparation

Early investigations were focused on the production, including excitation functions
determinations, of 12*I from the deuterium, «, *He irradiation of Te and Sb solid targets,
including 123Te(d,r1)1241, 124Te(d,2n)124I, 121Sb(oc,n)lz‘lI, 123Sb(oc,3n)1241, 123Sb(g'He,Zn)lz‘LI,
natgh(o, xn)!?41, "tSh(3He,n)'?*1 reactions [22,43-62]. Detailed background related to
these production processes is reported in two excellent reviews [22,43]. As a result of
less frequent availability of deuteron, alpha, and *He beams and high %I content in the
produced materials by these reactions, these are not routinely used for '?*I production in the
research and clinical environments. Significant interest grew in the *4Te(p,n)'?*I reaction,
despite a slightly lower yield than the 124Te(d,2n)!?*I reaction, after a careful study of the
process involving cross-section measurements and the production experiments [63-69].
The first 1241 production process was proposed based on the 2% production method which
involved 3-8 h irradiation of a ?*Te containing capsule, and irradiated by a ~26 MeV
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8-18 pA proton beam. A similar capsule target was irradiated with a 12 MeV proton beam
for the production of ?4I. The target was processed chemically to isolate 23/1241 [70].

Numerous studies were conducted since the first report by Kondo et al. in 1977 [70].
The results from these studies suggested that 1?41 can be successfully produced for research
and clinical use by using low-energy cyclotrons that are available routinely for production
of 1'C and !8F-labeled imaging pharmaceuticals for standard care [71-86]. Consequently,
the 124Te(p,n)'?* production process is being used extensively in the research and clinical
environments worldwide. The focus of this report will be to review the progress and the
status of the '2*I production by using the 1?4Te(p,n)!?I reaction. Other potential reactions
that have been proposed and considered for the production of 1241 are '*>Te(p,2n)'?*T and
126Te(p,3n)1241. [61,87-91] A summary of some of the recent studies is provided in Table 3.

The main goal of any production process is to ensure that it produces the final prod-
uct with the highest purity and yield. Consequently, it is important to fully understand
the background related to the enrichment and purity requirements of the tellurium tar-
get and the production process parameters, i.e., irradiation energy and current of the
proton beam, and target processing and recovery. The percent of natural abundance of
various isotopes (given in the parenthesis) of "Te has been reported as '2’Te (0.09%),
122Te (2.55%), 123Te (0.89%), 1%4Te (4.74%), 1% Te (7.07%), 120Te (18.84%), 1?8Te (31.74%),
and *Te (34.08%) [69]. Irradiation of a "3Te target with proton beam will, consequently,
produce a mixture of various unwanted iodine isotopes with long half-lives, making the
production and purification process inefficient and challenging and the '2*I produced
being unusable. Many reports exist on the proton-induced reactions on "Te. These re-
ports are valuable for testing nuclear model calculations, integral data validation and
some other applications, but not for routine production of high purity 1?1 for medical
applications [91-96].

Therefore, a highly enriched '?*Te target (>99% or better) material must be used for the
production of 24T to minimize unwanted iodine isotopic impurities; although the cost of
enriched tellurium increases significantly with the increased enrichment imposing the need
for recycling the irradiated target material. In our laboratories, we have used the enriched
target material with the following specifications: 124Te (99.3%), 120Te, 122Te, 126Te (<0.01%),
123Te (<0.05), 128Te (0.03%), 130Te (0.02), and '?°Te (0.6%). Since the major contaminant in the
enriched target is 12°Te, one should investigate the production of potential radionuclides
from 125Te(p,n)1?°1, 12 Te(p,2n)'2*1, and '»Te(p,3n)'?*I reactions also.

The tellurium target is available either as metallic tellurium or TeO,. TeO; is used
routinely for 1?41 production due to better thermal characteristics than tellurium metal and
to avoid evaporation of radioiodine. The melting points of TeO; and Te are 733 and 449.5 °C,
respectively [74,82]. Additionally, tellurium tends to blow up upon heating. The tellurium
target for proton irradiation has been prepared by the three different methods: (1) filling
124Te in an aluminum capsule under He atmosphere [70,84], (2) introducing melted enriched
tellurium onto a support plate [71-82,86], and (3) electroplating tellurium on a nickel-coated
copper substrate [45,48,97,98].
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Table 3. Summary of 1241 production reactions, yield, and impurity profile.

Yield

Radionuclidic

Nuclear Reaction  Effective Energy = Target Material  Enrichment, % MBg/uAh Impurities, % Reference
124 0.45 at 1237 (4), 1251(27), 1261(27)
natgh (o, xn) 1241 22313 Sb Nat 54 EOB 5 d BOB [54]
0.92 at 1231 (<4),1%1(<0.2),
1218 (a,n) 1241 2213 Sb 99.45 5 d EOB 1261(<0.2) [54]
at5d EOB
natSb(3He,Xn)124I 3513 Sb Nat 50a4%:(a)t8 1231(14), 1251(1.3), 1261(1.6) [55,60]
117 at 1231 (<5), 121(<1.8),
1238h(e,3n)1241 4232 Sb 98.28 EOB 1267(<0.6) [59]
at 60h EOB
12351 (3He,2n) 1241 4532 Sb 15.5 1231 (14), 1%51(<1.19) [62]
123Te(d,n) 1241 11—6 Te 91.0, 85.4 2.8* 1231(3321) ** [53]
124Te(d,2n) 1241 15—0 Te 95 0.55 1261(0.5) [44]
1251(0.35) ok 1261(0.39) £ N
1 T 1.7 18. ¢ ’
58 e 9 8.9 13110, 08) ** [45]
16—6 Te 96.7 0.64 * — [46]
Total Impurities < 5, )
16-6 TeO, 89.6 - At 40 h EOB [49]
1251(1.41), 1261(1.16)
14—0 TeO 89.6 15 ’ ’ 47
- €2 1301 (7.87), 1311(0.31) 471
13.5—10 TeO, 96 - 1251(2) [50]
14—10 Te 99.8 17.5* 1251(1.7) * [51]
124Te(p,n)1241
13—9 Te 99.51 20* 1237(41) [64]
1231(10.039), 12°1(0.018)
12.2—0 TeO 99.8 13 ’ ’ 47
- €2 1267(0,041), 1301(0.379) 471
1231(30), 1251(<0.1),
14.7 TeO,/6.7%A;05 96.7-99.9 20 1261(<0.1), 1397(<0.1) [74]
1811(<0.1)
125 at 1231(0.5), 12°1(<0.07)
12.3-9.8 TeO, 98 2 4 EOB s d EOB [76]
13.5—9 TeO, /5%Al, 03 99.8 5.8 1257(0.01), 1261(<0.0001) [77]
12.5—5 TeO, 99.8 9.0+£1.0 1251(0.053) [78]
14—7 TeO, /5%Al,03 99.86 21.1 1251(0.03), 1261(0.007) [80]
1125 TeO, /6%Al,03 99.5 6.40 + 0.44 1251(<0.02), 1261(<0.001) [81]
1125 AlyTes 99.5 8.47 1251(<0.001), 1261(<0.001) [82]
11.6—0 TeO, /5%A1,05 99.8 6.88 1231 [84]
1231 (0.18), 1251 (0.037) -
12,6 TeO, 99.8 13.0 1367 (0,0099) [85]
16.5—12 TeO, /5%Al,03 99.93 45 1231 (<1.5), 51 (<0.001) [86]
125Te(p,2n)1241 20.1-10.5 TeO, 93 433 1231(8), 1251(5) [87]
224 Te 98.3 111* 1251(0.89) [89]
2115 Te 98.3 81+ 1231(7.4), 1251(0.9) [65]
22 TeO, 98.5 104 1231(<1) [88]
126Te(p,3n)1241
123 125
38—28 Te 98.69-99.8 222* “ﬁ%?ﬂl O)I (19) [61]
36.8—33.6 Te nat 67 * - [91]

* Based on cross-section data, ** Percent calculated here from the ratio of the published saturation yield data.
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In the second method of target preparation, the isotopically enriched tellurium is-
melted onto a small platinum plate. The platinum surface should not be smooth rather be
scratched with a scalpel or lancet before preparation of the target. An optimized amount
of tellurium is critical for the quality of the target. Powdered Al,O3 (5-7%) is commonly
mixed with TeO, [74,77,79-82,86] during target preparation by melting for (1) increasing
the heat transfer characteristics, (2) enhancing the TeO, binding to the target plate [74,77,79],
(3) giving the target material a glassy solid structure and eliminating the need for a cover
foil [53,59], and (4) increasing the uniformity of the target material layer. Several binary
tellurium compounds, to improve the thermal properties, were used, in the past, for the
development of 1241 production processes, including Al,Tes [82] and CuyTe [73,75] with
895 and 1132 °C melting points, respectively. Al,Tes appeared to be a promising target
material, providing a high tellurium mass fraction and a glassy melt material [82].

Higher beam currents can be used for the bombardment of the target when the tel-
lurium is electroplated on a suitably large area of the target carrier and when a small
beam/target angle irradiation is performed under the optimum cooling conditions. Large
area electroplated tellurium targets are attractive for this application as long as the deposits
are smooth, homogeneous, and free of other constituents. A new plating technology involv-
ing CCE (Constant Current Electrolysis) was developed to avoid the poor quality target
layers during plating procedures [97]. In this method, tellurium targets were prepared
by DC-CCE of the metal from alkaline plating solutions. 50 um nickel-coated, needed
for good adhesion of the target material, copper plates were used for target preparation.
Details of this technique are presented elsewhere [97]. A mean weight of 90 + 9 mg of
enriched tellurium was deposited per target. The electroplating process is more expensive
and requires more work and a precise set-up, but it may produce higher yields for the
production of 124I. On the other hand, the melting process is experimentally simpler and
produces targets that can be reused several times.

In addition to the selection of the target material and method of target preparation,
various support plates, in which the target material is deposited either by melting or elec-
trodeposition, have been used. These include Aluminum [45], Platinum [71,74,77,78,80,99],
tantalum and nickel electroplated tantalum [100], nickel electroplated copper [44,47,98],
tungsten and silicon [73], platinum-coated tungsten [75], platinum /iridium [47,49,50,72],
and rhodium electroplated stainless steel [101]. Nickel-coated, to ensure good adhe-
sion of tellurium, copper is a good target material for electrodeposition of tellurium
to provide a good cooling efficiency during irradiation. This is due to its high melting
point (1084.62 °C) and the high thermal conductivity (401 W m~! K~!) of copper; al-
though there are some disadvantages of using copper plating. Natural copper consists of
05Cu(30.83%) and ®3Cu(69.17%), which have potential to produce different zinc isotopes
from 65Cu(p,n)6SZr1, 65C11(p,2n)642n, 6?’Cu(p,n)63Zr1, and 63Cu(p,2r1)6ZZn with ©Zn being
long-lived (half-life = 244 d). The maximum cross-section for the 65Cu(p, n)®®Zn reaction
is around 11 MeV, which is in the same energy range as for the ?4Te(p,n)!?*I reaction.
Depending on the target thickness, the cross-section for the ®*Cu(p,n)®®Zn will be high
enough to produce ®*Zn. Consequently, a careful target design is required while using the
nickel electroplated copper backing for tellurium electroplating. Platinum is considered a
better choice as a coating or backing material for target preparation due to the fact that (1)
it is not dissolved during the chemical processing to recover 24Te, (2) it is not necessary to
make one target per irradiation, (3) the recovered *4Te may have a higher chemical purity,
(4) it has a high melting point (1768 °C), which makes it suitable for a dry distillation of
iodine. But it also has some disadvantages: it is more expensive than Cu and it has a much
lower thermal conductivity (71.6 W-m~1-K~1) than copper.

The target thickness optimization and its orientation are two critical parameters
during irradiation of the target for 12*I production for high yield and purity. The optimized
thickness is important to (1) ensure that the entire beam energy is not deposited within
the target itself, (2) reduce the production of unwanted radioiodine impurities, and (3)
reduce the cost of production. Additionally, the orientation of the target is also optimized
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to reduce the power density, which increases both the area over which the heat is deposited
and the effective target thickness.

3.2. Proton Beam Energy and Current for Target Irradiation

Proton irradiation parameters, i.e., proton beam energy, current, and irradiation time,
are important parameters in maximizing the yield and minimizing the number and amount
of impurities even if the 100% enriched 2*Te target material is used. A recent study reported
the calculation of the excitation functions for production of 12T and ?*I from proton
bombardment of ?*Te by using TALYS 1.6[67] and comparing with the experimental results
reported previously [64,70]. The calculated '?*Te(p,n)'?*I reaction cross sections were in
good agreement with the experimental data with a peak at ~600 mb [64]. The production
of 1241 is appropriate for small, medium-sized cyclotrons. Figure 2 shows a comparison of
cross-section data for 124Te(p,r1)1241 and 124Te(p,2n)1231 reactions [21]. The calculated cross-
section data for '24Te(p,2n)!?*I reaction, shown in Figure 2, are in fairly good agreement
with experimental data with a peak over 900 mb. However, there are some discrepancies in
low and high energy regions (10-18 MeV, 25-30 MeV). Since there is an overlap between
124Te(p,n)'?*T and %*Te(p,2n)!?*1 cross-section curves in the 12 to 16 MeV energy range;
therefore, the proton bombardment of 1?4 Te always produces a mixture of 24T and 23I. Since
the decay of 121 is 7.6 times faster than 24, overnight storage of the mixture is required
in the production process for removal of 12*T improving the purity of 1?4I; although it
decreases the overall yield of 124I production.
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Figure 2. Comparison of reaction cross sections for the 124Te(p,r1)1241 and 124Te(p,Zn)1231 reactions (taken from reference [21]).

Excitation functions of the 2Te(p,xn)!2312412°] nuclear reactions were measured,
using targets that were prepared by electrolytic deposition of 98.3% enriched *Te on
a Ti-backing, in the threshold to 100 MeV energy range by using the stacked-foil tech-
niques [65]. Additionally, the excitation functions were calculated by a modified hybrid
model code ALICE-IPP. Figure 3 shows a plot of cross-section vs. incident proton energy
for 125Te(p,n)1251, 125Te(p,2n)1241, and 125Te(p,3n)1231 reactions. The experimental and cal-
culated data agreed with each other. The data given in Figure 3 and integral yield data
suggested that 24T and '°I are produced by low energy proton irradiation (<20 MeV).
123 is produced at >20 MeV. The energy 21—15 MeV appears to be suitable for 4] produc-
tion from the 2Te(p,2n)'?*] reaction which is above the range of low energy cyclotrons.
Below 15 MeV, the yield of 1241 from 125Te(p,2r1)1241 reaction is low, and 1?1 from the
125Te(p,n)!%°1 reaction is high. The 231 impurity is not a problem for 12 Te(p,2n)'?4] re-
action as (1) 125Te(p,3n)1231 reaction requires >20 MeV, and (2) it decays out rather fast.
The formation of 12°T impurity, from 2°Te impurity, in the *Te(p,n)!?*I nuclear reaction is
more critical and must be controlled. It has been reported that the yield of 1>>Te(p,2n)'?41
reaction is four times higher than '?#Te(p,n)'?*I reaction with some 12°I present making
it an attractive route for I production [65]. However, the proposed production energy
range is too high for small cyclotrons requiring medium-sized commercial cyclotrons.
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Figure 3. Excitation functions of 125Te(p,xn)123’124'125I reactions (taken from reference [65]). The bro-
ken lines show the results of nuclear model calculations using the code ALICE-IPPE. The shaded
area gives a suitable energy range for the production of 1241.

For the energy range window employed for proton irradiation of ?4Te enriched
target using low energy cyclotrons, the primary reactions to consider are: ?4Te(p,n)'?*1,
124Te(p,Zn)123I, 125Te(p,n)1251, and 125 Te(p,2n)124I. Given the difference in the half-lives of
1231 (13.2 h) and %1 (59.4 days), a mixture of 1231 and 1241 will produce high purity 1241
upon storage of the crude product overnight. On the other hand, a mixture of 4T and
1257 will give 24T with lower purity with time, as the half-life 1] decay is 15 times faster
than 12°T decay. Consequently, it is critical to select an optimum proton beam energy to
maximize the yield and purity of 2], i.e., the lowest amounts of 12T and 12°1, as there is a
possibility of competing reactions during proton irradiation.

The 2 contaminant arising from the *Te(p,2n)!?I reaction may be minimized by
reducing the incident proton energy. A decrease in energy from 13 MeV to 11 MeV results
in a nearly three-fold decrease in the 241 yield [81]. To minimize these impurities, the exit
energy is controlled by varying the thickness of the target material or by degrading the
incident proton beam energy using aluminum foils. For example, it is expected that the
16.5 MeV proton energy is degraded to 14.4, 13.1 MeV, and 12.0 MeV by using 320um,
500pum, or 640pum aluminum foils, respectively [102]. It is critical to use an optimum
thickness of the aluminum foil to ensure the highest yield and purity of '2*I produced.
Lamparter and coworkers [86] demonstrated that the irradiation of the 1?4Te solid target
with a 10-15 pA proton beam degraded by a 320 p foil resulted in an unfavorable 12°1/124]
ratio of 0.6-0.9. Introduction of a 640 p thick foil produced '?*I with extremely high
radionuclidic purity but with low yield. Using 500 p foil and 10 and 12 pA beam current
produced acceptable results, Under these conditions, up to 150 MBq (n = 12) of no-carrier
added ["**I]Nal was produced after a 2 h irradiation time [86].

In general, the radionuclide produced from the proton bombardment of the target is
dependent on the current intensity of the beam. However, there are certain limitations as to
how much maximum current can be used for irradiation of the target which is dependent on
the target material and the properties of radionuclide produced. For example, 124 produced
from the '24Te(p,n)!'?*I reaction is directly proportional to the amount of current at which
the target is irradiated. Various studies reported in the literature have used 8-29 pA beam
current. Lamparter et al. [86]. reported a process for 1241 production using 10 and 12 uA
proton beam irradiation for 2 h. However, the maximum current at which the 1?4Te target
can be irradiated is dictated by the thermal performance of the target material, i.e., in some
cases melting of tellurium and the volatility of >4T have been observed [82,103,104].
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Due to the thermal stability of the target and volatility of 1241, extensive and efficient
cooling of the target material and the support plate is accomplished by using water for
the back of the target and helium for the front of the target material [74,77,80]. Front
water cooling has been also tried but was found unsuitable for a target system design
where the target was perpendicular to the proton beam. Relatively high losses of 4],
during extended irradiation period, to the cooling water directly in contact with the target
were observed [77]. Computer simulation studies have been conducted to model heat
transport during target irradiation [103].

3.3. Target Processing and Recovery of 1241

A chemical separation technique was used for the recovery of 123/124] from the irradi-
ated 1?*Te target initially [70]. However, separation of '2*I from irradiated solid **Te target,
which is fabricated by melting method, is routinely accomplished by the dry distillation
method. The method is straightforward and allows easy recycling of the target [50]. To en-
sure maximum recovery of the target material and extracting maximum 241, wide variation
in setup parameters for distillation were reported, i.e., distillation time [50,74,78] and
temperatures [74,87] being between 5 to 20 min and 670 to 820 °C, respectively. Similarly,
a variation of carrier gases (Air [47,77,80], Argon [79], Helium [101], and Oxygen [74,78,93])
and their flow rates (5-80 mL/min) [50,74,79-81,87] were also reported in the literature
for optimization of the method. Glaser et al. [78]. preferred an oxygen atmosphere for
converting any tellurium, due to reduction, to TeO; for recovery of the target. Two types
of traps have been used in the past that includes a 100-1000 uL solution of 0.001-0.1 N
Sodium Hydroxide [77,80,87] or stainless steel [47,50], pyrex [74], or quartz [49,81] capillary
tube coated with sodium hydroxide. To increase the surface area of the capillary tube,
a platinum wire was loaded into it [55]. The adsorbed 2 inside the capillary tube was
washed with a weak buffer solution [74,81].

The IAEA (International Atomic Energy Agency) technical reports described two
procedures of extraction of '2*I from the irradiated targets prepared by the two methods,
melting technique and electroplating [97]. In the first procedure, the irradiated target was
introduced into a quartz tube horizontally mounted in a cylindrical mini-furnace with
carrier gas flow. The carrier gas flow and the power supply of both the furnace and the
heating element around the narrow quartz tube were turned on. The iodine was vaporized
at about 620 °C from the target and trapped downstream in a vial that contained 0.01 N
NaOH. The distillation rate of ] from the 1?*Te target was controlled by the diffusion of
iodine from the target surface. Between 710 and 740 °C (MP TeO5, 733 °C), an iodine vapor
releases from the target. Therefore, 10 min after the start of the distillation, the furnace
power supply was switched on and off so that the temperature oscillates between 700 and
740 °C. Periodic melting and solidification of the target resulted in a 98% recovery of the
radioiodine and losses of TeO, were limited to less than 0.2% [97].

In the second method described in the IAEA report, [44,97] the irradiated electro-
plated target layer was dissolved in an oxidized alkaline medium containing NaOH, H,O,,
and water followed by a reduction of an enriched target to metal by aluminum powder.
After processing the mixture and removal of tellurium and aluminum hydroxide, the solu-
tion was filtered through a 0.45 pm glass filter and an in-line AG 50 WX8 cation-exchange
(H* form, 100-200 mesh grade, 1 cm x 5 cm) column. When more than 5% of the iodine
activity remained on the column, the latter was washed with 5 mL Milli-Q water. The eluate
was collected into a pre-weighted serum vial. The overall yield of the chemical processing
was higher than 95%.

3.4. A Fully-Automated Production Process for 141

Tremendous progress has been made in the recent past in the development of a fully
automated process. A fully-automated process, developed by Lamparter et al. [86], involves
three different steps: (1) the preparation of the target in a shuttle, (2) the irradiation of
the target, and (3) the processing of the irradiated target shuttle using a Comecer ALCEO

42



Molecules 2021, 26, 414

Halogen system. The processing of the shuttle consists of two steps, (1) the extraction of
1247 out of the target, and (2) elution of the trapped '?*I into a product vessel. The Comecer
ALCEO system consists of two different parts, the evaporation unit (EVP), which is used
for the preparation of the target in the shuttle and processing of the irradiated shuttle,
and the irradiation unit (PTS) with a supporting cooling unit. There is no intervention of
an operator, during irradiation, target processing, and recovery of 1241 [86]. A schematic
process diagram is given in Figure 4.

= Send
* lIrradiate

* Receive
* lodine Evaparation
» Recover 1¥INa

127e(p,nf2

Figure 4. The schematic process diagram for the production of 1T from 1?4Te(p,n)!?*I reaction using
Comecer ALCEO halogen system (Courtesy Comecer S.p.A.).

In the automated process reported by Lamparter et al. [86], a solid target was prepared
by mixing 300 mg enriched [1%#Te]TeO, (99.93%) and 15 mg neutral alumina powder
(Al,O3). The target material, 14T, / Al,03, was sintered into the shuttle as a 10 mm
diameter circle with an estimated 4 mm? size melt. For the irradiation, the shuttle was
transferred, fully automatically via a tube system, to the irradiation unit PTS, connected to
a 16.5 MeV GE PETtrace cyclotron, while undercooling. The shuttle was irradiated using
a 10 and 12 pA current for 2 h. A 500p aluminum foil was used for an optimum thick
target yield. The backside of the shuttle was cooled by water and the front was cooled by a
constant Helium flow. After irradiation, the shuttle was transferred back to the ALCEO
Halogen EVP module. '2* was extracted by heating the shuttle to 740 °C for 10 min and
trapping of the vaporized 2 into a glass tube. The trapped 12*I was eluted in the form of
[12*1]TIodide Sodium ([*2*1]Nal) with 500 pL aqueous 0.05 N NaOH. The whole procedure,
including evaporation and extraction of 1?41, was completed in 90 min. An extraction
process of 1241 is shown in Figure 5.
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Figure 5. Recovery of 1241 from irradiated *4Te target in a Comecer ALCEO halogen evaporation
unit (EVP) module (courtesy of Comecer S.p. A.).
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4. Overview of 1**I-Labeling Methods

Numerous methods for radioiodination of small and large biomolecules, i.e., mAbs,
have been reported in the past [105,106]. Regardless of the application, a radioimmunoassay
reagent for in vitro testing or in vivo use as a diagnostic or therapeutic agent, greater
care and testing is required to maintain immunoreactivity of the biomolecule followed
by radiolabeling and purification. Achieving high molar activity of the radioiodinated
biomolecule remains very important due to the necessity to target very low concentrations
of specific targets and to avoid non-specific binding.

4.1. Direct Labeling Methods

The basic radioiodination reactions are shown in Figure 6. The positive radioactive
iodine species (I") generated in situ from the oxidation of radioiodide react with tyrosine
and to some lesser extent to the histidine residues in the protein. Studies on the mechanism
of the reaction of iodine with tyrosine and other phenols in stoichiometric amounts indicate
that it is the phenolate anion which is radioiodinated. It is established that the primary site
of the iodine addition is tyrosine amino acid residue in the large biomolecule; however,
if the pH exceeds 8.5, the secondary site on the imidazole ring of histidine is favored.
The oxidized I* electrophilic species hydrolyze rapidly in aqueous solution forming the hy-
drated iodonium ion, HyOI*, and/or hypoiodous acid, HOIL With tyrosine, the substitution
of a hydrogen ion with the reactive iodonium ion occurs ortho- to the phenolic hydroxyl
group. Mono and di-iodination of tyrosine residue are observed. With histidine, substi-
tution occurs at the 2-position of the five-member imidazole ring. Following the desired
reaction period, residual reactive I" species are reduced back to the I” form and removed
from the reaction solution by passage through either an anion exchange resin column or a
gel filtration column. In this manner, high radiochemical purity can be achieved even if the
labeling efficiency is low.
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Figure 6. Radioiodination reactions of tyrosine and histidine residues in proteins.

4.1.1. Inorganic Oxidizing Agents Solution-Solution Phase Reactions

Numerous oxidizing reagents have been used for the direct radioiodination of pro-
teins. Radioactive molecular Iodine was used as a labeling reagent in the early days of
protein labeling. Since radioactive iodine is usually available as sodium iodide, Press-
man and Keighly [36] used a mixture of 13T and I for the radioiodination of the protein.
Later on, different oxidizing agents, e.g., sodium hypochlorite [107], nitrous acid [108,109]
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ammonium persulfate [110], hydrogen peroxide [111], ferric sulfate [112], and iodate [113]
were used to generate radioactive molecular iodine before protein radiolabeling. Using
molecular iodine as a radioiodination agent has some limitations, including: (1) the 50%
maximum radiochemical yield and challenging purification. This is due to 50% conversion
of iodide to iodine; (2) loss of radioactivity and increased exposure to the investigator due
to volatility of molecular iodine; and (3) lower molar activity.

A technique using lodine Monochloride (ICl), which eliminated the limitation of
using molecular iodine, for protein radioiodination was developed [114-116]. The iodine-
chlorine bond in ICl is polarized with a partial positive charge on the iodine, so the
radiochemical yield is potentially 100%. The reagent was prepared by treating unlabeled
ICI with radioactive sodium iodide. ICl, in the form of ICl, ™ is prepared from the reaction
of sodium iodide and NalOj3 in an acidic medium [117,118]. Studies on the iodination of
phenol and substituted phenols with unlabeled ICl suggested a mechanism involving the
electrophilic attack of iodide on the phenoxide ion followed by a slow loss of a proton.
The electrophilic species has been suggested to be HyOI" at low pH and ICl at higher pH
or HOI [119,120].

More recently, a simple and rapid non-radioactive/radioactive iodide labeling method
for peptides and proteins was developed [121,122]. In the method inorganic oxidizing
agents, Hypochlorous acid/Hypochlorite and inorganic chloramines (NH,Cl, NHCl,,
and NCl3) were used to generate iodine monochloride in situ for radioiodination of a
tyrosine residue in peptides and proteins. The radiolabeling yields were high with >99%
radiochemical purity.

4.1.2. Organic Oxidizing Reagents for Solution-Solution Phase Reactions

The most widely used reagent for the radioiodination of peptides and proteins is
chloramine-T, the sodium salt of N-monochloro-p-toluene-sulfonamide (Figure 7, Struc-
ture 1), developed by Hunter and Greenwood [123,124]. In an aqueous solution, it forms
HOCI, which is thought to be the actual oxidizing species [125]. This reacts with the
radioactive iodide present to form an electrophilic iodine species, possibly H,OI*. On the
other hand, the reaction of N-chloro derivatives with iodide was proposed via C1* atom
transfer or formation of an association complex to form IC1 [126,127]. Only a few micro-
grams of Chloramine-T and a short reaction time are required to achieve nearly quantitative
iodination of proteins as it is a very effective oxidizing agent. Longer reaction times may
cause significant damage to the protein, including thiol oxidation, chlorination of aromatic
rings and/or primary amines, and peptide bond cleavage [105]. In a typical radioiodination
experiment, the protein solution is mixed with radioactive iodide in a slightly alkaline
buffer (pH 7.5) and a freshly prepared solution of chloramine-T. The reaction mixture is
incubated at room temperature for a specified time optimized for the reaction. At the end
of the incubation period, a slight molar excess of reducing agent, sodium metabisulfite
(NayS,05), is immediately added to the mixture to reduce and inactivate the chloramine-T.
It is important to note that the reducing agent, NayS,0s, used for reaction quenching can
also cause cleavage of the disulfide bridges within the protein molecules and alter the
tertiary structure of the protein.

N-chloro derivatives of secondary amines with lower oxidation potential, instead
of chloramine-T, were used for radio iodination to reduce the oxidative damage to pro-
teins [128]. For example, N-chloro-morpholine was found to produce higher radioio-
dination yields and less degradation than chloramine-T when reacting with L-tyrosine
or leucine enkephalin (Leu-Gly-Gly-Phe-Leu) [129,130]. In situ preparation of the fresh
reagent was required due to its instability. A water-soluble low oxidation potential reagent,
Penta-O-acetyl-N-chloro-N-methylglucamine (NCMGE) (Figure 7, Structure 2) was found
to be stable, producing higher radiochemical yield, and less decomposition to model amino
acids and small peptides than chloramine-T [131,132].
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Figure 7. Structures of Chloramine-T (1) and Penta-O-acetyl-N-chloro-N-methylglucamine (NCMGE) (2).

4.1.3. Organic Oxidizing Reagents for Solid-Solution Phase Reactions

To minimize the oxidative damage to substrates caused by the chloramine-T/sodium
metabisulfite method, a technique was developed by controlling the release of
chloramine-T during the radio iodination reaction. This is accomplished by using the
covalently attached chloramine-T to the surface of ~3 mm-diameter polystyrene beads with
0.55 £ 0.05 pmole/bead oxidizing capacity, known as IODO beads. (Figure 8, Structure 3)
These beads can be easily removed from the reaction mixture with a tweezer or by decanting
the solution to stop the radio iodination reaction [133]. These beads are commercially avail-
able from Thermo Fisher Scientific. The technique has the following advantages: (1) the
rates of radio iodination and oxidative damage of protein are slow as the reaction occurs on
the solid surface rather than in solution; (2) the oxidative damage of the protein is low, but
not eliminated; (3) reductive damage caused by metabisulfite is eliminated, as there is no
need to stop the reaction chemically; and (4) the IODO beads are commercially available.
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Figure 8. Structures of IODO beads (Chloramine-T attached to polystyrene bead, (3), and Iodogen (1,3,4,6-Tetrachloro-

3a,6-diphenyl-glycoluril, (4).

Radioiodination, using IODO beads, is accomplished by adding the buffered protein
solution to a test tube containing IODO beads followed by the desired amount of sodium
radioiodide solution. The rate of the reaction in the presence of IODO beads is slower than
that with soluble chloramine-T and labeling efficiencies are somewhat lower for the same
reasons. At the end of the incubation period, the IODO beads are removed and the reaction
mixture is transferred to a gel column for purification.

A new reagent, 1,3,4,6-tetrachloro-3«, 6a-diphenyl glycoluril (Iodogen, Figure 8,
Structure 4), was introduced to iodinate proteins and to minimize their damage during
radioiodination [134,135]. This reagent has several advantages: (1) Iodogen is virtually
insoluble in aqueous media; the protein solution does not form a homogenous solution
with the oxidizing agent; and (2) the radio iodination reaction could be stopped by simply
removing the sample solution from the reaction tube, thus avoiding any use of reducing
agent. Several proteins were radioiodinated by using the lododen method [136] and the
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properties of the iodinated proteins were unaltered as confirmed by gel filtration, isoelectric
focusing, and immunological reactivity. The stability of the labeled proteins during storage
was good.

The Iodogen reagent is supplied by Thermo Fisher Scientific in the powder form.
Iodogen-coated tubes can be prepared in advance by transferring aliquots of 20 pL (0.1 mg/mL
concentration) Iodogen solution in methylene chloride into the suitable glass or polypropy-
lene tubes. The tubes are allowed to dry under nitrogen at room temperature. Alternatively,
the pre-coated Iodogen tubes, ready for single-use, can be purchased from Thermo Fisher.
Each 12 x 75 mm tube is coated with ~50 ug of Iodogen at the bottom. The radioiodination
procedure involves the same steps as for the IODO beads method. Variable rates of the ra-
dioiodination of proteins were observed depending on the solid surface on which Iodogen
was coated [137]. For example, polypropylene test tubes resulted in the lowest rate of
oxidation, followed by borosilicate glass, with polar soda-lime glass giving the highest rate
of oxidation.

4.1.4. Enzyme Catalysts for Solution-Solution Phase Reactions

Some enzymes, e.g., peroxidases (lactoperoxidase, horseradish peroxidase, myeloper-
oxidase, and chloroperoxidase) are known for catalyzing the mild oxidation of iodide, in the
presence of nanomolar concentrations of hydrogen peroxide (H,O,), for radioiodination of
tyrosine, and to some extent histidine also, in proteins. The most extensively used enzyme
is Lactoperoxidae for the radioiodination of proteins in the past. Hydrogen peroxide itself
is capable of oxidizing radioiodide followed by radioiodination of proteins. Lactoperoxi-
dase can also radioiodinate histidines in the proteins; however, the rate of iodination of
histidines is much slower than the rate of iodination of tyrosines [138,139]. Lactoperoxidase
is used as a catalyst, for peroxide oxidation of iodide, which permits extremely low H,O,
concentrations to be used [140]. In a typical radioiodination experiment, 2 to 10 ug protein
are mixed with 1 to 10 mCi of radioiodide and 20 to 100 ng of lactoperoxidase. The reaction
is initiated by the addition of 50 to 100 ng of H,O, followed by the addition of 30 to 50 ng
of HyO; at 10 to 15 min intervals. After 30 to 60 min of incubation at room temperature,
the reaction is quenched by the addition of cysteine or by dilution. Free iodide is removed
by gel filtration or by other procedures. The rate of radioiodination is dependent on pH.
Generally, a pH of 5.6 was found to be the optimal pH in most radiolabeling experiments.
The immunological and biological properties of the original biomolecule are maintained as
it is not exposed to strong oxidizing and reducing agents [141].

During radioiodination, the lactoperoxidase, containing 15 tyrosine and 14 histi-
dine residues, is self-iodinated, leading to the loss of iodide and challenging separation.
This problem was solved by attaching lactoperoxidase to Sephadex beads (Enzymobeads).
In the labeling procedure, the Enzymobeads first were hydrated in distilled water for 2 to
4 h before use. 50 to 100 pg protein in 0.2 M phosphate buffer (50 pL, pH 7.2) was mixed
with the Enzymobeads (25 pL suspension), 1 to 5 mCi of radioiodide, and 25 pL of 1%
-D-glucose. The radioiodination was allowed to proceed at room temperature for 15 to 25
min. The enzymobeads were removed by centrifugation or membrane filtration. The free
iodide was removed by gel filtration or dialysis.

Bio-Rad Laboratories developed a novel commercial solid-state system, insoluble resin
beads were covalently coated with a mixture of two enzymes: lactoperoxidase and glucose
oxidase. When buffered solutions of protein and radioiodide were added to a suspension
of the enzyme-coated beads in the presence of a small quantity of glucose, a chain of
events was initiated: (1) the glucose oxidase enzyme used the glucose to generate a small
amount of hydrogen peroxide at the surface of the beads; (2) the lactoperoxidase attached
to the beads catalyzed the oxidation of iodide by the generated H,O, in the solution;
and (3) oxidized iodide radioiodinated the tyrosine residues in the protein. The reaction
mixture was separated from the beads by decanting or centrifuging followed by loading
onto a gel filtration column. Upon column elution, the desired labeled protein eluted first,
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the unreacted radioiodine was retained within the gel. BioRad, unfortunately, stopped
supplying these beads in the early 1990s.

4.2. Indirect Labeling Methods

Sometimes it is not possible to radioiodinate proteins by direct electrophilic addition
to tyrosine and histidine residues. This may be due to the fact that (1) a limited number of
tyrosine and histidine residues may be present in the protein; (2) these may be buried within
the tertiary structure of the protein and may not be readily available for radioiodination;
and (3) these may be located at or near the active binding site of the molecule which
cannot be disturbed. Consequently, several other labeling strategies have been developed
to radioiodinate protein molecules at sites other than tyrosine and histidine.

A most common alternative approach is using a prosthetic group for radiolabeling
of proteins. A prosthetic group for radioiodination contains an aromatic moiety, like
tyrosine, which can be iodinated and covalently attached to the lysine moiety in the
protein [142-144]. Two methods can be employed for the radioiodination of a protein.
In the first method, the prosthetic group is radioiodinated, by using the methods given
above, followed by coupling with the protein, thereby avoiding exposure of sensitive
functionalities in the target molecule to oxidation. The coupling reaction must be efficient
to avoid loss of radioiodide. In the second method, the prosthetic group is coupled with
the protein followed by radioiodination using one of the methods given above. Overall
radiolabeling efficiencies are lower with this approach for the simple reason that two
separate labeling reactions are used. The main issue with this technique is to ensure
the preservation of the immunological and biological properties of the protein. An early
example of the use of prosthetic groups for radioiodination was the treatment of insulin
with 4-[¥T]iodobenzenediazonium chloride [145].

The fact that some proteins are sensitive to oxidation and lack tyrosine for radioiodi-
nation prompted Bolton and Hunter to develop a reagent, N-hydroxysuccinimide Ester of
3-(4-Hydroxyphenyl) Propionic Acid [146] (Figure 9, structure 5) which could be conjugated
to a protein under milder conditions than those found in direct radioiodinations. Other
reagents such as p-Hydroxybenzimidate (Wood’s reagent) [147] (Figure 9, Structure 6),
p-Hydroxybenzaldehyde [148] (Figure 9, Structure 7), and p-Hydroxybenzacetaldehyde [149]
(Figure 9, Structure 8) have also been studied as radioiodination reagents.
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Figure 9. Structures of N-hydroxysuccinimide ester of 3-(4-Hydroxyphenyl) propionic acid (Bolton Hunter reagent, 5),

p-Hydroxybenzimidate (Wood's reagent, 6), p-Hydroxy benzaldehyde (7), and p-Hydroxybenzaacetaldehyde (8).
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5. Overview of ImmunoPET Imaging Pharmaceuticals for Cancer-Preclinical

PET imaging pharmaceuticals are routinely used for early detection of cancer and
monitoring the progress of treatment following surgery, chemotherapy, and radiother-
apy [150]. Numerous !?*I-labeled small molecules have been produced by nucleophilic
and electrophilic substitution reactions and tested for various targets. Some of the 1241-
labeled PET imaging pharmaceuticals based on the small molecule (with the target given
in the parenthesis) are '*I-MIBG (adrenergic activity), 1?*I-TAZA and '**I-IAZG (hypoxia
agent), 12*I-dRFIB, *I-IUdR and 2#I-CDK4/6 inhibitors (cell proliferation), ?*I-hypericin
(protein-kinase C), 1241 FIAU (herpes virus thymidine kinase), m-141-IPPM (opioid re-
ceptors), '24I-IPQA ((EGFR kinase activity), 1?*I-labeled-6-anilino-quinazoline (EGFR in-
hibitors), 1?*I-purpurinimide (tumor imaging) [151].

As mentioned above, InmunoPET is a paradigm-shifting molecular imaging modality
that involves a combination of targeting specificity of mAbs and the high sensitivity of the
PET imaging technique [14,152,153]. ImmunoPET imaging provides excellent specificity,
sensitivity, and resolution in detecting primary tumors and is the method of choice for
imaging specific tumor markers, immune cells, immune checkpoints, and inflammatory
processes. Various 24I-labeled antibodies, nanobodies, antibody fragments, and proteins
have been used for molecular imaging of differentiated thyroid cancer, breast cancer,
colorectal cancer, clear-cell renal cell carcinoma, ovarian cancer, and neuroblastoma, etc.
Clinical feasibility of 1?*I-labeled mAb (HMFGI) as an immunoPET imaging pharmaceuti-
cal, for quantitative measurement of distribution and blood flow in breast cancer patients
by using 4T and PET, was first demonstrated in 1991 [154]. Herein, we present an overview
of the development strategies for target-specific '24I-labeled ImmunoPET imaging pharma-
ceuticals and their preclinical and clinical applications over the past three decades.

5.1. Receptor Tyrosine Kinase

Receptor tyrosine kinases (RTKSs) are high-affinity cell surface receptors which play an
important role in a variety of cellular processes, including growth, motility, differentiation,
and metabolism. RTKs are key regulators of normal cellular processes with a critical
role in the development and progression of many types of cancers [155]. Approximately
20 different RTK classes have been identified, including the Epidermal Growth Factor
Receptor (EGFR) family which includes HER1 (ErbB1), HER2 (Neu, ErB2), HER3(ErbB3),
and HER4 (Erb4) and Vascular Endothelial Growth Factor (VEGFR). Two RTKs (EGFR
and VEGEFR) have been targeted the most for the development of immunoPET imaging
pharmaceuticals.

5.1.1. Epidermal Growth Factor Receptor (EGFR)

The Epidermal Growth Factor Receptor, a transmembrane protein, is highly expressed
in a variety of human cancers, including non-small-cell lung cancer (NSCLS). The overex-
pression of EGFR has been observed in both premalignant lesions and malignant tumors
of the lung, in 40-80% patients with NSCLS, in 18-25% of all breast cancer carcinoma
(specifically HER2 expression), and subsets of ovarian, lung, prostate and gastric can-
cers [156,157]. Breast cancers overexpressing HER2 have been associated with aggressive
tumor growth, high relapse, poor prognosis, and being more resistant to endocrine therapy
and chemotherapy. Consequently, substantial research has been conducted in the develop-
ment of immunoPET imaging approaches and pharmaceuticals for the evaluation of the
heterogeneous status of RTKSs in cancers [158].

Trastuzumab (Herceptin), Cetuximab (Erbitux), Panitumumab (Vectibix), and Nimo-
tuzumab (BioMADb) have been approved, recently, for the treatment of EGFR positive
cancers by targeting the extracellular domain of EGFR. PET and SPECT techniques using
radiolabeled antibodies, including trastuzumab, pertuzumab, and trastuzumab fragment,
were able to detect HER2 expression; however, their large size resulted in slow tumor
uptake and clearance from circulation [159,160].
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Several 1?4I-labeled mAbs have been investigated as potential immunoPET imaging
pharmaceuticals for targeting a wide variety of tumors overexpressing the human EGFR.
For example, 1?*I-labeled ICR 12, a rat mAb recognizing the external domain of the human
c-Erb B2 protooncogene, was evaluated as a potential PET imaging pharmaceutical for
breast cancer patients. Biodistribution and imaging studies were performed in athymic
mice bearing human breast carcinoma xenografts. Good tumor uptake (up to 12% ID/g at
120 h post-injection), with localization indices (3.4-6.2) was observed. Tumor xenografts
of 6 mm diameter were successfully imaged with high resolution at 24, 48, and 120 h
post-injection [161]. Two 1241 1abeled mAbs, MX35 and MH99, were also evaluated in
nude rats bearing subcutaneous human SK-OV-7 and SK-OV-3 ovarian cancer xenografts.
A melanoma cell line (SK-MEL-30) was used as a negative control tumor. Subcutaneous
ovarian cancer nodules as small as 7 mm were identified with PET imaging. Tumor uptake
was seen as high as six times to the normal tissue [162].

124]1abeled C6.5 diabody, a small-engineered antibody fragment that is specific for
the HER?2 receptor tyrosine kinase, was investigated by using SCID mice bearing HER2-
positive human ovarian carcinoma (SK-OV-3) xenografts. The diabody accumulated in
SK-OV-3 tumors and blood at 48 h post-injection [163]. 1?*I-labeled mAb, Trastuzumab,
and a small 7-kDa scaffold protein, the affibody molecule, were evaluated and compared
for the development of anti-HER?2 targeting immunoPET imaging pharmaceuticals [164].
Both moieties were found to bind with HER2-expressing cells in vitro and xenografts
in vivo. Total uptake of trastuzumab in tumors was higher than that of '?*I-labeled affibody.
However, tumor-to-organ ratios were appreciably higher for 1*I-labeled affibody due to
its more rapid clearance from blood and normal organs. A small-animal study was used to
confirm ex vivo results. The study concluded that the use of the small scaffold targeting
affibody provides better contrast in HER2 imaging than does the mAb.

A fragment of Trastuzumab (Fab) was modified via PASylation (PAS = Pro-Ala-Ser
chain) for blood circulation optimization, radiolabeling with 89Zr and 1241, and their com-
parative performance assessment in CD1-Foxn1™ mice bearing HER2-positive xenografts.
The 8Zr- and 1?*I-1abeled Fab-PAS,q, showed specific tumor uptakes of 11% ID/g and
2.3% ID/g 24 h post-injection with high contrast, respectively, with high tumor-to-blood
(3.6 and 4.4) and tumor-to-muscle (20 and 43) ratios [165].

Several mouse mAbs have been screened in the past and it was found that mAb
806 specifically targets the overexpressed or activated forms of EGFR [166,167]. ch806,
a chimeric form of mAb 806 which has been validated as an effective therapeutic antibody,
showed specific accumulation of the antibody at multiple tumor sites and potential for
molecular imaging. Biodistribution studies, in BALB/c nude mice bearing de2-7 EGFR-
expressing xenografts, revealed that '%I-labeled ch806 did not show significant tumor
retention. However, specific and prolonged tumor localization of ' In-labeled ch806 was
demonstrated with the uptake of 31% ID/g and a tumor to blood ratio of 5:1 observed at
7 days post- injection [168].

The chimeric antibody, ch806, was conjugated with the residualizing ligand IMP-R4
for 124] labeling, in vivo biodistribution, and small-animal PET imaging studies in BALB/c
nude mice bearing U87MG.de2-7 glioma xenografts. The biodistribution data analysis
showed 30.95 + 6.01% (% ID/g) tumor uptake of >4I-IMP-R4-ch806 injected dose at 48 h
post-injection, with prolonged tumor retention (6.07 £ 0.80%I D/g at 216 h post-injection).
The tumor-to-blood ratio increased from 0.44 at 4 h post-injection to a maximum of 4.70 at
168 h post-injection. PET images of 124I-IMP-R4-ch806 were able to detect the US7MG.de2-7
tumors at 24 h post- injection and for at least 168 h post-injection [169]. Similarly, the mean
uptake of '24I-PEG4-tptdd Yddtpt-ch806 by US87MG.de2-7 glioma xenografts reached a
maximum of 36.03% £5.08% ID/g at 72 h post injection. These studies suggest that the
chimeric antibody, ch806, has potential for further studies [170].
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5.1.2. Vascular Endothelial Growth Factor (VEGF)

Vascular endothelial growth factor (VEGF) is a signal protein produced by cells
that stimulates the formation of blood vessels. They are important signaling proteins
involved in both vasculogenesis (the de novo formation of the embryonic circulatory
system) and angiogenesis (the growth of blood vessels from pre-existing vasculature).
The VEGF and its receptor (VEGFR) have been shown to play major roles not only in
physiological but also in most pathological angiogenesis, such as cancer [171]. Several
therapeutic agents targeting VEGF (e.g., bevacizumab and ramucirumab) and VEGFR
(e.g., sorafenib and sunitinib) have been approved for clinical use around the world [172].
Clinical immunoPET studies using 8 Zr-labeled bevacizumab were performed in a variety
of tumors, including breast cancer [173], neuroendocrine tumors [174], renal cell carcinoma
(RCC) [175], NSCLC [176], and glioma [177,178].

An IgG1 monoclonal antibody, VG76e, that binds to human VEGF, was labeled with
1241 (i.e., [?*I]-SHPPVG76e) and was investigated in the HT1080 human fibrosarcoma
xenografts in immune-deficient mice for VEGF-specific localization. A single intravenous
injection of ['?*1]-SHPPVG76e into tumor-bearing mice showed a time-dependent and
specific localization of the tracer to the tumor tissue. High tumor-to-background contrast
and distribution of ['?*I]-SHPPVG76e in the major organs were seen in the whole-body
animal PET imaging studies. These studies support further development of ['2*1]-SHPP-
VG76e as an immunoPET imaging pharmaceutical for measuring tumor levels of VEGF in
humans [179].

5.2. Clusters of Differentiation

The clusters of differentiation (CD) antigens are cell-surface receptors involved in
cellular functions like activation, adhesion, and inhibition. These receptors express elevated
levels of the CD on cells which can serve as key markers in several cancers and infectious
diseases. CD markers are mostly useful for classifying white blood cells (WBC) and
especially important for the diagnosis of lymphomas and leukemias. The CD nomenclature
was proposed and established a long time ago. Since then, its use has expanded to
many other cell types, and more than 320 CD unique clusters and sub clusters have
been identified.

Several CD antigens have been investigated as diagnostics or therapeutics targets
in the past. For example, CD20 and CD30 are common biomarkers for lymphoma imag-
ing [180-182] and the Food and Drug Administration approved a CD20-specific chimeric
mADb, Rituximab, for the treatment of non-Hodgkin’s lymphoma (NHL) and rheumatoid
arthritis (RA). Feasibility studies, related to 64Cu-DOTA-rituximab and 8°Zr-labeled rit-
uximab as immunoPET imaging pharmaceutical for CD20 expression in NHL-bearing
humanized mouse models and translating later into the clinic, were reported followed by
the translation of 8Zr-labeled Rituximab into the clinic [183-185].

5.2.1. Cluster of Differentiation 20 (CD 20)

Tumor targeting of anti-CD20 diabodies (scFv dimers) for detection of low-grade
B-cell lymphoma was investigated. The scFv-8 and Cys-Db were labeled with 24T and 131
for PET imaging and biodistribution, respectively, at 2, 4, 10, and 20 h. Mice bearing 38C13-
huCD20 (positive) and wild-type 38C13 (negative) tumors were used. Both 1241 1abeled
scFv-8 and Cys-Db exhibited similar tumor targeting at 8 h post-injection, with significantly
higher uptakes than in control tumors. At 20 h, less than 1% ID/g of '3!I-labeled Cys-Db
was present in tumors and tissues [186]. Two recombinant anti-CD20 rituximab fragments,
a minibody, Mb (scFv-Cy3 dimer; 80 kDa) and a modified scFv-Fc fragment (105 kDa),
designed to clear rapidly, were produced and labeled with ®*Cu and '?*1. Rapid and specific
localization to CD20-positive tumors was observed with both radioiodinated fragments
producing high-contrast images in vivo. The 2*I-labeled mini body showed higher uptake
in CD-20 positive tumors than scFv-Fc [187].
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In yet another similar report, cys-diabody (cDb) and cys-mini body (cMb) based on rit-
uximab and obinutuzumab (GA101) were labeled with 12T and used to target the CD20 anti-
gen in transgenic mice and a CD20-expressing murine lymphoma model. Obinutuzumab-
based imaging pharmaceuticals ('**I-GAcDb and ?*I-GAcMb) produced high-contrast
immunoPET images of B-cell lymphoma and outperformed the respective rituximab-based
tracers [188].

5.2.2. Cluster of Differentiation 274 (CD274)

The Cluster of differentiation 274, CD274, or Programmed Death-Ligand 1 (PD-L1),
is a protein (40 kD type 1 transmembrane protein) that in humans is encoded by the
CD274 gene. Upregulation of PD-L1 may allow cancers to evade the host immune system.
An analysis of 196 tumor specimens from patients with renal cell carcinoma found that
high tumor expression of PD-L1 was associated with increased tumor aggressiveness.
Many PD-L1 inhibitors, durvalumab, pembrolizumab, atezolizumab, and avelumab, are in
development as immuno-oncology therapies and are showing good results in clinical trials.

A novel heavy-chain antibody (HCAb) was constructed and labeled with 1241 to target
the programmed cell death ligand-1 (hPD-L1) which is known to activate T cells associated
with malignancies. Biodistribution studies in osteosarcoma OS-732 tumor-bearing mouse
model showed a tumor uptake of 4.43 4= 0.33% ID/g at 24 h. Tumor lesions were detected
on micro PET/CT 24 h post-injection [189]. In continuation for development of 1?*I-labeled
imaging pharmaceuticals, JS001 (Toripalimab, a humanized IgG mAb) was investigated for
targeting human PD-L1 (hPD-L1) in a tumor mouse model [190].

5.3. Carbohydrate Antigen

Carbohydrate antigen 19-9 (CA19-9), also known as sialyl-Lewis A, is a tetrasaccharide
that is usually attached to O-glycans on the surface of cells. It is known to play a vital
role in cell-to-cell recognition processes [191] and as an established biomarker for several
cancers, including, lung, breast, and PDAC (Pancreatic Ductal Adenocarcinoma). CA19-9
is the most highly expressed tumor antigen, present on cellular membrane proteins in more
than 90% of pancreas cancer patients [192]. 5B1, a fully human IgG monoclonal antibody;,
is a known anti-CA 19-9 antibody that has been used as a theranostic agent [193-195].
For example, in a first-in-human clinical trial, 897r-labeled 5B1 was used for immunoPET
imaging of detected known PDACs, metastases [196].

On the contrary, Girgis and coworkers created several antibodies and diabodies for
targeting CA 19-9 antigens expressed by pancreas cancer. An anti-CA19-9 monoclonal
antibody and a cys-diabody, created by engineering C-terminal cysteine residue into the
DNA single-chain Fv construct of CA19-9, were labeled with 1?] and injected into mice
harboring CA19-9 antigen-positive and CA19-9 negative xenografts. MicroPET/CT imag-
ing was performed at 72, 96, and 120 h post-injection. The average tumor to blood (% ID/g)
ratio was 5.0 and 3.0 and the average positive tumor to negative tumor (% ID/g) ratio was
20.0 and 7.4 for mAb and cys-diabody, respectively [197,198]. Another diabody (~55 kDa)
construct, which was created by isolation of variable region genes of the intact anti-CA
19-9 antibody, was created, ?4I-labeled, and tested in mice harboring an antigen-positive
(BXxPC3 or Capan-2) and a negative xenograft (MiaPaca-2). Pancreas xenograft imaging of
BxPC3/MiaPaca-2 and Capan-2/MiaPaca-2 models with the anti-CA19-9 diabody demon-
strated an average tumor: blood ratio of 5.0 and 2.0, respectively, and an average positive:
negative tumor ratio of 11 and 6, respectively [199].

An Fc-mutated, anti-CA19-9 antibody fragment, scFv-Fc H310A, 105 kD dimer, was
created for microPET imaging of pancreatic cancer xenografts. The 124I-scFv-Fc H310A
localized to the antigen-positive tumor xenografts and confirmed by microPET imag-
ing. Higher % ID/g in the antigen-positive tumor compared to the blood, antigen-
negative tumor, and liver was observed [200]. !?*I-JAA-F11 was investigated to tar-
get Thomsen-Friedenreich antigen (TF-Ag), a mucin-type disaccharide galactose-b1-3N-
acetylgalactosamine conjugated to proteins by an alpha-O-serine or O-threonine linkage,
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which is found on human carcinomas of many types including those of the breast, colon,
bladder, and prostate [201].

5.4. Carcinoembryonic Antigen (CEA)

Carcinoembryonic antigen (CEA), a protein, is normally present at very low levels in
the adult blood but may be elevated with certain types of cancers. CEA serves as a vital
tumor antigen and a serum tumor marker [202]. The normal CEA range in adult’s blood
is <2.5 ng/mL (non-smoker) and <5.0 ng/mL (smoker) and is elevated in cancer patients.
The most common cancers that show elevated CEA levels are colon, rectum, and ovarian.
Arcitumomab (CEAScan) is a *™Tc-labeled hapten peptide pre targeted imaging probe
approved by the FDA and EMA (European Medicine Agency) for detecting colonic cancer
metastases [203].

A series of antibody fragments were engineered from a murine mAb, T84.66, and have
been radiolabeled with ®*Cu and 241 [204,205]. The %*I-labeled anti-CEA T84.66 mini
body (single-chain Fv fragment [scFv]-C(H); dimer, 80 kDa) and diabody (noncovalent
dimer of scFv, 55 kDa) were evaluated in the athymic mouse/LS174T xenograft model
PET images, 18 h post injection, using mini body and diabody, showed specific binding
to the CEA-positive xenografts and relatively low activity in normal tissues. Target to
background (T/B) ratios were 3.05, 3.95 and 11.03, and 10.93 at 4 and 8 h post injection for
mini and diabody, respectively [205]. To improve the T/B ratio of the engineered antibody
fragments, mutation of the residues in the Fc fragment was performed. A series of anti-CEA
scFv-Fc fragments were evaluated for tumor localization and pharmacokinetics [206,207]
in LS174T xenografted athymic mice by small-animal PET. The PET imaging with a 124I-
labeled scFv-Fc with double mutation (H310A /H435Q) quickly localized to the tumor site,
rapidly cleared from animal circulation, and produced clear images [207].

A pretargeting technique for targeting CEA expressing tumors was developed [208,209].
The pretargeting technique uses a bispecific monoclonal antibody bs-mAb (a multivalent,
recombinant anti-CEA, carcinoembryonic antigen/anti-HSG histamine-succinyl-glycine
fusion protein) with the affinity for a tumor and a small hapten peptide. Typically, mice
are implanted with CEA-expressing LS174T human colonic tumors, a bispecific mono-
clonal anti-CEA /anti-HSG/anti-hapten antibody is given to the mice, followed by an
administration of a radiolabeled hapten peptide. A new peptide, IMP-325, In-DOTA-D-Tyr-
D-Lys(HSG)-D-Glu-D-Lys(HSG)-NH,, was labeled with 1241 and tested in nude mice bearing
LS174T human colonic tumors that were given anti-CEA /anti-HSG bs-mAb. The 1241 IMP-
325 alone cleared quickly from the blood with no evidence of tumor targeting, but when
pretargeted with the bs-mAb, tumor uptake increased 70-fold, with efficient and rapid
clearance from normal tissues, allowing clear visualization of the tumor within 122 h [210].

5.5. Carbonic Anhydrase IX

Carbonic Anhydrase IX is a transmembrane protein that is overexpressed in clear cell
renal cell carcinoma (ccRCC) and carcinomas of the uterine cervix, kidney, esophagus, lung,
breast, colon, brain, and hypoxic solid tumors. Its overexpression in cancerous tissues
compared to normal ones is due to hypoxic conditions in the tumor microenvironment.
Consequently, it is a cellular biomarker of hypoxia [211].

A chimeric mAb, cG250, subclass IgG1, was reported in 1986 to recognize an antigen
which preferentially expresses on cell membranes of renal cell carcinoma (RCC). Since
that time, G250 has been shown to localize in primary (98%) and metastatic (88%) ccRCC
lesions found on human histologic slides under light microscopy [212]. Oxygen tension
measurements were used to investigate hypoxia and carbonic anhydrase IX expression,
tumor uptake, and biodistribution, in a renal cell carcinoma SK-RC-52 xenograft model
using 1?*I-labeled ¢G250 and PET/CT. Oxygen tension was found to be significantly
higher in normal tissues than in the xenograft tumor. Biodistribution studies of 124I-cG250
demonstrated isotope uptake in the xenografts peaking at 23.45 & 5.07% ID/g at 48 h
post-injection [213]. 8Zr-labeled, an alternative to 1?41, cG250 was evaluated in ccRCC
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xenograft models in mice. Greater uptake, retention, and superior PET images for 89 Zr-
labeled cG250, due to trapping inside the tumor cell, compared to '?*I-labeled ¢G250,
due to internalization and release of 1241, were observed [214,215].

5.6. Glycoproteins
5.6.1. Glycoprotein A33

The glycoprotein A33, GPA 33, is a transmembrane glycoprotein with homology to
the immunoglobulin superfamily. This antigen is expressed in >95% of colorectal cancer
and a subset of gastric and pancreatic cancers [216]. It contains three distinct structural
domains: a 213 amino acid extracellular region containing two immunoglobulin-like
domains, a 23 amino acid hydrophobic transmembrane domain, and a highly polar 62
amino acid intracellular tail containing four consecutive cysteine residues. 12°I- and 3!1-
labeled murine mAb have been investigated as SPECT and Radioimmunotherapy agents,
respectively, in phase I/1I clinical trials [217,218].

A recombinant humanized anti-colorectal cancer A33 antibody, huA33, was labeled
with 124 and used for biodistribution properties and PET imaging characteristics in SW1222
colorectal xenograft bearing BALB/c nude mice. Excellent tumor uptake, with a maximum
of 50.0 + 7.0% ID/g at 4 days post injection, was observed [219].

5.6.2. Glycoprotein CD44v6

When the CD44 gene is expressed, its pre-messenger RNA (mRNA) can be alter-
natively spliced into mature mRNAs that encode several CD44 isoforms. The mRNA
assembles with ten standard exons, and the sixth variant exon encodes CD44v6, which en-
gages in a variety of biological processes, including cell growth, apoptosis, migration,
and angiogenesis Overexpression of the mature mRNA encoding CD44v6 can induce can-
cer progression. For example, CD44v6 assists in colorectal cancer stem cells in colonization,
invasion, and metastasis [220]. CD44v6 is also expressed in thyroid carcinoma on the outer
cell surface of squamous-cell carcinomas of head-and-cancer [221]. U36, an anti-CD44v6
chimeric (mouse/human) monoclonal antibody (cmAb), was found to target CD44v6
antigen. Biodistribution and scintigraphy studies in nude mice bearing tumors from the
HNX-OE human head and neck tumor cell line were conducted. Co-injection of ?4I-cMAb
U36 and '3'I-cMAb U36 provided similar tissue uptake values. Selective tumor uptake
was confirmed with PET imaging at 24, 48, and 72 h post injection, which detected 15
out of 15 tumors [222]. A comparative biodistribution study of 8Zr- and 1?*I-labeled
head and neck squamous cell carcinoma (HNSCC)-selective cMAb U36 versus 8y, 131,
and '8Re-labeled cMAb U36 conjugates was conducted in HNSCC xenograft bearing mice
at 24, 48, and 72 h post injection. Tumor uptake was higher for the 8Zr- and 88Y-labeled
cMADb U36 than the 124I-, 1311- and 18Re-labeled cMADb U36 [223]. Biodistribution and PET
imaging studies of 1?*I-cMAb U36 nude mice bearing KAT-4 tumors in the left flank and
the right front leg were performed. ?*I-cmAb U36 uptake (%ID/g) in the flank tumors
was 8.2 + 3.6, 13.7 + 0.7, 21.8 £ 2.8%, and 12.8 £ 5.2 at 4, 24, 48, and 72 h post injection,
respectively. The tumors were visible in PET images at all-time points with the highest
uptakes at 48 h post injection [224].

5.7. Prostate-Specific Membrane Antigen (PSMA)

Prostate cancer (PCa) is the most common cancer in men [225]; therefore, early de-
tection of primary disease and its metastases is critical for clinical staging, prognosis,
and therapy management. The prostate-specific membrane antigen (PSMA) is a transmem-
brane glycoprotein that is significantly over-expressed in most early-stage prostate cancer
cells compared to benign prostatic tissues. Consequently, it has gained significant interest
as a target for imaging and therapy in the past five years [226,227].

Capromab pendetide (ProstaScint®) is the murine mAb, 7E11-C5.3, conjugated to the
DTPA chelator. The 7E11-C5.3 antibody is of the IgG1, kappa subclass (IgG1k). This an-
tibody is directed against Prostate-Specific Membrane Antigen (PSMA). In-labeled
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Capromab pendetide is approved by the FDA for prostate cancer imaging in newly-
diagnosed patients by biopsy. ?4I-labeled Carpromab was proposed as a PET imaging
pharmaceuticals to decrease the retention of radioactivity in healthy organs, due to the
non-residualizing properties of the radiolabel. Carpromab was radioiodinated and its tar-
geting properties were compared with the '!In-labeled counterparts in LNCaP xenografts.
PSMA-negative xenografts (PC3) were used as the negative control. Biodistribution of
1251 /11 n-capromab showed more rapid clearance of iodine radioactivity from liver, spleen,
kidneys, bones, colon tissue, as well as tumors. Maximum tumor uptake (13 + 8% ID/g
for iodine and 29 & 9% ID/g for indium) and tumor-to-non-tumor ratios for both agents
were measured at 5 days post-injection. High tumor accumulation and low uptake of ra-
dioactivity in normal organs were confirmed using micro PET/CT at 5 days post-injection
of 124]-capromab. Although tumor uptake was relatively lower for the 124I-Capromab than
Hn-Capromab in LNCaP xenografts (13 & 8% vs. 29 4 9% ID/g), it showed lower uptake
in normal organs compared to its '''In counterpart [228]. More recently, Frigerio et al.
demonstrated the targeting specificity and sensitivity of ?*I-labeled anti-PSMA single-
chain variable fragment (scFv) in a preclinical in vivo model. The uptake of 124]scFv was
found to be very high and specific for PSMA-positive cells [229]. ]591, a humanized mAb
that binds to an extracellular domain of PSMA, has been investigated for both imaging
and therapy [230-234]. It was demonstrated recently that 124I- and 8 Zr-labeled J591 had
comparable surface binding and internalization rates in preclinical prostate models [235].
These studies imply that PCa theranostics using '’/ Lu- and '?*I- or 8Zr- labeled J591 is
feasible, safe, and may have superior targeting toward bone lesions relative to conventional
imaging modalities.

5.8. Prostate Stem Cell Antigen (PSCA)

Prostate stem cell antigen (PSCA) is a protein that in humans is encoded by the
PSCA gene. This gene encodes a glycosylphosphatidylinositol-anchored cell membrane
glycoprotein. PSCA is expressed in 83%—-100% of prostate cancers [236-240]. It is also
highly expressed in most prostate cancer bone metastases (87-100%) and the local bladder,
pancreatic carcinoma, bladder, placenta, colon, kidney, and stomach cancers [241-244].

The anti-PSCA murine mAb 1G8 showed anti-tumor activity [245]. An 124 Jabeled
2B3 anti-PSCA minibody, a hulG8 minibody fragment dimer of scFvs-Cy3 with an 18
amino acids linker and ~80 kDa molecular weight, was evaluated in mice bearing LAPC-9
(PSCA-positive) and PC-3 (PSCA-negative) xenografts. Micro PET imaging of the PSCA
positive tumors showed 24-2B3 minibody to target and image PSCA-expressing xenografts
with high contrast at earlier time points than the ?*I-labeled intact hulG8 anti-PSCA mAb.
This was due to faster clearance of the minibody than the anti-PSCA mAb [246,247].
The parental 2B3 diabody (p2B3-Db) (molecular weight, 55 kDa) was back mutated with a
linker of 8 amino acids to produce a high-affinity diabody (bm2B3-Db8). 1241-p2B3-Db8
and bm2B3-Db8 were evaluated in bio-distribution and for tumor imaging studies in
nude mice bearing xenografts of the LAPC-9 and PC-3 (PSCA-negative) tumor cell lines.
The uptake of ?4I-p2B3-Db8 and 2*I-bm2B3-Db8 in PSCA-positive tumors was lower than
that of ?4I-2B3 minibody in the same tumor model. PET imaging with 1?*I-bm2B3-Db8
visualized the LAPC-9 tumor as early as 4 h post injection with a higher contrast at 12 h
post injection [248]. Subsequent affinity maturation of the 2B3 minibody created the A1l
anti-PSCA minibody, which showed improved immunoPET performance [249].

1241 and 89Zr-labeled anti-PSCA A11 minibodies (scFv-CH3 dimer, 80 kDa) were
developed and evaluated for quantitative immunoPET imaging of prostate cancer in 22Rv1-
PSCA or LAPC-9 xenograft bearing mice. The non-residualizing '*4I-labeled minibody had
lower tumor uptake (3.62 £ 1.18% ID/g 22Rv1-PSCA, 3.63 & 0.59% ID/g LAPC-9) than the
residualizing 897r-labeled minibody (7.87 £ 0.52% ID/g 22Rv1-PSCA, 9.33 + 0.87% ID/g
LAPC-9. However, the 12*I-labeled minibody achieved higher imaging contrast because of
lower nonspecific uptake and better tumor-to-soft-tissue ratios [250]. In another study, 1241-
labeled A11 minibody immunoPET imaging was compared with '®F-Fluoride bone scans
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for detecting prostate cancer bone tumors in osteoblastic, PSCA-expressing, and LAPC-9
intratibial xenografts. The **I-labeled A11 minibody demonstrated superior sensitivity
and specificity over the ®F-Fluoride bone scans in detecting the xenografts at all-time
points [251].

A1l cMb was conjugated with the near-infrared fluorescence (NIRF) dye Cy5.5 and
radiolabeled with 24T or 8 Zr for evaluation as an immunoPET/fluorescence imaging agent
to improve intraoperative prostate cancer margin visualization. ImmunoPET imaging
using dual-labeled '?4I-A11 cMb-Cy5.5 showed specific targeting to both 22Rv1-PSCA and
PC3-PSCA. xenografts in nude mice. Similarly, fluorescence imaging showed a strong
signal from both 22Rv1-PSCA and PC3-PSCA tumors compared with non-PSCA expressing
tumors [252]. Another dual probe, A2 cys-diabody (A2cDb)-IR800, targeting PSCA was
labeled with 24T (1241-A2cDb-IR800) and evaluated in a prostate cancer xenograft model.
Dual-modality imaging using the anti-PSCA cys-diabody resulted in high-contrast immuno-
PET/NIRF images [253].

5.9. Other Biomarkers
5.9.1. Extra Domain-B (ED-B) of Fibronectin

The extracellular matrix protein fibronectin contains a domain, the extra domain B
(ED-B) of fibronectin (~80 kDa molecular weight), that is rarely found in healthy adults and
is almost exclusively expressed by newly formed blood vessels in tumors, i.e., angiogenesis
and different types of lymphoma and leukemias.

The human mAb fragment L19-SIP ((Radretumab) is directed against extra domain B
(ED-B) of fibronectin. '24I-L19-SIP immunoPET was used to demonstrate its suitability for
imaging of angiogenesis at early-stage tumor development and as a scouting procedure
before clinical '*'I-L19-SIP radioimmunotherapy. Tumor uptake, in FaDu xenograft-bearing
nude mice, was 7.3 £ 2.1,10.8 £ 1.5,7.8 £ 1.4,5.3 £ 0.6, and 3.1 & 0.4% ID/g at 3, 6, 24, 48,
and 72 h post injection [254]. ImmunoPET imaging with 1?*I-labeled L19SIP was used to
predict doses delivered to tumor lesions and healthy organs by subsequent Radretumab
RIT in patients with brain metastases from solid cancer. Although the fraction of injected
activity in normal organs was similar in different patients, the antibody uptake in the
neoplastic lesions varied by as much as a factor of 60 [255].

5.9.2. Phosphatidylserine

Phosphatidylserine (PS) is a marker normally absent that becomes exposed on tumor
cells and tumor vasculature in response to oxidative stress in cancer cells (lung, breast,
pancreatic, bladder, skin, brain metastasis, rectal adenocarcinoma, etc.) but not on the
normal cells. ?*I-labeled PGN650, an F(ab’), antibody fragment, was evaluated as a
biomarker of the tumor microenvironment. Pharmacokinetics, tumor uptake, and radiation
dosimetry in cancer patients were assessed. Apart from the tumor, the liver was found to
receive a high radiation dose [256]. Annexin-V, a calcium-dependent protein that binds
with high specificity to phosphatidylserine exposed during apoptosis, was labeled with
1241 for use as a potential PET probe. The biological activity of radiolabeled Annexin-V was
tested in control and camptothecin-treated (i.e., apoptotic) human leukemic HL60 cells.
A significantly high binding (21%) was observed [257].

5.9.3. Placental Alkaline Phosphatase (PLAP)

Placental alkaline phosphatase (PLAP), also known as an allosteric enzyme that in
humans is encoded by the ALPP gene. PLAP is a tumor marker, especially in seminoma
and ovarian cancer (e.g., dysgerminoma). The 2*I-labeled murine mAb H17E2, detecting
placental alkaline phosphatase (PLAP), was administered by intraperitoneal injection into
nude mice bearing subcutaneous HEp2 human tumor xenografts (a PLAP expressing
cell-line). Activity in tumor rose to 4.26% injected dose by 48 h post injection and remained
at this level until day 7 post injection, giving a tumor: blood ratio of 0.78 at this time [258].
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6. Overview of InmunoPET Imaging Pharmaceuticals for Cancer-Clinical
6.1. Receptor Tyrosine Kinase
Trastuzumab

124]-1abeled trastuzumab was evaluated in animals and humans for its application as
a potential PET tracer [259]. MicroPET imaging and biodistribution of 1?4I-trastuzumab
were performed to examine its specificity in HER2-positive and negative mouse models.
Higher tumor uptake of 1?I-trastuzumab than 2*I-IgG1 in HER2-positive PDX mouse
models at 24 h was seen. The low tumor uptake of *4I-trastuzumab in HER2-negative
PDX models further confirmed the specificity. *4I-trastuzumab was evaluated for its
distribution, internal dosimetry, and initial PET imaging of HER2-positive lesions in gastric
cancer (GC) patients. PET/CT images of six gastric cancer patients with metastases were
compared using '?4I-trastuzumab and ['"®F]JFDG PET/CT. 18 HER2-positive lesions and 11
HER2-negative lesions were evaluated in PET imaging analysis. The detection sensitivity
of 1?-trastuzumab was 100% (18/18) at 24 h post injection. The PET images showed a
significant difference in tumor uptake between HER2-positive and HER2-negative lesions
at 24 h post injection. Higher specificity of 124I-trastuzumab than ["®F][FDG was observed.

6.2. Glycoproteins
Glycoproteins A33 (huA33)

In a clinical study, 1?*I-labeled hu A33 was injected intravenously to 15 patients with
colorectal cancer to examine the quantitative features of antibody-antigen interactions
in tumors and normal tissues. PET/CT studies showed significant antibody targeting in
tumors and normal bowel. There was a linear correlation between the amount of bound
antibody and antigen concentration [260]. Targeting, biodistribution, and safety of 124I-
labeled huA33 in patients with colorectal cancer were evaluated using quantitative PET.
Additionally, biodistribution was also determined when a large dose of human intravenous
IgG (IVIG) was administered to manipulate the Fc receptor or when ?*I-labeled huA33
was given via hepatic arterial infusion (HAI). Ten of 12 primary tumors in 11 patients
(0.016% ID/g in tumors vs. 0.004% ID/g in normal tissues) were visualized. The HAI route
had no advantage over the intravenous route [261]. A novel, nonlinear compartmental
model using PET-derived data from 11 patients was developed. The objective of the study
was to determine the “best-fit” parameters and model-derived quantities for optimizing
biodistribution of intravenously injected 1?*I-labeled A33. Excellent agreement between
fitted and measured parameters of tumor uptake was observed [262]. Red marrow activity
concentration and the self-dose component of absorbed radiation dose to red marrow were
estimated based on PET/CT results of '?*I-labeled cG250 and huA33. The red marrow-
to-plasma activity concentration (RMPR) values were found to be patient-dependent and
increase over a 7-day timescale for both the antibodies, indicating that individualized
image-based dosimetry is required for optimal therapeutic delivery of radiolabeled anti-
bodies [263].

6.3. Carbonic Anhydrase IX
cG250

124T1abeled G250 (Girentuximab) was investigated for PET assessment to predict
clear-cell renal carcinoma in cancer patients. Twenty-six patients with renal masses
who were scheduled to undergo surgical resection were given a single intravenous in-
fusion of 124I-cG250. 15 of 16 clear-cell carcinomas were identified accurately by anti-
body PET. The sensitivity of ?4I-cG250 PET for clear-cell kidney carcinoma in this trial
was 94% [264,265]. Additional clinical studies involving 195 patients validated the safety
and superior diagnostic value of 12*I-cG250 in ccRCC with an average sensitivity and
specificity of 86.2% and 85.9%, respectively [266].

Multimodal imaging technique development study, using '24I-cG250, concluded that
it could realize precise intraoperative localization of ccRCC. This could be clinically very
useful to urologic surgeons, urologic medical oncologists, nuclear medicine physicians,
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radiologists, and pathologists in further guiding and confirming complete evaluation and
surgical resection of the diseases [267-269]. Furthermore, cG250 (Girentuximab) has been
labeled with an assortment of radionuclides (1241, Uiy, 897y, 1311 90Y and 177Lu) and is the
most extensively investigated as CA-IX theranostics pharmaceuticals [270].

6.4. Other Biomarkers
Glypican 3

Glypican-3, a cell-surface glycoprotein in which heparan sulfate glycosaminoglycan
chains are covalently linked to a protein core, is overexpressed in hepatocellular carci-
noma (HCC) tissues but not in the healthy adult liver. Thus, Glypican-3 is becoming a
promising candidate for liver cancer diagnosis and immunotherapy. In a clinical study,
124]-codrituzumab (aka GC33), an antibody directed at Glypican 3, was evaluated in 14
patients with hepatocellular carcinoma (HCC). 1?4I-codrituzumab detected tumor local-
ization in most patients with HCC. Pharmacokinetics was similar to that of other intact
iodinated humanized IgG [271].

7. Summary

In this report, a comprehensive review of the physical properties of iodine and iodine
radionuclide, production processes (target selection, preparation, irradiation, and process-
ing), various 1?*I-labeling methodologies for radiolabeling of large biomolecules, (mAbs,
proteins, and protein fragments), and the development of immunoPET imaging phar-
maceuticals for various cancer targets in preclinical and clinical environments is pro-
vided. Several production processes, including 123Te(d,n) 1241, 124Te(d,2n) 1241, 121Sb(a,n) 1241,
123Gh(,3n) 1241, 123Sb(3He,2n)1241, MtSh(x,xn)1241, MtSh(3He,n)!?*1 reactions, have been
used in the past. However, as a result of the less frequent availability of deuteron, al-
pha, and ®He beams, 1241 is being produced, using ?4Te(p,n)'?*I reaction, successfully for
research and clinical use by low-energy cyclotrons. A fully-automated process for the
production of 1?4I which can be scaled up for GMP production of large quantities of 124
was developed recently. Direct, using inorganic and organic oxidizing agents and enzyme
catalysis, and indirect, using prosthetic groups, 12*I-labeling techniques have been devel-
oped and optimized in the past. The Iodogen method is used routinely in research and
clinical environments. Significant research has been conducted over more than two decades
in the development of immunoPET imaging pharmaceuticals for target-specific cancer
detection. 12*1-labeled Trastuzumab, huA33, and ¢G250 have shown promise in human
clinical trials. There is no FDA approved '24I-labeled immunoPET imaging pharmaceutical
available. It may be due to (1) availability of manual, difficult, and costly production and
purification processes for I-124 in the past, (2) low resolution of PET images due to the
high energy of available positrons from 1-124, and (3) dehalogenation of 1?*I-labeled mAbs.
These bottlenecks have been resolved now by (1) development of a fully-automated process
for I-124 production which can be scaled up for the cost-effective GMP production, (2) opti-
mization of image acquisition parameters and appropriate corrections within the image
reconstruction process to improve the image quality, and (3) using non internalizing mAbs
for development target-specific immunoPET imaging pharmaceuticals. Further future
studies in the improvement of safety and efficacy of immunoPET imaging pharmaceuticals
and establishment of GMP-compliant I-124 production facilities may bring FDA-approved
1241-Jabeled immnoPET imaging pharmaceuticals to the human clinic use in the future.
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Abstract: Efficient treatment of disseminated triple-negative breast cancer (TNBC) remains an unmet
clinical need. The epithelial cell adhesion molecule (EpCAM) is often overexpressed on the surface of
TNBC cells, which makes EpCAM a potential therapeutic target. Radionuclide molecular imaging of
EpCAM expression might permit selection of patients for EpCAM-targeting therapies. In this study,
we evaluated a scaffold protein, designed ankyrin repeat protein (DARPin) Ecl, for imaging of
EpCAM in TNBC. DARPin Ecl was labeled with a non-residualizing ['?°T]I-para-iodobenzoate (PIB)
label and a residualizing [**™Tc]Tc(CO); label. Both imaging probes retained high binding specificity
and affinity to EpCAM-expressing MDA-MB-468 TNBC cells after labeling. Internalization studies
showed that Ecl was retained on the surface of MDA-MB-468 cells to a high degree up to 24 h.
Biodistribution in Balb/c nu/nu mice bearing MDA-MB-468 xenografts demonstrated specific uptake
of both ['2?T]I-PIB-Ec1 and [*™Tc]Te(CO)3-Ecl in TNBC tumors. ['2°I]I-PIB-Ec1 had appreciably lower
uptake in normal organs compared with [**™Tc]Te(CO)3-Ec1, which resulted in significantly (p < 0.05)
higher tumor-to-organ ratios. The biodistribution data were confirmed by micro-Single-Photon
Emission Computed Tomography/Computed Tomography (microSPECT/CT) imaging. In conclusion,
an indirectly radioiodinated Ec1 is the preferable probe for imaging of EpCAM in TNBC.

Keywords: EpCAM,; radionuclide; molecular imaging; SPECT; iodine; PIB; breast; cancer

1. Introduction

Breast cancer is one of the most common types of cancer among women worldwide. It is a
heterogeneous disease, which is categorized into four subtypes: Luminal A, luminal B, human epidermal
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growth factor receptor 2-positive (HER2-positive), and “basal-like” or “triple-negative” [1].
Triple-negative breast cancer (TNBC) does not express estrogen, progesterone, or human
epidermal growth factor (HER2) receptors and is characterized by having an aggressive course,
early metastatic spread, and poor prognosis [2]. Although initial response to chemotherapy in TNBC
might be better compared to other breast cancer subtypes, early relapse is commonly observed [3-5].
Furthermore, the high rate of relapse among TNBC patients after surgery because of incomplete
eradication of the tumor highlights the need for more effective therapies [2].

Targeted systemic treatment is well proven for estrogen/progesterone- or HER2-expressing breast
cancer but is still not established to the same extent for TNBC [1]. Therefore, disseminated TNBC is
particularly challenging to treat. The standard of care for TNBC patients is sequential chemotherapy.
However, its indiscriminate toxicity to healthy tissues results in a narrow therapeutic window and
limited efficacy. Targeted delivery of a cytotoxic payload (drug, toxin, or radionuclide) specifically
to cancer cells would reduce the off-target toxicity and increase the therapeutic window and the
efficiency of the treatment. In April 2020 the US Food and Drug Administration (FDA) approved the
antibody-drug conjugate sacituzumab govitecan-hziy, which targets the tumor-associated calcium
signal transducer 2 (TROP-2) antigen, for treatment of disseminated TNBC refractory to previous
chemotherapies [6]. It showed a 33% response rate in patients with metastatic TNBC pretreated with
chemotherapy [7]. Still, the development of therapeutics specific to other molecular targets could
further increase the success rate in treatment of TNBC.

The epithelial cell adhesion molecule (EpCAM) is overexpressed in a large number of TNBC cases.
The fraction of EpCAM overexpression in TNBC is 36-88%, depending on the scoring system [8-10],
which makes it an attractive target for this malignancy. In patients with TNBC, EpCAM overexpression
is associated with unfavorable prognosis [9] and correlates with poor survival, lymph node metastasis,
and distant metastasis [11]. Several therapeutic strategies targeting EpCAM in TNBC are under
preclinical and clinical development [12-14]. The anti-EpCAM monoclonal antibody adecatumumab
has been evaluated in a phase II clinical study in patients with metastatic breast cancer [15]. Three of
the 18 patients with high EpCAM expression and adecatumumab treatment developed new metastases
up to week 6, compared with 14 of 29 patients with low EpCAM expression, indicating that response
was related to EpCAM expression.

Due to heterogeneity of EpCAM expression in patients with TNBC, it is necessary to select the
patients with high expression for EpCAM-targeted therapy. Radionuclide molecular imaging allows
for non-invasive, whole-body evaluation of targeted protein expression. In the past years, a number of
biomolecules against various targets have been investigated for radionuclide molecular imaging of
breast cancer, such as somatostatin (SST) analogues targeting SST receptors, vasoactive intestinal
peptide targeting affibody molecules against HER2, arginine-glycine-aspartate (RGD) peptides
targeting integrin receptors, bombesin analogues targeting gastrin-releasing peptide receptors (GRPRs),
and peptide analogues of alpha-melanocyte stimulating hormone-targeting melanocortin receptors [16].

Previously developed probes for radionuclide molecular imaging of EpCAM were mainly
based on a monoclonal antibody (mAb) scaffold [17-19]. In comparison to mAbs, engineered
scaffold proteins (ESP) have more favorable properties for imaging because of their small size,
which enables rapid localization in tumors and fast decrease of blood-associated background activity
due to renal clearance [20,21]. Additionally, ESPs can be genetically engineered to incorporate
peptide-based chelators, e.g., histidine tags for labeling with technetium-99m tricarbonyl, and can
generally tolerate harsh radiolabeling conditions, such as high temperature or changes in pH.
A class of ESP, the designed ankyrin repeat proteins (DARPins), demonstrated excellent results
for radionuclide molecular imaging of HER2 in preclinical studies, providing high tumor-to-nontumor
tissue ratio shortly after injection [22-24]. The DARPin scaffold consists of four to six helix-turn-helix
units and has molecular weight from 14 to 18 kDa, depending on the number of units. DARPins
are currently the only class of ESPs with binders selected against EpCAM [25]. According to surface
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plasmon resonance, DARPin Ecl has affinity of 68 pM to EpCAM [25], which meets requirements for a
high-affinity imaging probe.

High affinity of an imaging probe is an important precondition for successful imaging, but it is not
sufficient. Selection of a radionuclide and chemistry for its conjugation to a targeting probe is essential.
Experience with other targeting proteins (affibody molecules [26] and DARPins targeting HER2) [22-24,27]
demonstrated that the selection of an optimal labeling approach can increase tumor-to-organ ratios by
an order of magnitude. Modification of the protein surface by a radionuclide in combination with
a chelator or linker for coupling results in the alteration of off-target interactions with blood vessels
and normal tissues. This has an essential impact on unspecific uptake in normal organs and tissues.
Furthermore, accumulation of activity in both tumors and normal tissues depends on physicochemical
properties of radioactive metabolites, which are formed after internalization and intracellular proteolysis
of a labeled protein. Labels having charged or bulky polar radiometabolites are trapped inside the
cells after proteolysis. Such labels are called residualizing [28]. The residualizing labels provide a long
retention of activity both in tumors and in normal tissues if the imaging probe is internalized. In the
case when the radiometabolites are lipophilic, they are capable of diffusing through cellular membranes
and leaving the cell. These so-called non-residualizing labels are associated with low cellular retention of
activity after internalization. When the internalization of an imaging probe by malignant cells is rapid,
the use of residualizing labels is the only option for sufficient accumulation of activity in a tumor.
However, the use of non-residualizing labels might be appropriate when internalization of a targeting
probe by the cancer cells is slow, and an unspecific uptake, first and foremost, in liver and kidneys
results in rapid internalization in normal tissues. In this case, tumor retention of activity depends
mainly on the high affinity of a probe to its molecular target. A successful use of non-residualizing
radiohalogen labels was demonstrated earlier for ESPs such as HER2-binding Albumin-binding domain
(ABD)-Derived Affinity ProTein 6 (ADAPT6) [29] and HER2-binding DARPins 9_29 and G3 [22,23],
as well as for Ec1 for imaging of EpCAM expression in pancreatic and ovarian cancer models [30,31].
Importantly, good retention in tumors was accompanied by a rapid clearance from normal tissues, which
increased tumor-to-organ ratios. Apparently, slow internalization of Ecl after binding to TNBC cells is
critical for the use of a non-residualizing label for imaging in this cancer. Such a slow internalization
of radiolabeled Ecl was observed in the case of binding to pancreatic and ovarian cell lines [30,31],
which was an indication that the cellular processing pattern would be similar for TNBC as well.
However, our previous observations with ESP suggest that an internalization rate might depend on
origin of cancer cells. For example, a rate of HER2-binding affibody ['!!In]In-DOTA-ZHER2:342-pep2
internalization by ovarian cancer cells was twice higher compared with a rate of internalization by
breast cancer cells [32]. HER3-binding affibody-ABD fusion proteins were internalized by pancreatic
cancer cells appreciably rapider than by prostate cancer cells [33]. Thus, evaluation of internalization
of radiolabeled Ecl by TNBC cells was necessary before in vivo experiments.

The goal of this study was to investigate whether our previous findings could be translated to
triple-negative breast cancer and to evaluate the potential of DARPin Ec1 for imaging of EpCAM
in a TNBC model in vivo. To evaluate the influence of residualizing properties of the radiolabel,
technetium-99m tricarbonyl [*™Tc]Tc(CO); with residualizing properties was used as a comparator to
the non-residualizing [1251]I—pam—iodobenzoate ([*#1]1-PIB) label. The #™Tc (T12 = 6.01 h) is the most
commonly used radionuclide in clinical single-photon emission computed tomography (SPECT).
The '?°T (T, = 59.4 d) is a chemical analogue and a convenient preclinical surrogate for
1231 (Tyj, = 13.27 h), which is used for SPECT, or %I (Ty;, = 4.18 d), which is used for positron
emission tomography (PET).
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2. Materials and Methods

2.1. General Procedures

Sodium iodide ['?°T]Nal was purchased from PerkinElmer Sverige AB (Upplands Vésby, Sweden).
Technetium-99m was obtained as pertechnetate by elution of Ultra-TechneKow generator (Mallinckrodt,
Petten, The Netherlands) with sterile 0.9% sodium chloride (Mallinckrodt, Petten, The Netherlands).
The CRS (Center for Radiopharmaceutical Sciences) kits for production of tricarbonyl technetium
were purchased from the Center for Radiopharmaceutical Sciences (PSI, Villigen, Switzerland;
contact e-mail: crs-kit@psi.ch). Instant thin-layer chromatography (iTLC) analysis was performed using
iTLC silica gel strips (Varian, Lake Forest, CA, USA). The radioactivity distribution along iTLC strips
was measured using a Cyclone storage phosphor system (Packard) and analyzed by OptiQuant image
analysis software. Purification of radiolabeled proteins was performed using NAP-5 size-exclusion
columns (GE Healthcare, Buckinghamshire, UK). Radioactivity was measured using an automated
gamma-spectrometer with a Nal (TI) detector (1480 Wizard, Wallac, Finland). MDA-MB-468 breast
cancer cells and Ramos lymphoma cells were purchased from the American Type Culture Collection
(ATCC) and were cultured in Roswell Park Memorial Institute (RPMI) medium supplemented with
10% fetal bovine serum (FBS), 2 mM L-glutamine, 100 IU/mL penicillin, and 100 pg/mL streptomycin,
in a humidified incubator with 5% CO, at 37 °C, unless mentioned otherwise. Binding specificity and
cellular processing experiments were performed using 35-mm Petri dishes (Nunclon Delta Surface,
ThermoFisher Scientific, Roskilde, Denmark). Ligand Tracer experiments were performed using 89-mm
Petri dishes (Nunclon Delta Surface, ThermoFisher Scientific, Roskilde, Denmark).

2.2. Protein Production and Radiolabeling

The EpCAM-targeting DARPin Ecl-Hg (containing a hexahistidine tag at C-terminus) was
produced based on sequences published previously [25]. Production and purification of DARPin Ecl
was performed as described previously [30].

Indirect radioiodination of Ecl using N-succinimidyl-para-(trimethylstannyl)benzoate was
performed as described earlier [28,31]. Acetic acid in water (0.1%, 10 pL) was added to radioiodine
(5-15 uL, 17-42 MBq). Then, N-succinimidyl-p-(trimethylstannyl)benzoate (13 nmoles, 5 ug, 5 uL
of 1 mg/mL in 5% acetic acid in methanol) and chloramine-T (40 pg, 10 puL, 4 mg/mL in water)
were added. The reaction was stopped by addition of sodium metabisulfite (60 pg, 10 uL, 6 mg/mL in
water) after 5 min of incubation at room temperature. Then, DARPin Ec1 (7.6 nmoles, 140 ug, 39 puL
of 3.6 mg/mL in phosphate-buffered saline (PBS)) in 140 uL of 0.07 M borate buffer (pH 9.3) was
added and incubated at room temperature for 30 min. The radiolabeled conjugate was purified on a
NAP-5 column, pre-equilibrated with 1% bovine serum albumin (BSA) in PBS, and eluted with PBS.
The labeling yield and purity were determined using radio-iTLC analysis in 4:1 acetone:water system.

Site-specific radiolabeling of DARPin Ecl-Hg bearing a C-terminal Hisg-tag with tricarbonyl
technetium-99m was performed as described earlier [31]. The solution eluted from the technetium
generator (500 uL) containing 3—4 GBq of [PMTc]Te pertechnetate was added to the CRS kit, and the
mixture was incubated at 100 °C for 30 min. The obtained solution of [**™Tc]Tce(CO); (12 uL, 83-108 MBq)
was mixed with a solution of DARPin Ecl (40 pg, 2.18 nmol) in 33 pL of PBS and incubated at 60 °C
for 60 min. The radiochemical yield and purity were determined using iTLC strips eluted with PBS.
The radiolabeled DARPin Ecl was purified using NAP-5 columns pre-equilibrated and eluted with PBS.

Radio high-performance liquid chromatography (HPLC) analysis was performed using a Hitachi
Chromaster HPLC system with a radioactivity detector and Phenomenex Luna® C18 column (100
A; 150 x 4.6 mm; 5 um) at room temperature (20 °C). Solvent A was 0.1% trifluoroacetic acid (TFA)
in H,O, solvent B was 0.1% TFA in acetonitrile, and the flow rate was 1 mL/min. For identity and
purity analysis, the 20-min method with a gradient from 5 to 95% solvent B over 18 min and from 95%
to 5% solvent B from 18 to 20 min was used.
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The label stability under challenge conditions (excess of histidine for [* "™ Tc]Tc(CO)3-Ecl1, Nal, or in
30% ethanol for ['?°I]I-PIB-Ec1) was assessed by analysis with iTLC silica gel (SG) strips eluted by
PBS or by 4:1 acetone:water. The stability in complete cell culture medium containing 10% fetal
bovine serum after 24 h of incubation at 37 °C was assessed by passing the media through a NAP-5
size-exclusion column and collecting the high-molecular-weight fraction (containing molecules over
5 kDa) and the low-molecular-weight fraction (containing molecules below 5 kDa). The activity in
the column, the high- and low-molecular-weight fractions, was measured using a gamma-spectrometer.

2.3. Binding Specificity and Cellular Processing Assays

In vitro studies were performed using EpCAM-expressing breast cancer cell line MDA-MB-468.
One day before the experiment, cells were seeded in 3-cm Petri dishes (ca. 1 x 10° cells per dish) and
three dishes per group were used.

Binding specificity to EpCAM was evaluated as described previously [30,31]. To saturate EpCAM
receptors, 100-fold excess of nonlabeled Ec1 DARPin (200 nM) in cell culture medium was added to
one group of cells and an equal volume of media only was added to the second group. After 30 min of
incubation at room temperature, radiolabeled DARPins [121]I-PIB-Ec1 or [**™Tc]Tc(CO)3-Ecl were
added at 2 nM final concentration. After 6 h of incubation at room temperature, the medium
was collected, cells were washed, and trypsin was added to detach the cells. The cell suspension
was collected, and the radioactivity of cells and medium was measured to calculate the percent of
cell-bound radioactivity. The data were analyzed using unpaired two-tailed t-test.

Cellular retention and processing were studied during continuous incubation using an
acid-wash method [32]. To study cellular processing during continuous incubation, radiolabeled
[#™Tc]Te(CO)3-Ecl or ['2°I]I-PIB-Ec1 (1 nM) were added to cells, which were incubated at 37 °C in a
humidified incubator for 1, 2, 4, 6, and 24 h. At these time points, the media were collected from one
group and cells were washed once with serum-free media. To collect the membrane-bound fraction,
the cells were treated with 0.2 M glycine buffer containing 4 M urea (pH 2.0) on ice for 5 min causing
dissociation of membrane-bound protein. The buffer was collected, and the cells were washed once
with the same buffer. Then the cells were treated with 1 M NaOH for 30 min to lyse the cells containing
internalized fraction, and the solution was collected. The activity in every fraction was measured.
The maximum value of cell-associated activity for each dataset was taken as 100% and the other dataset
values were normalized to it. To study cellular retention and processing after interrupted incubation,
the cells were incubated with [??™Tc]Te(CO)3-Ecl or [*2I]I-PIB-Ecl (10 nM) for 1 h at 4 °C. Then the
media were removed, the cells were washed, fresh medium was added, and the cells were placed in a
humidified incubator at 37 °C. At 1, 4, and 24 h, the medium was collected and cells were washed and
treated as described above to evaluate the membrane-bound and internalized fractions.

For analysis of radiocatabolites in the supernatant after interrupted incubation, a part of it
(500 uL) was separated using a NAP-5 size-exclusion column, pre-equilibrated with 1% BSA in PBS.
Fractions containing activity associated with the high-molecular-weight compounds (first 900 uL) and
low-molecular-weight compounds (3.6 mL) were collected. The activity in each fraction and the column
were measured using a gamma-spectrometer. The residual activity left on the columns after separation
was below 4% from the total activity. As a control for stability of the label, [**™Tc]Tc(CO);-Ecl and
[12°T]I-PIB-Ec1 were incubated in complete media at 37 °C in a humidified incubator for 24 h and
analyzed as described above.

2.4. Affinity Measurements Using LigandTracer

The kinetics of [?°T]I-PIB-Ec1 and [*™Tc]Tc(CO)3-Ecl binding to living MDA-MB-468 and Ramos
cells were measured using LigandTracer and evaluated using the TraceDrawer Software (both from
Ridgeview Instruments, Vange, Sweden) as described earlier [34]. Briefly, 2 x 10° MDA-MB-468 cells
were seeded to a local area of an 89-mm Petri dish one day before the experiment. Ramos cells growing
in suspension were attached to a Petri dish following a method developed by Bondza et al. [35].
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Biomolecular anchor molecule (BAM) (SUNBRIGHT® OE-040CS, NOF Corporation) was dissolved
in water to a concentration of 2 mg/mL. An area of a 98-mm Petri dish (Nunc, Cat No 263991) about
1.5 cm in diameter and 5 mm from the rim of the dish was covered with 400 uL of BAM solution
(0.8 mg) and was incubated under sterile conditions at room temperature for 1 h. The BAM solution
was aspirated and 400 pL of Ramos cell suspension (5 x 10° cells/mL, 2 x 10°) were added dropwise to
the BAM-coated area. Cells were allowed to attach to the dish for 40 min. Then the dish was tilted
to remove the remaining cell suspension. The dish was covered with complete cell culture medium
(10 mL) and placed into the incubator overnight. Cell attachment was confirmed the next day by
observing the cells under a microscope.

To measure the binding during association phase, three concentrations of [?°T]I-PIB-Ec1 (1.8, 5.4,
and 14.5 nM) or [?™Tc]Te(CO)3-Ecl (0.2, 0.6, and 1.8 nM) were added to cells, followed by exchange of
media and measurement of retention in the dissociation phase. Binding kinetics were recorded at room
temperature and dissociation constants were calculated based on association and dissociation rates.

2.5. Ethical Statement

The described procedures were reviewed and approved by the Animal Research Committee at
Uppsala University (ethical permission 4/16 from 26 February 2016) and were performed in accordance
with the Swedish national legislation on protection of laboratory animals.

2.6. Animal Studies

To select an optimal label, a dual-label biodistribution study was performed. To establish
MDA-MB-468 xenografts, 107 cells were implanted subcutaneously in 8-week-old Balb/c nu/nu mice.
For specificity control, 107 EpCAM-negative Ramos cells were implanted. At the time of experimentation
(two to three weeks after implantation), the weights of the animals were 17 + 2 g in the MDA-MB-468
group and 17 + 0 g in the Ramos group. Average tumor weights were 0.05 + 0.04 g for MDA-MB-468
and 0.05 + 0.04 g for Ramos. Groups of four animals per data point were used.

A well-established, dual-label approach [36,37] was selected for animal studies.
In this methodology, a mixture of compounds labeled with different nuclides is co-injected into animals,
and the distribution of each labeled compound is determined by gamma-spectrometry of tissue samples.
A precondition for this approach is that the gamma-spectra of nuclides can be resolved. This is the case
for 12T and **™Tc (Figure S7). An advantage of the dual-label methodology is that the factors related
to a host animal (e.g., individual features of metabolic rate and blood circulation) and xenografts
(e.g., vascularization or presence of necrotic areas) act in the same way on both tracers. This method
enables the use of a paired t-test, which provides high statistic power with a small number of animals.

Mice were injected with a mixture of both ['ZIJI-PIB-Ecl (non-residualizing label) and
[®™Tc]Te(CO)3-Ecl (residualizing label) and the biodistribution was measured 6 h and 24 h post
injection (pi). The injected activity was 40 kBg/mouse for technetium-99m and 20 kBg/mouse for
iodine-125. The injected protein dose was adjusted to 4 pig/mouse using unlabeled protein. The labeled
proteins were injected into the tail vein. Before dissection, mice were anesthetized by an intraperitoneal
(i.p.) injection of ketamine and xylazine solution and sacrificed by heart puncture. The dose of
ketamine was 250 mg/kg and the dose of xylazine was 25 mg/kg. The organs and tissues were
collected and weighed and the activity was measured using an automated gamma-spectrometer.
Whole submandibular salivary gland, lung, liver, spleen, pancreas, stomach, and kidneys were
sampled for measurements. A small section of small intestines was emptied of content to measure
the uptake in intestinal walls. Activity in the rest of the intestinal tract was measured to estimate
hepatobiliary excretion. The rest of the body was also collected and its activity was measured. The energy
ranges for measurements of 12T and ™ Tc were 18-85 keV and 110-160 keV, respectively. Correction for
counts’ spillover was performed automatically by the software of the gamma-spectrometer. Activity in
a sample was considered as nonmeasurable (NM) if a count rate for a sample plus background
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was less than two-fold higher than for background (approximately 0.005% of the injected activity).
The percentage of injected dose per gram of sample (%ID/g) was calculated.

In addition, an in vivo saturation experiment was performed. EpCAM receptors in MDA-MB-468
xenografts were saturated by co-injection of unlabeled protein at 0.5 mg/mouse (125-fold molar
excess to 4 pug Ecl dose used for biodistribution) together with the injection of [*2°1]I-PIB-Ec1 and
[MTc]Te(CO)3-Ecl, and the biodistribution measurement was performed 6 h pi. To confirm specificity,
the uptake of [12°T]I-PIB-Ecl and [*™Tc]Tc(CO)3-Ecl was measured in EpCAM-negative Ramos
lymphoma xenografts 6 h pi.

Whole body SPECT/CT scans of mice bearing MDA-MB-468 xenografts were performed using
nanoScan SPECT/CT (Mediso Medical Imaging Systems, Budapest, Hungary). Mice were injected
with ['2°T]I-PIB-Ecl (4 pg, 0.3 MBq) and [**™Tc]Tc(CO)3-Ecl (4 ng, 9.4 MBq). Imaging at 6 h pi was
performed after mice were sacrificed by CO,. The acquisition time was 20 min. CT scans were acquired
using X-ray energy peak of 50 keV, 670 pA, 480 projections, and 5.26-min acquisition time. SPECT raw
data were reconstructed using Tera-Tomo™ 3D SPECT reconstruction technology (version 3.00.020.000;
Mediso Medical Imaging Systems Ltd.): High dynamic range, 30 iterations, one subset. CT data were
reconstructed using Filter Back Projection and fused with SPECT files using Nucline 2.03 Software
(Mediso Medical Imaging Systems Ltd.). Images are presented as maximum-intensity projections in
the red, green, and blue (RGB) color scale.

To analyze the radioactive species in urine after injection of [125I]I—PIB—EC1, it was injected
intravenously (i.v.) into two healthy Naval Medical Research Institute (NMRI) mice (Scanbur AS,
Karlslunde, Denmark) (10 ng, 1.9 MBq per mouse). Mice were kept in separate cages covered with
absorbent paper, which was later checked for the activity indicating any release of urine. One hour after
the injection, mice were anesthetized by i.p. injection of ketamine and xylazine solution and sacrificed
by cervical dislocation. Urinary bladders containing urine were excised, cut through, the urine was
collected in Eppendorf tubes, and the activity was measured (0.58 MBq in 50 pL for mouse 1; 0.68 MBq
in 100 uL for mouse 2). An equal volume of ice-cold acetonitrile was added to each tube and the tubes
were centrifuged at 15,000 rpm at 4 °C for 15 min. The solution was filtered through a 0.45-um filter
and analyzed by radio-HPLC. The same procedure with addition of acetonitrile and centrifugation
was performed for the intact [*2°T]I-PIB-Ec1 as a control to check that it would be detectable during
HPLC analysis.

Radio-HPLC analysis was performed using a Hitachi Chromaster HPLC system with a radioactivity
detector and Phenomenex Luna® C18 column (100 A; 150 x 4.6 mm; 5 um) at room temperature (20 °C).
Solvent A was 0.1% trifluoroacetic acid (TFA) in H2O, solvent B was 0.1% TFA in acetonitrile, and the
flow rate was 1 mL/min. The 30-min method with a gradient from 5 to 95% solvent B over 28 min and
from 95% to 5% solvent B from 28 to 30 min was used.

2.7. Statistical Analysis

The in vitro specificity and cellular processing data are presented as the mean + standard deviation
(SD) of three samples. Statistical analysis was performed using GraphPad Prism (version 7.02;
GraphPad Software, Inc., La Jolla, CA, USA). The p < 0.05 was considered a statistically significant
difference. The data were analyzed using an unpaired two-tailed t-test. The biodistribution data for
dual-label experiments at 6- or 24-h time points were analyzed using a paired two-tailed ¢-test.

3. Results

3.1. Radiolabeling

DARPin Ecl was labeled site-specifically with PMT(CO); using a hexahistidine tag at C-terminus
to provide a residualizing label. Labeling of DARPin Ec1 with [12°T]I-para-iodobenzoate was performed
by attaching the N-hydroxysuccinimide ester derivative of ['?’I]I-PIB to amino groups of lysines.
Data concerning radiolabeling of DARPin Ecl with [1%°1]I-PIB and technetium-99m tricarbonyl are
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presented in Table 1. Size-exclusion chromatography provided radiochemical purities over 99%.
Both labeling methods provided stable labels (Tables 2 and 3).

Table 1. Labeling and characterization of radiolabeled Ecl variants.

Radiochemical Radiochemical Radiochemical Binding Affinity to
DARPins Yield of Non-Isolated Yield of Isolated aPu?ict e(o/ )C a MDA-MB-468 Cells
Compound (%) Compound (%) yie (Kp, pM)
[121]1-PIB-Ec1 23+2(n=23) 19+1(n=23) 99 +0(n=23) 121 £21 (n =2)
[?*™Tc] Te(CO)3-Ecl 92 +1 (n=23) 69 =7 (n=23) 99 + 0 (n = 3) 58 +5 (n=2)

Table 2. In vitro stability of [#P™MTc]Te(CO)3-Ecl.

Protein-Associated Activity, %

1000x Histidine PBS
1h 99+ 0 99+ 0
4h 9 +0 9 +1
24 h 98 +0 9 +1

Samples were incubated in PBS or with 1000-fold molar excess of histidine at 37 °C. Analysis was performed
in duplicates.

Table 3. In vitro stability of [1251]1-PIB-Ecl.

Protein-Associated Activity, %

1000x Nal 30% EtOH PBS

1h 98 +1 9+0 99+0
4h 99+0 99+0 9+0
24h 99 +0 98+0 9+0

Samples were incubated in PBS, 30% ethanol or with 1000-fold molar excess of Nal at 37 °C. Analysis was performed
in duplicates.

3.2. Characterization of Radiolabeled DARPins In Vitro

In vitro evaluation was performed using EpCAM-expressing MDA-MB-468 breast cancer cells.
To demonstrate binding specificity of ['?°I]I-PIB-Ecl and [**™Tc]Tc(CO);-Ec1 to EpCAM, the EpCAM
receptors were saturated with 100-fold molar excess of nonlabeled Ecl before addition of the radiolabeled
compound. Blocking the EpCAM receptors resulted in a significant (p < 0.001) decrease of both
[121]I-PIB-Ecl and [*™Tc]Te(CO)5-Ecl uptake (Figure 1). This demonstrated a saturable character of
radiolabeled Ecl binding to MDA-MB-468 cells.
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Figure 1. Invitro specificity of epithelial cell adhesion molecule (EpCAM) targeting using
[?*™Tc] Te(CO)3-Ecl (A) and [1P1]I-PIB-Ecl (B) in EpCAM-expressing MDA-MB-468 cells. Uptake by
cells was significantly (p < 0.001) reduced when 100-fold molar excess of nonlabeled Ecl designed
ankyrin repeat protein (DARPin) was added to the blocked groups. Final concentration of radiolabeled
compound was 2 nM. Data are presented as mean from three samples + SD.
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The binding kinetics of [*™Tc]Tc(CO)3-Ecl and ['?°I]I-PIB-Ecl to MDA-MB-468 cells were
measured using LigandTracer (Figure 2, Figures S1 and S2). A rapid binding and slow dissociation
were observed. The equilibrium dissociation constant (Kp) values for both probes were in
the picomolar range (Table 1). As a control for nonspecific interactions with cells, binding of
[®™Tc]Te(CO)3-Ecl and ['*T]I-PIB-Ecl to EpCAM-negative Ramos cells was also measured using
LigandTracer (Figures S3 and S4). The signal detected from Ramos cells was comparable to the
background and it was much lower than the signal detected from MDA-MB-468 cells.
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Figure 2. LigandTracer sensorgrams of [?PMTc]Te(CO)3-Ecl (A) and ['2°1]I-PIB-Ec1 (B) binding to
MDA-MB-468 cells. The association was measured at 0.2, 0.6, and 1.8 nM concentrations for
[®™Te] Te(CO)3-Ecl and at 1.8, 5.4, and 14.5 nM concentrations [12°1]I-PIB-Ecl.

The processing of [*™Tc]Te(CO)3-Ecl and [*2°I]I-PIB-Ecl by MDA-MB-468 breast cancer cells
during continuous incubation is shown in Figure 3. For [#P™Tc] Te(CO)3-Ecl, the total cell-associated
activity increased continuously over 24 h incubation and the internalized fraction had also a tendency
to a slow increase. For [12°I]I-PIB-Ec1, the maximum of total cell-associated activity was reached at
6 h and it slowly decreased by 24 h. This could be explained by the non-residualizing properties
of the ['?°I]I-PIB label and the diffusion of iodine catabolites from the cells after internalization.
A characteristic feature of radiolabeled Ecl was the quite low internalization. The internalized fraction
for [?™Tc]Te(CO)3-Ecl was approximately 15% of the total cell-associated activity at 24 h.
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Figure 3. Cellular processing of [#™Te] Te(CO)3-Ecl (A) and [*21]I-PIB-Ec1 (B) by MDA-MB-468 cells
during continuous incubation. Cells were incubated with the DARPins (1 nM) at 37 °C. Data are
presented as the mean of three samples + standard deviation (SD). Error bars might not be seen when
they are smaller than data point symbols.

Cellular processing and retention of [®™Tc]Te(CO)3-Ecl and ["*1]I-PIB-Ecl by MDA-MB-468
cells after interrupted incubation is shown in Figure 4. After initial release of both probes from the
membranes due to the shift in equilibrium, the cell-associated activity for [**™Tc]Tc(CO)3-Ec1 remained
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constant until 24 h (Figure 4A). On the opposite, the cell-associated activity continued to decrease
in the case of ['?°I]I-PIB-Ec1 (Figure 4B). This decrease was associated with the gradual build-up of
low-molecular-weight (<5 KDa) radioactive compounds in the media (25 + 1% at 4 h and 70 + 1%
at 24 h) (Figure 4D). For [*™Tc]Tc(CO);-Ecl, the low-molecular-weight activity fraction was only
18 + 3% at 24 h. Most likely, these low-molecular-weight compounds are the products of intracellular
degradation released from cells, since only less than 5% of activity was in the low-molecular-weight
fraction after 24-h incubation of both compounds in cell-free complete media. The difference in the
amount of low-molecular-weight-associated activity reflects, most likely, the difference in intracellular
retention of radiometabolites of iodine and technetium labels. Identity and purity of the radiolabeled

[*P™Tc]Te(CO)s-Ecl and [*#°1]I-PIB-Ec1 was confirmed by radio-HPLC analysis (Figure S5).
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Figure 4. Cellular retention of activity after interrupted incubation of [#MTc] Te(CO)3-Ecl
(A) and ['?°I]I-PIB-Ecl (B) with MDA-MB-468 cells. Cells were first incubated with the DARPin
variants (10 nM) at 4 °C for 1 h and then the media were exchanged and the cells were incubated at
37 °Cfor 1, 4, or 24 h. A fraction of the supernatant at every time point was analyzed using NAP-5
size-exclusion columns and compared to the control when the radiolabeled DARPins were incubated in
complete media for 24 h (C,D). Numbers in panels (C,D) show a percentage of activity associated with
low-molecular-weight compounds at each time point. Data for retention are presented as the mean
of three samples + SD and data for NAP-5 analysis are presented as the mean of two samples + SD.
LMW = low molecular weight, HMW = high molecular weight. Error bars might not be seen when
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they are smaller than data point symbols.

3.3. In Vivo Studies

The results of the specificity test (Figure 5) demonstrated that the uptake of both [**™Tc]Te(CO);-Ecl
and ['?]I-PIB-Ec1 in EpCAM-negative Ramos xenografts was much lower (p < 0.001, unpaired t-test)
than in EpCAM-positive MDA-MB-468 xenografts. In addition, saturation of EpCAM by co-injecting a
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large excess of unlabeled Ec1 resulted in a significant (p < 0.01, unpaired ¢-test) reduction in tumor
uptake of both variants.
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Figure 5. In vivo specificity of EpCAM targeting using [?*™Tc]Te(CO)3-Ecl (A) and ['21]I-PIB-Ec1 (B).
Uptake of both DARPin variants was significantly (p < 0.01, unpaired t-test) higher in EpCAM-positive
MDA-MB-468 xenografts than in EpCAM-negative Ramos xenografts 6 h post injection (pi).
EpCAM blocking in MDA-MB-468 xenografts by co-injecting a large excess of unlabeled Ec1 also
resulted in a significant decrease of tracer uptake. Data are presented as mean + SD for four mice.

The tumor uptake and retention of [?P™Tc] Te(CO)3-Ecl was significantly (p < 0.05, paired t-test)
higher than tumor uptake and retention of ['2IJI-PIB-Ecl (2.6 + 0.2 vs. 1.7 + 0.2%ID/g 6 h pi).
Distribution of activity in normal organs and tissues was quite different for **™Tc- and
125]labeled Ecl (Table 4). The renal uptake of [**™Tc]Te(CO)3-Ecl was more than 100-fold higher
compared to [12°1]I-PIB-Ec1 even 24 h pi. A combination of a high kidney retention of activity and
low activity accumulation in gastrointestinal tract indicated a renal excretion pathway of DARPin Ecl1.
The renal and hepatic uptake of [*™Tc]Tc(CO)3-Ecl was higher than the tumor uptake. ['2°1]I-PIB-Ecl
had appreciably lower hepatic and renal uptake. Overall, [?°T]I-PIB-Ec1 had the lowest uptake
in normal tissues. Already by 6 h after injection of [12°1]I-PIB-Ec1 only ca. 4% of ID was left in
mice and over 95% of ID was excreted in comparison with [*™Tc]Tc(CO)3-Ecl, when about 30%
of ID was excreted by 6 h (Table S1). Accordingly, ['*°I]I-PIB-Ecl provided significantly higher
tumor-to-organ ratios compared with [*™Tc]Tc(CO)3-Ecl (Table 5). At 6 h pi, ['21]I-PIB-Ec1 had
two-fold higher tumor-to-blood, ca. 100-fold higher tumor-to-liver, 20-fold higher tumor-to-spleen and
tumor-to-pancreas, and eight-fold higher tumor-to-muscle ratios than [*™Tc]Tc(CO);-Ecl. By 24 h pi,
the tumor-to-blood and tumor-to-kidney ratios increased further for the ['?°I]I-PIB label, while no
improvement was observed for the technetium-99m label.
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Table 4. Biodistribution of [*™Tc]Te(CO)3-Ecl and ['21]I-PIB-Ec1 in Balb/c nu/nu mice bearing
MDA-MB-468 xenografts 6 and 24 h pi.

[*°™MTc] Te(CO)3-Ecl [1251]1-PIB-Ecl [*®™Tc] Te(CO)3-Ecl [1251]1-PIB-Ecl

Tissue
6h 24h
Blood 0.24 + 0.03 @ 0.09 + 0.01 ¢ 0.11+0.01° 0.009 + 0.001
Salivary glands 1.7+£02° 0.11 £ 0.04 1.3+0.3 NM
Lungs 0.9 +0.2% 0.23 +0.03°¢ 0.6+0.2° 0.04 + 0.01
Liver 18 £24b 0.11+0.02°¢ 9+2¢ 0.026 + 0.002
Spleen 3.1+03% 0.10 £ 0.02¢ 22+03 0.044 + 0.003
Pancreas 12+02% 0.04 + 0.01 0.8+0.2 NM
Small intestine 15+034%0 0.11 + 0.04 09+03 NM
Stomach 1.8 +0.4% 0.15 + 0.03 09+0.2 NM
Kidney 192 + 1590 27+10°¢ 114 + 13 ¢ 0.08 + 0.01
Tumor 26+0.2° 1.7+02°¢ 1.5+05° 0.27 + 0.05
Muscle 0.5+0.1% 0.04 + 0.01 0.3+0.1 NM
Bone 19 +03%0 09+02°¢ 12+03° 0.5+ 0.2
Intestines with 1.8+03" 04+01°¢ 11+0.1° 0.07 +0.01
content
Rest of the 116 £1290 17+02°¢ 85+1.5° 0.9 +02
body

Data are presented as mean percent of injected dose (%ID)/g + SD for four mice. Data for the rest of the intestines
with contents and rest of the body are presented as %ID per whole sample. * Significant difference between
[®™Tc]Tc and [*2°1]1 at the same time point (paired t-test). b Significant difference between values for [P™Tc]Tc at 6-
and 24-h time point (unpaired t-test). ¢ Significant difference between values for ['21]1 at 6- and 24-h time point
(unpaired f-test). NM = nonmeasurable.

Table 5. Tumor-to-organ ratios of [#*™Tc]Te(CO)3-Ecl and [121]I-PIB-Ecl in Balb/C nu/nu mice bearing
MDA-MB-468 xenografts at 6 and 24 h pi.

[*°MTc] Te(CO)3-Ecl [1251]1-PIB-Ecl [*°MTc] Te(CO)3-Ecl [1251]1-PIB-Ecl

Tissue
6h 24h
Blood 11+1° 19+3¢ 13+4° 31+6
Salivary glands 1.5+0.1° 17+ 6 1.2+03 NM
Lungs 317 8+2 3x1 NM
Liver 0.14 +£0.01“ 15+2°¢ 02+01° 10+1
Spleen 0.8+0.17 18+5 0.7+0.2 NM
Pancreas 21+02° 43+ 8 2+1 NM
Small intestine 1.7 +04° 17+ 6 2+1 NM
Stomach 14+0.3" 12+4 2+1 NM
Kidney 0.013 + 0.002 07+03°¢ 0.014 + 0.005 * 35+05
Muscle 5+1¢ 42 +10 5+1 NM
Bone 1.3+0.2 2+1°¢ 1.3+04 0.5+0.1

Data are presented as mean + SD for four mice. ¢ Significant difference between [*21]I and [*®™Tc]Tc at the same
time point (paired t-test). ? Significant difference between values for [*™Tc]|Tc at 6- and 24-h (unpaired t-test).
¢ Significant difference between values for ['%1]1 at 6- and 24-h (unpaired t-test). NM= nonmeasurable.

To study if the lower activity retention in kidneys in case of ['2°I]I-PIB-Ecl is caused by the excretion
of radiometabolites, we performed radio-HPLC analysis of urine collected 1 h after ['2*T]I-PIB-Ec1
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injection in healthy NMRI mice (Figure S6). It was observed that the majority of activity excreted with
urine was in the form of radiocatabolites already 1 h after the injection of ['2°I]I-PIB-Ec1.

MicroSPECT/CT imaging using [**™Tc]Te(CO)3-Ecl and [*°I]I-PIB-Ec in Balb/c nu/nu mice
bearing MDA-MB-468 xenografts at 6 h pi confirmed the results of the biodistribution studies (Figure 6).
The tumor was visualized using both radiolabeled variants of DARPin Ecl. The use of non-residualizing
label [12°1]I-PIB-Ec1 provided lower retention of activity in normal organs and kidneys and higher
imaging contrast compared to [*™Tc]Tc(CO)3-Ecl.

Figure 6.  Micro-Single-Photon Emission Computed Tomography/Computed Tomography
(microSPECT/CT) imaging of EpCAM expression in BALB/C nu/nu mice bearing EpCAM-positive
MDA-MB-468 xenografts at 6 h pi using [PP™Tc] Te(CO)3-Ecl (A) and [*221]I-PIB-Ec (B). Arrows indicate:
T—tumor, K—kidneys, L—liver, LN—lymph node. The scale in panel A was adjusted to the first red

pixel in the tumor.

4. Discussion

Efficacy of targeted therapies is critically dependent on expression level of the molecular target in
tumors. In the case of absence or too low expression level of the target, there will be no therapeutic effect.
Unfortunately, an unspecific toxicity to normal organs and tissues will be preserved. This is a
particularly apparent risk for a targeted delivery of cytotoxic payloads, such as drugs, toxins,
or alpha or beta particle-emitting radionuclides. Thus, personalizing treatment by stratification
of patients according to expression of a molecular target in tumors is an essential precondition for
successful targeted therapy. Although the percentage of EpCAM-overexpressing TNBC tumors is high,
identification of patients eligible for therapy is necessary to avoid overtreatment of patients having
tumors with low expression level. Radionuclide molecular imaging is a promising approach, as it
enables visualization of multiple metastases addressing heterogeneity of expression.

Imaging data can be used to select patients for targeted therapy in different ways. The most
common method is the determination of tumor-to-reference organ ratio. A typical example is the
so-called Krenning score, which is applied for selection of patients with neuroendocrine tumors
for somatostatin receptor-targeted radionuclide therapy using [7”Lu-DOTA?, Tyr®Joctreotate [38,39].
The scale grades the tumor uptake of ['!! In-DTPA]octreotide in planar gamma camera images:
Grade 1, no tumor uptake; grade 2, tumor uptake is equal to normal liver tissue; grade 3, tumor uptake
is greater than normal liver tissue; and grade 4, tumor uptake is higher than normal spleen or
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kidney uptake. It has been demonstrated that the response strongly correlates with the grade [38].
It has been shown that tumor-to-spleen uptake ratio for ''In and ®3Ga-labeled affibody molecules [40]
and tumor-to-contralateral breast ratio for *™Tc-labeled ADAPT6 [41] correlates strongly with the
level of HER2 expression in breast cancer. Alternatively, the uptake of an imaging probe in tumor
might be quantified using PET and correlated with expression level [42].

An essential factor for successful radionuclide imaging is high imaging contrast because it
determines the diagnostic sensitivity. Thus, imaging agents providing high tumor-to-organ ratios
(ratios of activity concentration in tumors to the concentration in normal organs), especially to organs
that are frequent metastatic sites, are required. TNBC has a predominant metastasis to visceral organs,
first and foremost, liver and lungs [5,43]. Thus, sufficiently high tumor-to-liver and tumor-to-lung
ratios are the preconditions for successful translation to clinics. In addition, a high tumor-to-blood
ratio is an essential parameter for evaluation of an imaging agent as a blood-borne activity and might
contribute to the background signal.

Selection of a fitting label is important for obtaining of a high contrast. One strategy to achieve
a high imaging contrast is based on using non-residualizing labels. After binding of radiolabeled
proteins to cell-surface receptors on cancer cells or to scavenger receptors on cells in excretory organs
(e.g., kidneys and liver), a protein-receptor complex is internalized and the radiolabeled protein
is degraded in lysosomes with formation of radiocatabolites. Radiocatabolites of residualizing
labels (typically, radiometals) are retained inside the cells as they are not able to diffuse through
the lipophilic membranes. However, the radiocatabolites of non-residualizing labels rapidly diffuse
from the cells, return to blood circulation, and are excreted with urine. When the internalization
of radiolabeled proteins is slow in tumors and rapid in normal organs and tissues, the use of
non-residualizing labels might enable fast clearance of activity from normal organs and tissues and
provide higher imaging contrast than the use of residualizing labels.

Three different variants of non-residualizing radioiodine labels were evaluated for DARPins:
A product of so-called direct electrophilic radioiodination, when the radioiodine is incorporated into
the phenolic ring of tyrosine [22,23,30], a conjugate with [1251]-PIB [30,31], and a site-specific conjugate
of ['?*I]I-iodo-[(4-hydroxyphenyl)ethyl]-maleimide (HPEM) to a unique cysteine engineered to a
C-terminus of DARPin G3 [24]. It turned out that the use of the HPEM label results in a high level of
hepatobiliary excretion and accumulation of activity in the content of gastrointestinal tract. This is
undesirable, as it creates an unacceptable high background for imaging of visceral TNBC metastases.
The use of direct iodination resulted in accumulation of radiocatabolites in Na/I-symporter-expressing
organs (first and foremost, in salivary gland and stomach) but also in in visceral organs such as pancreas
and intestines [30]. Overall, previous studies suggest that indirect radioiodination using PIB would be
optimal for labeling of Ec1.

A potential disadvantage of the use of ['®I]I-PIB is a random attachment of
N-succinimidyl-para-iodobenzoate to amino groups of lysines in DARPin Ecl. As DARPin Ecl
contains eight lysines, this labeling might result in a mixture of labeled proteins with a different number
and positions of [?°I]I-PIB label. However, previous studies with proteins of similar size showed that
the specificity and affinity is usually preserved with this type of labeling [27,44—46].

This study showed that the binding of both [121]I-PIB-Ec1 and [*™Tc]Tc(CO)s-Ecl to TNBC cells
in vitro (Figure 1) can be blocked with an excess of unlabeled Ec1, which confirmed its specificity.

Previous studies have demonstrated that kinetics and affinity of binding of radiolabeled proteins
to their molecular targets depend on cell line origin [47,48]. This might be associated with the
molecular context of cellular membranes, including such factors as co-expression of other receptors
or cell-surface proteins, glycosylation patterns, and homo- and heterodimerization. The results of
LigandTracer measurements (Figure 2) demonstrated that binding of both tracers to TNBC cells was
characterized by rapid association and very slow dissociation rates. The equilibrium dissociation
constants were 121 + 21 pM and 58 + 5 pM for ['#1]I-PIB-Ec1 and [**™Tc]Tc(CO)3-Ecl, respectively.
Thus, affinity of ['?*I]I-PIB-Ec1 binding to TNBC cells was somewhat lower compared to binding to
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ovarian cancer OvCAR-3 cells (35 + 1 pM) [31] or pancreatic cancer BxPC-3 cells (58 + 13 pM) [30].
According to stoichiometric calculations, the average number of pendant groups conjugated per Ecl
molecule should be 0.3, which should have a minimal impact on binding properties. However, it might
happen that one of the pendant groups is conjugated to a lysine close to the binding site and might create
a hindrance. This might explain the differences in affinities between [#™Tc] Te(CO)3-Ecl, which was
labeled site specifically, and ['2°1]I-PIB-Ec1. Still, the picomolar affinity is a good precondition for a
strong retention of an imaging probe by malignant cells in vivo.

Assessment of the internalization rate of Ecl during continuous incubation of cells with the tracer
was initially performed using [*'™Tc]Te(CO)3-Ecl (Figure 3). A residualizing label is the most suitable
for such kind of test because the data obtained by a non-residualizing label might be deceptive due to
the “leakage” of radiometabolites from cells leading to underestimation of internalized radioactivity.
The cellular processing study showed a slow internalization (approximately 15% of cell-bound activity
at 24 h after incubation start) of Ecl by TNBC cells. The difference between cellular processing of
[#P™Tc] Te(CO)3-Ecl and ['?°1]I-PIB-Ecl was further elucidated by studying cellular retention after
interrupted incubation (Figure 4). The use of radioiodine label was associated with lower retention of
activity by cells. In addition, a decrease of cell-associated radioiodine activity was accompanied with
an increase of low-molecular-weight radioiodinated compounds in the incubation media. Most likely,
this was caused by diffusion of radiometabolites of a non-residualizing label from cells. We considered
the combination of the slow internalization and high affinity as a good rationale to proceed with
in vivo studies.

Animal studies demonstrated clearly specific accumulation of both ['?T]I-PIB-Ecl and
[®™Tc] Te(CO)3-Ecl in MDA-MB-468 xenografts (Figure 5). Saturation of EpCAM by co-injection of a
large excess of unlabeled Ec1 resulted in significantly lower uptake of the tracers in TNBC xenografts.
In addition, the activity uptake in EpCAM-negative Ramos xenografts was much lower than in
EpCAM-positive MDA-MB-468 xenografts.

Low accumulation in normal tissue is an important precondition for a high-contrast imaging.
The results of the biodistribution experiments demonstrated advantages in the use of non-residualizing
labels for slowly internalizing, high-affinity imaging probes (Table 4). The difference in the renal
uptake of ['2°I]I-PIB-Ec1 and [**™Tc]Tc(CO)3-Ecl was spectacular already at 6 h after injection. A high
re-absorption in the proximal tubuli of the kidneys is a common feature of imaging probes based on
short peptides [49] and ESPs, such as affibody molecules, ADAPTs, or DARPins [20,50,51]. In the case
of short peptides, the re-absorption could be suppressed by blocking scavenger receptors with cationic
amino acids or succinylated bovine gelatin (Gelofusine) [49]. However, the use of these and a number
of other substances potentially blocking or reducing renal reabsorption was unsuccessful in the case of
DARPins [51]. Thus, there is no conventional way to reduce the renal uptake of DARPins labeled with
a residualizing label. However, the use of [1%°T]I-PIB-Ecl resulted in more than a 70-fold lower renal
uptake compared with [*™Tc]Te(CO)3-Ecl. Radio-HPLC analysis of the urine 1 h after injection of
['21]I-PIB-Ec1 demonstrated that the activity was excreted predominantly as radiometabolites (S6).
This suggests that non-residualizing properties of the radioiodine label were critical for the reduction
of renal retention. Even more impressive (and more relevant to imaging of EpCAM expression in
TNBC metastases) was the reduction of hepatic uptake, which was 160-fold lower for [1%°1]1-PIB-Ecl.
While the uptake of [*™Tc]Tc(CO)3-Ecl in tumor was nearly 7-fold lower than in liver, the tumor
uptake of ['I]I-PIB-Eclwas 15-fold higher than the hepatic uptake.

It has to be noted that the tumor uptake of [*™Tc]Tc(CO);-Ecl was significantly
(p < 0.05, paired t-test) higher than tumor uptake and retention of ['ZT]I-PIB-Ecl (2.6 + 0.2 vs.
1.7 + 0.2%ID/g 6 h pi). This can be explained by the lower affinity of ['?°T]I-PIB-Ec1 compared
with its M Tc-labeled counterpart. In addition, we can expect that some internalization would take
place during six hours and leakage of catabolites would affect the retention of activity in tumors.
However, the magnitude of the uptake reduction was appreciably smaller compared with the uptake
in normal tissues. For this reason, tumor-to-organ ratios were several folds higher for [12°1]I-PIB-Ecl
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than for [*™Tc]Tc(CO)3-Ecl (Table 3). Particularly, tumor-to-blood, tumor-to-lung, tumor-to-liver,
and tumor-to-muscle ratios were 19 + 3, 8 £ 2,15 + 2, and 42 + 10 at 6 h after injection, respectively.
Accordingly, an experimental microSPECT imaging using [1%°1]1-PIB-Ecl permitted clear visualization
of EpCAM expression in TNBC xenografts (Figure 5). It has to be noted that the tumor-associated activity
decreased with time after injection of [12°1]I-PIB-Ecl. At24h pi, the tumor uptake of [12°1]I-PIB-Eclwas
only 0.27 + 0.05%ID/g. This was more than five-fold lower compared with the tumor uptake of
[**™Tc]Te(CO)3-Ecl. Such low uptake makes this tracer unsuitable for imaging the next day after
injection. Thus, non-residualizing labels are suitable for imaging only a few hours after injection even
in the cases of slow internalization by malignant cells.

It should also be noted that the observed differences in the biodistribution between
"™ Tc]Te(CO)3-Ecl and ['?°1]I-PIB-Ecl might not only be due to residualizing properties of labels
but also be influenced by other label properties (polarity, site specificity of labeling), as well as by
differences in pharmacokinetics.

In this study, 1?°I was used as a label because of its convenient half-life (60 days). However,
its low-energy electromagnetic radiation (max. 35.5 keV) permits its use only in small rodents and is
unsuitable for clinical translation. Two iodine radioisotopes, 1231 (Typ =133 h, Ey = 159 keV) and
positron-emitting 1241 (
computed tomography (SPECT) and positron emission tomography (PET), respectively. Since the
chemical properties of isotopes are identical, only a minor re-optimization is required to change the
labeling chemistry from '2°I to these nuclides [24,52].

Summarizing, this study demonstrated that ['?°I]I-PIB-Ec1 has high (subnanomolar) affinity to
EpCAM. It binds in a specific manner to EpCAM-expressing TNBC cell line in vitro and accumulates
specifically in EpCAM-expressing TNBC xenografts in mice. The tumor-to-organ ratios, which are

Tip =100 h, B+ 23%), are suitable for radionuclide imaging using single-photon

a measure of imaging contrast and sensitivity, are appreciably higher for [12I]I-PIB-Ecl1 than for
[#MTc]Te(CO)3-Ecl. The ["2°I]I-PIB-Ecl is capable of visualization of EpCAM-expressing TNBC
xenograft in a mouse. This creates a rationale for further clinical studies concerning imaging of EpCAM
in TNBC and correlation of imaging and biopsy data.

5. Conclusions

Both ['2°I]I-PIB-Ec1 and [*™Tc]Tc(CO)3-Ecl demonstrated specific uptake in EpCAM-positive
TNBC xenografts. Radioiodine provided better tumor-to-organ ratios compared to [*™Tc]Te(CO); label.
Radioiodinated DARPin Ecl is a promising agent for same-day imaging of EpCAM expression in
triple-negative breast cancer using SPECT.
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Abstract: Targeting of cholecystokinin-2 receptor (CCK2R) expressing tumors using radiolabeled
minigastrin (MG) analogs is hampered by rapid digestion of the linear peptide in vivo. In this
study, a new MG analog stabilized against enzymatic degradation was investigated in preclinical
studies to characterize the metabolites formed in vivo. The new MG analog DOTA-DGIlu-Pro
-Tyr-Gly-Trp-(N-Me)Nle-Asp-1Nal-NH; comprising site-specific amino acid substitutions in position
2, 6 and 8 and different possible metabolites thereof were synthesized. The receptor interaction of
the peptide and selected metabolites was evaluated in a CCK2R-expressing cell line. The enzymatic
stability of the 177Lu-labeled peptide analog was evaluated in vitro in different media as well as in
BALB/cmice up to 1 h after injection and the metabolites were identified based on radio-HPLC analysis.
The new radiopeptide showed a highly increased stability in vivo with >56% intact radiopeptide in
the blood of BALB/c mice 1 h after injection. High CCK2R affinity and cell uptake was confirmed
only for the intact peptide, whereas enzymatic cleavage within the receptor specific C-terminal amino
acid sequence resulted in complete loss of affinity and cell uptake. A favorable biodistribution
profile was observed in BALB/c mice with low background activity, preferential renal excretion and
prolonged uptake in CCK2R-expressing tissues. The novel stabilized MG analog shows high potential
for diagnostic and therapeutic use. The radiometabolites characterized give new insights into the
enzymatic degradation in vivo.

Keywords: cholecystokinin-2 receptor; minigastrin; molecular imaging; targeted radiotherapy;
lutetium-177

1. Introduction

Radiolabeled peptide analogs for theranostic use in the diagnosis and treatment of cancer need
to fulfill important prerequisites, such as high receptor affinity, appropriate metabolic stability, high
and persistent tumor uptake, as well as low uptake in non-target tissue and fast blood clearance [1].
Up to date, targeting G-protein coupled receptors overexpressed on the surface of tumor cells
for nuclear medicine applications is mainly limited to radiolabeled somatostatin analogs. The
cyclic somatostatin analog octreotide with high affinity to the somatostatin receptor subtype 2
is used for symptomatic and biochemical control in the treatment of neuroendocrine tumors [2].

91



Molecules 2020, 25, 4585

Radiolabeled octreotide derivatives have been successfully introduced in routine nuclear medicine
applications for diagnosis and treatment of neuroendocrine tumors [3]. A major milestone in this
respect is the recent approval of Lutathera® for peptide receptor radionuclide therapy by the European
Medicines Agency (EMA) and by the Food and Drug Administration (FDA) [4,5]. So far, this success
could not be translated to radiolabeled peptide analogs targeting other receptors. The reason often
lies in the rapid metabolism in vivo of the linear peptide sequences derived from natural peptide
hormones leading to cleavage of amino acids by enzymatic degradation and subsequent loss of affinity
to the target receptor [1]. Radiolabeled peptide analogs targeting the cholecystokinin-2 receptor
(CCK2R), overexpressed in different tumors, such as small cell lung cancer, stromal ovarian cancers,
gastrointestinal stromal tumors, astrocytoma and especially medullary thyroid carcinoma (MTC),
have shown to be very promising for application in diagnosis and therapy [6,7]. The reported clinical
use has mainly focused on the diagnosis and treatment of patients with advanced MTC [8]. In the
last decades, several attempts have been made to develop a radiolabeled CCK2R targeting peptide
analog with suitable pharmacological properties for theranostic applications. First prove of principle
studies with a radioiodinated gastrin analog confirmed the feasibility of CCK2R targeting [9]. Different
CCK2R-targeting peptide analogs conjugated to the bifunctional chelators diethylenetriaminepentaacetic
acid (DPTA) and 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA) radiolabeled with
trivalent radiometals have been developed and evaluated in clinical studies [8]. The MG analog
DTPA-DGlu-Glu-Glu-Glu-Glu-Glu-Ala-Tyr-Gly-Trp-Met-Asp-Phe-NH, (DTPA-MGO), derived from
human MG, displayed a high renal uptake hindering the therapeutic use [10]. With the removal of
the penta-Glu sequence in the truncated MG analog DOTA-DGIlu-Ala-Tyr-Gly-Trp-Met-Asp-Phe-NH,
(DOTA-MG11), the renal uptake was efficiently reduced, however, so was the stability in vivo [11,12].
Thus, the clinical applicability of the peptide analogs developed so far is limited.

CCK2R-targeting peptide analogs are potential substrates of various enzymes such as the
angiotensin converting enzyme (ACE), neutral endopeptidase (NEP), aminopeptidase A (APA) and
cathepsins [13-17]. Extensive preclinical research was undertaken to improve the stability in vivo as
well as the targeting properties. Different modifications were introduced in the linear peptide sequence
of different CCK2R targeting peptide analogs, such as the incorporation of unnatural amino acids,
inversion of the configuration of amino acids, cyclisation of the linear peptide and dimerization [18-21].
Most of these developments have not led to the required improvements necessary for successful
clinical application. Two MG analogs, DOTA-(DGlu)s-Ala-Tyr-Gly-Trp-Met-Asp-Phe-NH, (PP-F11)
labeled with indium-111 as well as DOTA-(DGIlu)g-Ala-Tyr-Gly-Trp-Nle-Asp-Phe-NH; (PP-F11N)
labeled with lutetium-177, which are derived from MGO by inversion of the configuration of the
penta-Glu motif, are currently examined in clinical studies (ClinicalTrials.gov Identifier: NCT03246659
and NCT02088645) [22-24]. Besides chemical modification of the peptide, in situ stabilization by
co-injection of enzyme inhibitors was investigated. For !!In-labeled DOTA-MGO0 and DOTA-MG11,
the use of phosphoramidone improved the tumor uptake, whereas for DOTA-MGO, a concomitant
increase of renal retention occurred [25]. Sauter et al. studied the effect of two NEP inhibitors,
phosphoramidone and thiorphan, on the targeting properties of 17’ Lu-labeled DOTA-MG11, PP-F11
and PP-F11IN. Only for DOTA-MG11 an improved tumor uptake could be achieved, whereas no
improvement was found for PP-F11 and PP-F11N [14]. The results suggest that in situ stabilization is
highly dependent on the individual radiopeptide and cannot be generalized. Besides that, the long-term
use of protease inhibitors, especially NEP inhibitors, can potentially cause side effects that are not yet
well understood [26].

In our recent studies we could introduce new modifications within the C-terminal sequence
Trp-Met-Asp-Phe-NH;, known to be essential for CCK2R binding [27-29]. Most favorable properties
were found for the new MG analog with the sequence DOTA-DGIlu-Ala-Tyr-Gly-Trp-(N-Me)Nle-
Asp-1Nal-NH; (DOTA-MGS5), in which methionine is replaced by N-methylated norleucine
((N-Me)Nle) and phenylalanine by 1-naphtylalanine (1Nal) [28]. Besides leading to highly improved
stability in vivo, the introduced modifications also led to an enhanced receptor-specific cell uptake,
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as well as to a highly increased tumor uptake, when radiolabeled with different radiometals. In nude
BALB/c mice bearing CCK2R-expressing tumor xenografts, a tumor uptake of more than 20% of the
injected activity per gram (IA/g) was observed. This corresponds to a three-fold improvement compared
to PP-F11 and PP-F11N (~6.7% and 6.9% 1A/g) [14,28]. Nevertheless, some degradation products
were still detected by radio-HPLC analysis of blood obtained from mice injected with '”’Lu-labeled
DOTA-MGSS5 [28].

With the aim of further improving the in vivo stability of DOTA-MGS5, we have explored
additional modification of the peptide sequence. The amino acid proline (Pro) is a promising candidate
for amino acid exchange and forms a tertiary amide bond which similarly to N-methylated peptide
bonds and triazoles may improve the stability in vivo [27,30]. In this study, a preliminary preclinical
characterization of the new MG analog DOTA-DGlu-Pro-Tyr-Gly-Trp-(N-Me)Nle-Asp-1Nal-NH, (1)
was carried out focusing on the enzymatic stability of the 17”Lu-labeled radiopeptide in vivo. For this
purpose, besides characterizing the stability in vitro in different media, metabolic stability studies were
carried out in BALB/c mice giving first insights into the enzymatic degradation and biodistribution
profile of this new radiolabeled MG analog. To characterize the 1”’Lu-labeled metabolites formed
in vivo, different possible metabolites of 1 were synthesized. Furthermore, the receptor affinity of the
new MG analog, as well as selected metabolites, was studied in A431 human epidermoid carcinoma
cells stably transfected with human CCK2R (A431-CCK2R). The same cell line was used to investigate
the cell uptake of the ”’Lu-labeled peptide analog and selected radiometabolites. Mock-transfected
A431 cells (A431-mock) were used as negative control.

2. Results

2.1. Peptide Synthesis and Radiolabeling

The amino acid sequence and chemical structure of 1 is displayed in Figure 1. M1-M6 were
synthesized by standard solid phase peptide synthesis starting from 100 mg of resin following the
synthesis protocol described below. For M7 and M8, which were synthesized by different strategies,
conjugation with DOTA (DOTA-tris(tert-butyl) ester or DOTA mono-N-hydroxysuccinimide ester)
was carried out in solution. After purification by reversed phase HPLC (RP-HPLC), characterization
by mass spectrometry and lyophilization, the metabolites M1-M8 were obtained with a purity >95%
(with the exception of M1 and M4, for which a purity of 93-94% was achieved). The amino acid
sequences and analytical data for 1 and the different metabolites M1-M8 are shown in Table 1.

DOTA-DGIu-Pro-Tyr-Gly-Trp-(N-Me)Nle-Asp-1Nal-NHz (1)

Figure 1. Amino acid sequence and chemical structure of 1.
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Table 1. Summary of the analytical data of 1 and the metabolites M1-MS8 (radio tg obtained after
labeling with lutetium-177).

Radio tg UV tg MW calc MW found

Peptide Peptide Sequence Purity(%) . . mfz mfz
lmin] lmin] M + HI* M + HI*
1 DOTA-DGlu-Pro-Tyr-Gly-Trp-(N-Me)Nle-Asp-1Nal-NH; >95 326 324 1475.6 1475.8
M1 DOTA-DGlu-Pro-Tyr-Gly-Trp-(N-Me)Nle-Asp-1Nal-COOH 94 33.1 32.8 1476.6 1475.9
M2 DOTA-DGlu-Pro-Tyr-Gly-Trp-(N-Me)Nle-Asp 99 249 249 1278.4 1279.2
M3 DOTA-DGlu-Pro-Tyr-Gly-Trp-(N-Me)Nle 98 25.8 26.0 1163.3 1164.2
M4 DOTA-DGlu-Pro-Tyr-Gly-Trp 93 23.5 234 1036.1 1037.4
M5 DOTA-DGlu-Pro-Tyr-Gly 99 13.7 15.2 849.9 851.4
Meé DOTA-DGlu-Pro-Tyr 96 144 16.7 792.8 794.5
M7 DOTA-DGlu-Pro 99 9.8 126 630.6 631.5
M8 DOTA-DGlu 99 6.3 6.4 533.5 534.5

For experiments in vitro, labeling with lutetium-177 was carried out at a low molar activity
of 10-20 MBg/nmo], yielding nearly quantitative labeling and allowing the use of the radiolabeled
conjugates without further purification. The radiolabeled conjugates used in animal studies were
radiolabeled at a higher molar activity of ~40 MBg/nmol. Hydrophilic impurities were removed by
solid phase extraction (SPE) to obtain the radiolabeled peptides with a radiochemical purity of >99%.
The radio-HPLC chromatograms of the radiolabeled compounds are shown in Figure 2.

Mg* * MS* MG* M4 * MZ* ) K 1* *
mV
A |
" LW\
1 C
5 10 15 20 25 30 35 40 45 min

Figure 2. Radio-HPLC chromatograms of [Y77Lu]Lu-1 and its 177Lu-labeled metabolites M1-M8
(* indicating radiolabeled with lutetium-177).

2.2. Characterization In Vitro

The stability of ”/Lu-labeled 1 and M1-4 in fresh human serum, as well as the stability
of [*7Lu]Lu-1 in liver and kidney homogenates, was analyzed for up to 24 h after incubation.
The percentage of intact radiopeptide found over time is presented in Figure 3. ['””Lu]Lu-1 showed a
very high stability in human serum with values of 96.2 + 1.3% intact peptide after 24 h incubation.
A higher degree of degradation was found in liver homogenate with >90% intact radiopeptide up to
20 min after incubation and decreasing to 83.6 + 0.2, 52.9 + 2.0 and 49.3 + 1.7%, at 30 min, 2 h and
24 h, respectively. In kidney homogenate, a faster metabolic breakdown was observed. However,
still 65.6 + 2.8 and 43.9 + 1.0% intact radiopeptide were present 20 min and 30 min after incubation.
At later time points, the radiolabeled conjugate was completely degraded (<5 and <1% at 2 and 24 h
after incubation, respectively). In human serum, a high stability was also found for ['””Lu]Lu-M1
(89.1 + 1.3%), [ Lu]Lu-M2 (98.1 + 0.3%) and [’ Lu]Lu-M4 (98.4 + 0.01%) after 24 h incubation in
human serum, whereas ['”/Lu]Lu-M3 showed a different behavior. A fast enzymatic degradation
occurred in serum with only 29.7 + 0.8% of intact [Y77Lu]Lu-M3 24 h after incubation.

The logD values calculated from the octanol/PBS distribution of the different 17’ Lu-labeled
peptides resulted in a hydrophilicity profile in the order of ['77Lu]Lu-M4 (-4.19 + 0.30) > ['7/Lu]Lu-M2
(=4.18 + 0.17) > [""Lu]Lu-M3 (=4.13 + 0.11) > [\"/Lu]Lu-M1 (=4.07 + 0.35) > ['77Lu]Lu-1 (-1.96 + 0.07).

Protein binding in human serum as analyzed by size exclusion chromatography was found
to be lowest for [”7Lu]Lu-M3 (23.4 + 1.9%), followed by ['77Lu]Lu-1 (37.8 + 2.9%), ['""Lu]Lu-M4
(41.7 + 0.2%), ['"Lu]Lu-M1 (45.4 + 1.8%) and ['"/Lu]Lu-M2 (48.1 + 2.3%) for the time point of 24 h
after incubation.

94



Molecules 2020, 25, 4585

177

Stability of [ " Lu]Lu-1 Stability of selected radiometabolites
- @ human serum in human serum
¢ liver organ homogenates [LulLu-M1 @ [ 7LuLu-M2
A kidney organ homogenates [WLU]LU-MS PY [mLu]Lu-M4
] . . [EEPPRT Y 100 ",. , I TRTFIAPN s
% =
S = 80 5
3 a
= (]
S o
S ¢ 2
Fl_. E
g 20 g 401
£ T a £ :
0 4‘ I_... . e e + 20 e
0 4 8 12 16 20 24 0 4 8 12 16 20 24
time [h] time [h]

(a) (b)

Figure 3. Stability of (a) ['””Lu]Lu-1 after incubation in human serum as well as in rat liver and rat
kidney homogenates, and of (b) selected radiolabeled metabolites M1-M4 in human serum, as analyzed
up to 24 h after incubation.

2.3. Cell Internalization and Receptor Binding Studies

For [77Lu]Lu-1 incubated with A431-CCK2R cells, a high internalization with uptake values of
44.4 + 2.7% after 1 h incubation (Figure 4) was observed. As expected, the 7’ Lu-labeled metabolites
showed no internalization into A431-CCK2R cells (['”/Lu]Lu-M1: 0.18 + 0.03%, ["/Lu]Lu-M2:
0.06 = 0.02%, ['77Lu]Lu-M3: 0.05 + 0.03% and ['7”Lu]Lu-M4: 0.05 + 0.02%). Additionally, after 2 h
incubation a very high receptor-specific uptake could be confirmed for ['”/Lu]Lu-1, with values
further increasing to 66.6 + 0.3%, whereas no internalization occurred for the 7 Lu-labeled metabolites.
Specificity of the cell uptake was proven by contemporaneous incubation in A431-mock cells finding a
cell uptake of <0.2% and <0.4% for ['””Lu]Lu-1 at 1 and 2 h, respectively.
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Figure 4. Cell uptake of (a) [Y77Lu]Lu-1 in A431-CCK2R and A431-mock cells and (b) 177 Lu-labeled
M1-M4 in A431-CCK2R cells, after 1 h and 2 h incubation.

In competition assays against [Leu'®|gastrin-I substituted with iodine-125, a high binding affinity
to CCK2R was confirmed for 1 (ICsp: 0.69 + 0.09 nM) on A431-CCK2R cells, comparable to pentagastrin
used as a reference (IC5q: 0.76 + 0.11 nM) (Figure 5). For M1-M4 no binding affinity could be observed,

95



Molecules 2020, 25, 4585

confirming the complete loss of receptor binding after removal of the C-terminal amide function and
the C-terminal amino acids (N-Me)Nle, Asp and 1Nal. Based on these findings, the cell uptake and
receptor binding of the remaining metabolites were not tested.

Displacement with [ “I)[3-iodo-Tyr"* Leu*]gastrin-I Displacement with [ “1][3-iodo-Tyr" Leu *]gastrin-I
on A431-CCK2ZR cells on A431-CCK2R cells
IC,, values: IC_, values:
® 1:069+009nM M1: 1000 nM M3: >1000 nM
O pentagastrin: 0.76 £ 0.11 nM e M2 =1000nM e M4:>1000nM
1200+ 1200
1000 | 1000
] ¢ ;
T W00{ 5] 0 T 800 ? ettt
O 1 3 1 @) Q. ®
O, 600 | w0 L, 600+ ted82,.5
) 1 U
E 400 N\ € 400
(o] 1 . : (]
© 2004 2 o © 200
0. . i . 0
1E-4 1E-3 0.01 04 1 10 100 1000 1E-4 1E-3001 01 1 10 100 1000
ligand [nM] ligand [nM]
(a) (b)

Figure 5. Competitive binding curves against [12511[S—iodo—Tyrlz,Leuw]gastrin—I for (a) non-labeled 1
in comparison with pentagastrin, as well as (b) non-labeled M1-M4.

2.4. Stability In Vivo and Biodistribution Studies

The metabolic stability in vivo, as shown in Figure 6, was monitored after intravenous injection of
['”7Lu]Lu-1 in BALB/c mice. A high resistance against enzymatic degradation was found at 10 min post
injection (p.i.) with 80.5% intact radiopeptide present in blood. A high percentage of intact radiopeptide
in blood was also observable after 30 and 60 min p.i. with values of 64.1% and 56.9%, respectively.
Analysis of the urine of the mice showed that only 29.1%, 19.4% and 18.0% intact [\/”Lu]Lu-1 was
excreted at the different time points studied. In the soluble phase extracted from liver homogenate,
71.9%, 53.9% and 47.7% intact peptide were found after 10, 30 and 60 min p.i., respectively, reflecting the
stability of the radiolabeled conjugate during circulation. Metabolism during excretion was confirmed
by the analysis of the soluble phase extracted from kidney homogenate with values of 29.7%, 18.4%
and 7.0% intact radiopeptide after 10, 30 and 60 min p.i., respectively.
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Figure 6. Intact [7”Lu]Lu-1 detectable in blood and urine, as well as liver and kidney homogenates
obtained from BALB/c mice, as analyzed up to 60 min p.i.
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The preliminary evaluation of the biodistribution profile of [1””Lu]Lu-1 showed a fast clearance
from the blood with low non-specific uptake in most tissues. The observed uptake values are
summarized in Table 2. The whole body activity ranged from 61.78% IA at 10 min p.i. to 12.27% IA
at 1 h after injection. As shown in Figure 7a, the blood pool activity rapidly declined from 17.79% to
2.05% 1A/g at 10 and 60 min, respectively. Consequently, a very low background activity was found
in muscle with values ranging from 2.56% to 0.36% 1A/g at 10 min and 60 min, respectively. Low
non-specific uptake and rapid washout was observed also for lung (17.45% to 1.95% IA/g), heart (7.13%
to 0.99% 1A/g), femur (5.97% to 0.52% 1A/g) and spleen (3.70% to 0.79% IA/g). Excretion occurred
mainly through the kidneys with activity values decreasing from 14.49% to 7.01% IA/g from 10 to
60 min p.i. (Figure 7b). The activity values observed in liver (5.37% and 1.26% IA/g) and intestine
(2.63% and 1.02% IA/g) for the same time points were much lower and comparable to the non-specific
uptake in other organs. When looking at the washout of radioactivity from different tissues, a higher
retention of radioactivity was observed for CCK2R-expressing stomach and pancreas, which was more
prominent for stomach. The percentage decrease of radioactivity at 1 h versus 10 min p.i. was lower for
stomach (59%) and pancreas (75%) in comparison to the washout of 79-91% from non-excretory organs
(blood, lung, heart, femur, spleen and muscle), indicating a receptor-specific uptake in stomach and
pancreas (Figure 7c, Table 2). No further blocking studies were performed to investigate the specificity
of the uptake in more detail.
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Figure 7. Uptake values in selected tissues as obtained from metabolic biodistribution studies with
['77Lu]Lu-1 in BALB/c mice at 10, 30 and 60 min p.i.: (a) background activity in blood and muscle,
(b) excretory organs kidney and liver as well as (c) CCK2R-expressing pancreas and stomach. Values

are expressed as % IA/g.
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Table 2. Biodistribution profile of [Y7Lu]Lu-1 in BALB/c mice after 10 min, 30 min and 1 h pi.
(30—40 MBq, 0.8 nmol). Values are expressed as % IA/g.

% IA/g
Organ
10 min p.i. 30 min p.i. 1hp.i.
blood 17.79 5.08 2.05
lung 17.45 5.03 1.95
heart 7.13 2.72 0.99
femur 5.97 1.28 0.52
spleen 3.70 2.00 0.79
muscle 2.56 1.03 0.36
intestine 2.63 1.61 1.02
liver 5.37 2.95 1.26
kidneys 14.49 10.76 7.01
pancreas 3.39 1.76 0.84
stomach 3.36 2.29 1.39

2.5. Identification of the Radiometabolites Formed In Vivo

For the evaluation of the radiometabolites formed in vivo, blood and urine collected from BALB/c
mice injected with [”/Lu]Lu-1 were analyzed by radio-HPLC. In addition, the soluble phase extracted
from kidney and liver homogenates was analyzed. ['””Lu]Lu-1 showed a high stability in blood against
enzymatic degradation in vivo with a total amount of radiometabolites of 19.5%, 35.9% and 43.1% at
10, 30 and 60 min p.i., respectively. The radiometabolites observed could be matched to ['/Lu]Lu-M1,
[Y7Lu]Lu-M2, [Y7Lu]Lu-M3, [Y7Lu]Lu-M5, with hydrolysis of the C-terminal amide, as well as
cleavage of the peptide bonds of Asp-1Nal, (N-Me)Nle-Asp and Gly-Trp. The same metabolites were
also observed in urine, whereas the presence of ['”/Lu]Lu-M1 was negligible. However, much higher
levels of the radiometabolites were observed in urine, which was to be expected, given the renal
pathway as main route of excretion. A similar pattern was observed also for liver and kidneys, where
only minor additional radiometabolites could be detected. [7”Lu]Lu-Mé6 with cleavage of the peptide
bond of Tyr-Gly was confirmed for both, liver and kidneys, while ['77Lu]Lu-M4 cleaved between Trp
and (N-Me)Nle was detectable only in liver and ['””Lu]Lu-M?7 cleaved between Pro and Tyr only in
kidneys. No cleavage between DGIlu and Pro was observed, confirming a stabilizing effect for the
tertiary amide bond introduced into the peptide backbone. Radiochromatograms of the different
samples analyzed are displayed in Figure 8a—d. The percentage of the intact radiopeptide and of the
different radiometabolites found for the different time points p.i. are summarized in Table 3.

Table 3. Quantification of the percentage of intact radiopeptide and of the radiometabolites as analyzed
by radio-HPC of blood and urine, as well as liver and kidneys of BALB/c mice injected with ['””Lu]Lu-1
for different time points p.i.

Blood Liver Kidney Urine
Peptide
30min 60 min 30 min 60min 30min 60 min 30 min 60 min
[Y7Lu]Lu-1 64.1%  56.9%  53.9%  47.7%  18.0% 7.0% 194%  18.0%
[Y7Lu]Lu-M1 9.9% 5.8% 4.8% 4.6% 2.5% - 1.4% -
[Y7Lu]Lu-M2 3.8% 7.3% 7.2% 6.9% 20.7% 12.3%  405%  40.3%
[Y7Lu]Lu-M3 17.0%  20.4% 8.5% 5.6% 7.9% - 9.5% 9.8%
[Y7Lu]Lu-M4 - - 2.9% 2.6% - - - -
[Y7Lu]Lu-M5 5.3% 9.6% 14.4% 129%  273%  23.7%  287%  31.3%
[Y77Lu]Lu-Mé - - 8.3% 19.7%  23.6%  53.2% - -
[Y7Lu]Lu-M7 - - - - - 3.8% - -
[Y7Lu]Lu-M8 - - - - - - - -
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Figure 8. Radiochromatograms obtained from (a) blood, (c) liver, (d) kidneys and (b) urine of BALB/c
mice injected with [17”Lu]Lu-1 for the time point of 60 min p.i.; radiochromatograms of 17/ Lu-labeled
peptides 1 and M1-MS8 are shown for comparison (* indicating radiolabeled with lutetium-177).

3. Discussion

The strategy of CCK2R targeting with radiolabeled gastrin analogs for diagnostic and therapeutic
application in patients with advanced tumors, in particular MTC, has been pursued for more than two
decades. The successful clinical use of radiolabeled somatostatin analogs for targeting somatostatin

receptors in patients with neuroendocrine tumors could not yet be translated to radiolabeled minigastrin
analogs targeting CCK2R. In our recent studies, we could develop a new stabilization strategy leading to
increased stability of the linear peptide sequence against enzymatic degradation in vivo and improving

the targeting properties [28,29]. In this study, we have further explored our stabilization strategy
by introducing an additional modification in the N-terminal region of the peptide backbone in our
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lead compound DOTA-MGS5. Alanine in position 2 was replaced by proline leading to the new
peptide analog 1. Furthermore, different possible metabolites were synthesized and analyzed in
comparative studies with the aim to further investigate the enzymatic degradation in vivo. Pro was
selected as a promising candidate for substitution, as the cyclic structure of the side chain with its
conformational rigidity may protect the peptide against enzymatic degradation. The insertion of
Pro into proteins influences the formation of c-helices and 3-sheets in dependence of the molecular
environment conferring specific features to protein structure and folding [31]. It has been shown that
the single change from the L- to p-configuration of the Glu residues in MG analogs alters the secondary
structure of the peptide leading to improved serum stability [32].

In this study, the preclinical properties of ['7Lu]Lu-1 were evaluated and the metabolites thereof
formed during degradation in vivo were characterized to explore additional possible stabilization
strategies in the development of CCK2R targeting radiopeptides. To enable the characterization of the
radiometabolites, eight different metabolites of 1 were synthesized in moderate yields. For in vitro
studies, 1 and the metabolites thereof were radiolabeled with [\7/Lu]LuCl; at low molar activity
allowing quantitative radiolabeling at high radiochemical purity >95%. Receptor affinity assays with
the non-labeled peptides as well as cell uptake studies with the peptide derivatives radiolabeled with
lutetium-177 were performed using A431-CCK2R cells. The results confirmed loss of receptor affinity
as well as cell uptake for different metabolites studied, while the intact peptide showed a retained high
CCK2R affinity and improved receptor-mediated cell uptake of more than 60% of the total activity
added. The specificity of the cell uptake was verified via lack of uptake in A431-mock cells used
as a control cell line. Hydrolysis of the C-terminal amide was sufficient to cause complete loss of
receptor affinity, proving that the interaction of the amidated C-terminus with the binding pocket
is essential for maintaining receptor affinity [33]. When incubated in fresh human serum, used as
a model in vitro to measure the resistance against enzymatic degradation, radiolabeled 1 as well as
M2 and M4 showed the highest stability after 24 h incubation (>98%). Radiolabeled M1 showed a
slightly lower stability of 89%, whereas for M3, less than 30% intact radiopeptide was detectable after
24 h incubation, suggesting a high enzymatic susceptibility. This could be explained by the lower
protein binding of ['7”Lu]Lu-M3 leading to higher levels of free radiopeptide susceptible to proteases
when compared to ['”Lu]Lu-1 and radiolabeled M1, M2 and M4. Thus, increased protein binding
may play an additive role in protecting ['7”Lu]Lu-1 against enzymatic degradation. Highly improved
stability of ['””Lu]Lu-1 was observed also in rat tissue homogenates in vitro. It has been shown that
unsubstituted DOTA-MG11 labeled with indium-111 is highly susceptible to proteolytic digestion and
rapidly and completely degraded within 30 min in liver homogenate and within 10 min in kidney
homogenate [34]. For [Y77Lu]Lu-1 still 84% and 44% intact radiopeptide could be observed in liver
and kidney homogenate, respectively, after 30 min incubation. Only at the later time point of 2 h
after incubation, an almost complete breakdown occurred in kidney homogenate, whereas in liver
homogenate >50% intact radiopeptide was still present. The resistance against enzymatic degradation
in rat liver homogenate was also improved when compared to DOTA-MGS5 labeled with different
radiometals for which less than 30% intact radiopeptide was found for the same time point, suggesting
a potential additive stabilizing effect of the insertion of Pro in position 2 [28].

Incubation in organ homogenates is connected with a higher breakdown of the radiopeptide
due to the exposure to extracellular and intracellular proteases released after tissue homogenization,
possibly leading to an underestimation of the stability in vivo [16]. Therefore, additional metabolic
biodistribution studies in female BALB/c mice were performed to monitor the metabolites formed
in vivo. After intravenous injection of ['””Lu]Lu-1 in BALB/c mice, a highly improved stability with
more than 80% intact radiopeptide in blood was observed at 10 min after injection. The in vivo stability
during circulation was tested for up to 1 h p.i. still finding 56.9% intact ['”/Lu]Lu-1. Much higher
amounts of metabolites were present in the urine of the mice at the different studied time points, with
the intact radiopeptide decreasing from 29% at 10 min to 18% at 1 h after injection. The metabolites
found in liver homogenate resembled the metabolites observed in blood. The same correspondence
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was found for the metabolites in urine and kidney homogenate. A more rapid metabolism of the
radiopeptide was observed in kidneys and urine (<30%), whereas in blood and liver, a much higher
stability was observed. With the optimized radio-HPLC gradient allowing for a better separation of
the different radiometabolites, possibly additional radiometabolites could be monitored, which were
not detectable in previous studies with 177Lu-labeled DOTA-MGSS5 [28]. The additional substitution
with Pro did, however, not show a considerable effect on in vivo stability. Still, the in vivo stability of
[77Lu]Lu-1 is highly improved when compared to other MG analogs which are currently investigated
in clinical trials [22,24]. For PP-F11 labeled with indium-111, the metabolic stability in the blood of
mice was tested for the time point of 5 min p.i. finding >70% intact radiopeptide [28,35]. However,
when analyzing the in vivo stability for a later time point, we found that 1””Lu-labeled PP-F11 is almost
completely degraded at 30 min p.i. [28].

To identify the observed degradation products, different metabolites were synthesized and
radiolabeled with lutetium-177 for comparative radio-HPLC analysis. The retention times of the
different radiometabolites were matched with the metabolites found in vivo. In the blood of mice
at different time points of up to 1 h p.i., only minor amounts of radiolabeled M1 (<10%), M2 (<8%),
M3 (<21%) and M5 (<10%) resulting from hydrolysis of the C-terminal amide, as well as cleavage
of the peptide bonds of Asp-1Nal, (N-Me)Nle-Asp and Gly-Trp were found. The same metabolites,
except M1, were detected in urine, with ['77Lu]Lu-M2 (~40%) and ['””Lu]Lu-M5 (~30%) being the
most prominent. In liver, besides similar amounts of the metabolites found in blood, additionally,
radiolabeled M4 with cleavage of the peptide bond of Trp-(N-Me)Nle was detectable at very low
concentration (<3%), as well as radiolabeled M6 with cleavage between Tyr and Gly (~20%). This could
reflect the higher enzymatic turnover in the liver. In kidneys, only 7% of intact radiopeptide was
found at 1 h p.i. even though still 18% were present in the urine at the same time point, whereas much
higher amounts of [Y77Lu]Lu-M2 (12%), [*””Lu]Lu-M5 (24%) and [7Lu]Lu-M6 (53%) were detected.
Furthermore, minor amounts of [ Lu]Lu-M7 (~4%) with cleavage of the peptide bond of Pro-Tyr
were observed. Despite the different radiometabolites found, the new minigastrin analog, with 56.9%
intact radiopeptide still present in the blood at 1 h after injection, shows a highly improved stability
in vivo.

It is well known from the literature that different enzymes are involved in the metabolism of
members of the gastrin/CCK family such as the angiotensin converting enzyme (ACE), endopeptidase
(NEP), aminopeptidase A (APA) and cathepsins. ACE is a zinc- and chloride-dependent peptidyl
dipeptidase, widely distributed throughout the body including the lungs, gastrointestinal tract, vascular
endothelium and blood, with broad specificity and besides inactivating vasoactive peptides also acts on
other bioactive peptides [16,36]. In the degradation process of CCK and gastrin analogs with eight or
less amino acids, ACE initially cleaves the amidated C-terminal dipeptide Asp-Phe-NH, and releases a
further C-terminal di- or tripeptide in a secondary step [13]. Thirteen amino acid long MG analogs
containing the penta-Glu motif seem to be ACE-resistant [14]. It has however been reported that
radiolabeled MG analogs derived from MG11 and MGO are not cleaved by ACE and ACE inhibitors
cannot prevent the degradation in vivo [14,15]. NEP is a zinc-dependent cell-surface enzyme with
wide distribution in the body, including the presence on granulocytes and endothelial cells of the
vasculature compartment, as well as in major organs such as liver, kidneys and gastrointestinal tract,
and is involved in the degradation of many bioactive peptides [16,37]. In the degradation process of
CCK and gastrin analogs, NEP cleaves the peptide at Asp-Phe, Trp-Met, Gly-Trp, as well as Ala-Tyr
in the case of gastrin [38,39]. The fact that co-injection of ''In-labeled DOTA-MGT11 together with
a NEP inhibitor clearly increased the amount of intact radiopeptide in the blood of mice and led to
a significant improvement of tumor uptake, points out the importance of NEP in the metabolism
of radiolabeled MG analogs [15]. Incubation in vitro with neprylisin-1 and neprylisin-2 confirmed
cleavage at Asp-Phe and Gly-Trp for DOTA-MGL11, whereas for DOTA-PP-F11, only cleavage at
Asp-Phe was observed and DOTA-PP-F11N with Met replaced by Nle seemed to be resistant against
neprylisins. Interestingly, NEP inhibition did not result in improved tumor uptake of DOTA-PP-F11
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and DOTA-PP-F11N [14]. APA is a membrane-bound type II zinc metalloprotease with broad tissue
distribution [16,40]. It cleaves N-terminal glutamyl and aspartyl residues and is known to be involved
in the degradation of CCK-8. N-terminal modification of CCK8 analogs led to resistance against
APA, suggesting that also radiolabeled peptide analogs with N-terminal conjugation of a bifunctional
chelator are APA-resistant [41]. During intracellular trafficking also other proteases may be involved
in the degradation process. Cathepsins are a group of enzymes whose primarily function is to
act as intralysosomal enzymes and in addition to that are involved in cancer development and
progression [17,42]. When analyzing the stability against different cathepsins in vitro, cleavage sites at
Asp-Phe and Met/Nle-Asp have been confirmed for different DOTA-conjugated MG analogs [14].
['7Lu]Lu-M2 and [ Lu]Lu-M5 with cleavage at Asp-1Nal and Gly-Trp, respectively, were present
in all samples studies, indicating a major involvement of NEP in the metabolization of ['”/Lu]Lu-1
in vivo. The presence of ['77Lu]Lu-M3 in almost all samples studies, as well as of ['77Lu]Lu-M6 in
the soluble phase of the homogenates from liver and kidney, suggests that also an ACE-dependent
metabolism could occur. Kolenc-Peitl et al. have also suggested two different degradation pathways
for MG analogs, one pathway via ACE-like enzyme activity with cleavage at Met-Asp, Gly-Trp,
Tyr-Gly and Ala-Tyr, and another pathway directly releasing gastrin-6 with cleavage at Ala-Tyr [43].
Interestingly, hydrolysis of the C-terminal amide resulting in ['””Lu]Lu-M1, especially in blood and
liver, was additionally observed, suggesting that other enzymes are also involved in the metabolism of
['”7Lu]Lu-1, which have not yet been characterized. Our results are in contrast to Sauter et al. who
investigated the susceptibility of different DOTA-conjugated MG analogs against various proteases
in vitro [14]. Based on the radiometabolites found in the different tissue samples obtained from BALB/c
mice injected with [Y77Lu]Lu-1, we could not confirm ACE resistance in vivo, and also replacement of
Met by Nle did not result in liability against neprylisins. However, the fact that the radiometabolites
[77Lu]Lu-M2 and [ Lu]Lu-M3 were found in all investigated tissues supports a possible involvement
of cathepsins in the degradation process. For ['”/Lu]Lu-1, only minor amounts of ['”/Lu]Lu-M4 cleaved
at (N-Me)Nle-Trp were observed in liver homogenate, indicating a stabilizing effect of the introduced
N-methylated peptide bond. In a previous study, we could already show that single substitution
with 1Nal in position 8 did not improve in vivo stability and only additional substitution with
(N-Me)Nle in position 6 allowed to stabilize the linear peptide against enzymatic degradation [28,29].
When introducing 1,4-disubstituted 1,2,3-triazoles as metabolically stable bioisosteres in replacement
of the amide bonds in Nle-substituted DOTA-MG11, Grob et al. also found the highest impact on the
stability against proteases in human blood for the triazole insertion at Trp-Nle. The stability was not
considerably further improved by additional triazole insertion at Ala-Tyr or Tyr-Gly. On the other
hand, the insertion of triazoles at Tyr-Gly, Ala-Tyr, DGlu-Ala had a remarkable effect on tumor uptake,
which was however clearly inferior to DOTA-MGSS5 [28,30,44]. The introduction of an N-methylated
peptide bond at Nle-Trp showed both effects of increased stability and improved receptor interaction.
DOTA-MGSS5 radiolabeled with different radiometals, showing the combined substitution of (N-Me)Nle
and 1Nal in position 6 and 8, respectively, displayed a considerably higher cell uptake of >50%, when
compared to ~25% observed for !!In-labeled DOTA-MGS1 with single replacement of Phe by 1Nal [29].
The combination of increased stability and improved receptor interaction led to a considerable
improvement in tumor uptake. In mice xenografted with A431-CCK2R cells a very high tumor uptake
of more than 20%IA/g in combination with improved tumor-to-kidney ratio (4-6) was observed for
DOTA-MGSS labeled with indium-111, lutetium-177 or gallium-68 [28]. In the present study, very high
receptor-mediated cell uptake in A431-CCK2R cells of >60% was also found for [\7”Lu]Lu-1 showing
additional substitution with Pro in position 2. Interestingly, the radiometabolite [/ Lu]Lu-M8 with
cleavage at DGlu-Pro was not found in any of the tissues examined, indicating a possible additional
stabilizing effect of the introduction of Pro. In a previous study analyzing the blood of patients injected
with 11In-labeled DOTA-MG11, high amounts of the short chain radiometabolites of DOTA-DGlu,
DOTA-DGlu-Ala and DOTA-DGlu-Ala-Tyr were confirmed at 10 min after injection [12].
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The preliminary biodistribution profile obtained for ['””Lu]Lu-1 from the metabolic studies in
mice confirmed a rapid clearance from blood and low unspecific uptake in most tissues, together with
predominant renal excretion. The prolonged retention of radioactivity in CCK2R-expressing stomach
and pancreas indicates that ['””Lu]Lu-1 also shows high potential for targeting CCK2R-expressing
tumors [45].

4. Materials and Methods

4.1. Materials

All commercially obtained chemicals were of analytical grade and used without further purification.
No-carrier-added ['7Lu]LuCl; produced from highly enriched 7°Yb was purchased from Isotope
Technologies (Garching, Germany). Dr. Luigi Aloj kindly provided the A431 human epidermoid
carcinoma cell line stably transfected with the plasmid pCR3.1 containing the full coding sequence for the
human CCK2R, as well as the same cell line transfected with the empty vector alone [46]. A431-CCK2R
and A431-mock were cultured in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with
10% (v/v) fetal bovine serum and 5 mL of a 100X penicillin-streptomycin-glutamine mixture at 37 °C in
a humidified 95% air/5% CO, atmosphere. Media and supplements were purchased from Invitrogen
Corporation (Lofer, Austria). 1 was purchased from piCHEM (Raaba-Grambach, Austria).

4.2. Peptide Synthesis

The different metabolites of 1, namely M1-M6 shown in Table 1, were synthesized using
9-fluorenylmethoxycarbonyl (Fmoc) chemistry. The peptides were assembled on 2-chlorotritylchloride
(2-CTC) resin with capacity 1.6 mmol/g (Iris Biotech GmbH, Marktredwitz, Germany). The reactive side
chains of the amino acids were masked with the following protection groups: tert-butyl ester for Asp
and DGlu, tert-butyl ether for Tyr, and tertbutyloxycarbonyl (BOC) for Trp. All coupling reactions were
performed using a 5-fold excess of Fmoc-protected amino acids, 1-hydroxy-7-aza-benzotriazole (HOAt)
and O-(7-Azabenzotriazole-1-yl)-N,N,N’,N’-tetramethyluronium hexa-fluorophosphate (HATU) in
dimethtylformamide (DMF) and pH adjusted to 8 with N,N’-diisopropylethylamine (DIPEA).
The resin was loaded with 30% of total capacity and the remaining binding sites were capped
with methanol/DIPEA/dichloromethane (DCM) in a ratio of 200 pl,/100 wl/2 mL for 30 min at room
temperature. Between every conjugation step, the product was washed 6 times with DMF for 1 min.
Removal of the Fmoc protecting groups was obtained by two consecutive treatments with 5 mL of
20% piperidin in DMF for 5 and 15 min each. For the coupling of DOTA, a 3-fold molar excess of
DOTA-tris(tert-butyl ester), HOAt and HATU was used. Cleavage of the peptides from the resin with
concomitant removal of acid-labile protecting groups was achieved by treatment with a mixture of
trifluoroacetic acid (TFA), triisopropylsilane, and water in a ratio of 95/2.5/2.5 (v/v/v). The crude peptides
were precipitated in ice-cold ether before HPLC purification and characterized by analytical HPLC
(Dionex, Germering, Germany and matrix-assisted laser desorption/ionization time of flight mass
spectroscopy (MALDI-TOF MS) (Bruker Daltonics, Bremen, Germany). Purification was performed by
RP-HPLC on a GILSON 322 chromatography system with a GILSON UV/VIS-155D multi-wavelength
UV detector, equipped with an Eurospher 11 100-5 C18 A column, 250 x 8 mm (Knauer, Berlin, Germany)
or an Eurosil Bioselect 300-5 C18 A column, Vertex Plus, 300 X 8 mm, combined with an Eurosil Bioselect
300-5 C18 precolumn, Vertex Plus A, 30 x 8 mm (Knauer, Berlin, Germany), using a water/ACN/0.1%
TFA gradient.

Analytical HPLC was performed using an UltiMate 3000 chromatography system consisting
of a variable UV-detector (UV-VIS at A = 220 nm), a HPLC pump, an autosampler, a radiodetector
(GabiStar, Raytest, Straubenhardt, Germany), equipped with a Phenomenex Jupiter 4 um Proteo
90 A C12 column, 250 X 4.6 mm (Phenomenex Ltd., Aschaffenburg, Germany) and analyzed with
Chromeleon Dionex Software (Version 7.2.9.11323). The radiodetector was equipped with two different
loops, a low-sensitivity loop of 5 uL and a high-sensitivity loop of 250 uL. Mass spectrometry was
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performed using a Bruker microflex benchtop MALDI-TOF MS with 200 shots per spot in reflector
acquisition mode with a positive ion source. For mass determination, samples were prepared on
a-cyano-4-hydroxycinnamic acid (HCCA) matrix using dried droplet procedure. Flex Analysis 2.4
software was used to analyze the recorded data. HPLC chromatograms and MS spectra are presented
in the supporting information (Figures S1 and S2). The lyophilized peptide derivatives were stored at
=20 °C.

M?7 and M8 were obtained using other strategies. For the synthesis of M7, the dipeptide DGlu-Pro
was synthesized on 2-CTC resin following the synthesis protocol described above defining the amino
acid sequence. After cleavage from the resin, precipitation in ice-cold ether, purification by HPLC and
lyophilization, DGlu-Pro (0.015 g, 0.061 mmol) was transferred to a round-bottomed flask, dissolved
in 1 mL ACN and pH adjusted to 8 with 25 uL. DIPEA. DOTA-N-hydroxysuccinimid ester (0.023 g,
0.030 mmol) was added to the solution and the mixture was stirred at room temperature overnight.
After evaporation of the solvent, the product was dissolved in 2 mL H,O, purified by HPLC, lyophilized
and characterized by HPLC and MALDI-TOF MS. For the synthesis of M8, to a solution of p-glutamic
acid (0.30 g, 2.04 mmol) in 6.25 mL dry methanol, 0.89 mL distilled thionyl chloride (1.46 g, 12.23 mmol)
was added at 0 °C over 30 min. Then, the reaction mixture was stirred for 12 h at room temperature.
The solvent was evaporated under reduced pressure, diluted with saturated NaHCO3, and extracted
with dicloromethane (3 x 200 mL). The organic layer was washed with H,O, followed by brine, dried
over NaySOj, and filtered. After evaporation of the solvent, the desired p-glutamic acid dimethyl ester
was obtained as a yellowish oil (0.315 g, 1.79 mmol, 87% yield) [47]. NMR spectrum was measured on
a 400 MHz Avance 4 Neo (Bruker) spectrometer. As solvents for NMR deuterated chloroform (CDCl3)
was used (Euriso-top®). The chemical shifts (5) were referenced to tetramethylsilane or the solvent
peak and were given in parts per million (ppm). Coupling constants (J) were reported in Hertz (Hz).
The following descriptors for signals were used: s = singlet, t = triplet, q = quartet, m = multiplet.
'H-NMR (400 MHz, CDCL3 & ppm): 3.66 (s, 3H, CH3), 3.61 (s, 3H, CH3), 3.43-3.39 (q, 1H, CH),
2.43-2.39 (t, 2H, CHj), 2.04- 1.75 (m, 2H, CHy) (Figure S3). To p-glutamic dimethylester (0.030 mg,
0.174 mmol) in a round-bottomed flask a mixture of DOTA-tris(tert-butylester) (0.05 g, 0.087 mmol),
HATU (0.066 g, 0.174 mmol), HOAt (0.024 g, 0.174 mmol) in 3 mL DCM, adjusted to pH 8 with 35 pL
DIPEA, was added and the solution was stirred overnight at room temperature. The reaction solution
was evaporated and the protecting groups were removed by adding 3 mL 50% TFA in DCM at 60 °C for
24 h. After evaporation, the crude product was dissolved in 2 mL 50% ACN. After HPLC purification
and lyophilization, the final product was characterized by HPLC and MALDI-TOF MS.

4.3. Radiolabeling and Characterization In Vitro

For labeling with lutetium-177, the DOTA-peptides (8-12 ug in 10 pL) were incubated with
10-30 pL ['”7Lu]LuCl; solution (60~-300 MBgq in 0.05 M HCl) and a >1.2-fold volume of 0.4 M sodium
acetate/0.24 M gentisic acid solution pH adjusted to 5 at 90 °C for 20 min. Radiochemical purity of the
radiopeptides was analyzed using the analytical HPLC system described above using a flow rate of
1 mL/min together with the following water/ACN/0.1% TFA gradient: 0-3 min 10% ACN, 3-18 min
10-55% ACN, 18-20 min 55-80% ACN, 20-21 min 80-10% ACN, 21-25 min 10% ACN. ['7/Lu]Lu-1
used in animal studies was purified by solid phase extraction (SPE). For this purpose, a C18 SepPak
tLight cartridge (Waters, Milford, MA) was pretreated with 5 mL 99% ethanol followed by 5 mL 0.9%
saline. The radiolabeling solution was passed through the cartridge and washed with 5 mL 0.9%
saline to elute hydrophilic impurities. The radiolabeled peptide was eluted with 50% ethanol from the
cartridge and diluted with 0.9% saline.

For the determination of the distribution coefficient (LogD) in octanol/PBS, the radiolabeled
DOTA-peptides (100 pmol) in 500 uL PBS (pH 7.4) were added to 500 pL octanol in an Eppendorf
microcentrifuge tube (1 = 8). The mixture was vigorously vortexed at room temperature over a period
of 15 min using a small shaker (MS3 Basic, IKA, Staufen, Germany) with speed of 1500 rpm. After a
waiting time of 10 min sufficient for the separation of the two phases, 100 uL aliquots of both layers
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were measured in a gamma counter (2480 Wizard2 3”, PerkinElmer Life Sciences and Analytical
Sciences, formerly Wallac Oy, Turku, Finland) and the logD value was calculated.

For protein binding assessment, the radiolabeled DOTA-peptides were incubated in fresh human
serum at 37 °C (500 pmol/mL, n = 2). After 1, 4 and 24 h of incubation, two samples were taken for each
time point and analyzed by Sephadex G-50 size-exclusion chromatography (GE Healthcare Illustra,
Little Chalfont, UK). The percentage of protein binding was determined by measuring the column and
the eluate with the gamma-counter.

In vitro stability studies for the characterization of the metabolic stability of the radiolabeled
peptide analogs in human serum were carried out with ['7Lu]Lu-1, [VLu]Lu-M1, ['7Lu]Lu-M2,
['7Lu]Lu-M3 and [Y"Lu]Lu-M4 (n = 2). Additional stability studies in rat liver and kidney
homogenates were performed for ['”/Lu]Lu-1 (n = 2). Tissue homogenates were prepared from
dissected organs by homogenization for 1 min at RT (IKA-Werke, Staufen, Germany) in 20 mM HEPES
buffer pH 7.3 (30% ©v/v). The radioligands were incubated in the different media at a concentration
of 500 pmol/mL (corresponding to an activity of 6-11 MBq). After incubation at 37 °C at different
time points for up to 24 h, a 100 ul sample was taken in duplicates and analyzed by HPLC. Samples
obtained from human serum and rat homogenates were treated with ACN at a ratio of 1:1.5 (v/v)
to precipitate proteins, centrifuged (14,000 rpm, 2 min, centrifuge 5424, Eppendorf AG, Germany)
and diluted with water at a ratio of 1:1 (v/v). A 100 pl aliquot of this solution was injected into the
radio HPLC system. The degradation of the radioligand was evaluated based on the radiochemical
purity after radiolabeling and the percentage of intact radiopeptide observed during incubation in the
different media.

4.4. Receptor Binding and Cell Uptake Studies

The binding affinity of 1, pentagastrin and of the different metabolites for the CCK2R was tested
in a competition assay against [1?°I][3-iodo-Tyr!?,Leu!®]gastrin-I. Radioiodination of gastrin-I was
carried out using the chloramine-T method. [1251][3—iodo—Tyr12,Leu15 ]gastrin-I at high molar activity
was obtained by HPLC purification and stored in aliquots at —25 °C. Binding assays were carried out
using 96-well filter plates (MultiScreengyrs-FB, Merck Group, Darmstadt, Germany) pre-treated with
10 mM TRIS/139 mM NaCl pH 7.4 (2 x 250 pL). For the assay, 200,000-400,000 A431-CCK2R cells per
well were prepared in 20 mM HEPES buffer pH 7.4 containing 10 mM MgCl,, 14 uM bacitracin and
0.5% BSA. The cells (n = 3) were incubated with increasing concentrations of the peptide conjugates
(0.0003-30,000 nM) and [1251][3—iodo—Ty1r12,Leu15 ]gastrin-I (50,000 cpm) for 1 h at RT. Incubation was
interrupted by filtration of the medium and rapid rinsing with ice-cold 10 mM TRIS/139 mM NaCl
pH 7.4 (2 x 200 pL) and the filters were measured in the gamma-counter. Half maximal inhibitory
concentration (ICsg) values were calculated following nonlinear regression with Origin software
(Microcal Origin 6.1, Northampton, MA, USA).

For internalization experiments with [77Lu]Lu-1 and its metabolites, A431-CCK2R and A431-mock
cells were seeded at a density of 1.0 x 10° per well in 6-well plates (Greiner Labortechnik, Kremsmuenster,
Austria)and grown for 48 h until reaching almost confluence. On the day of the experiment, the medium
was replaced by 1.2 mL of fresh DMEM medium supplied with 1% (v/v) fetal bovine serum. The cells
(n = 3) were incubated with ~25,000 cpm of the radioligand in 300 uL PBS/0.5% BSA in a total volume
of 1.5 mL, corresponding to a final concentration of 0.4 nM of total peptide. After 1 hand 2 h incubation,
the cell uptake was interrupted by removal of the medium and rapid rinsing with 2 X 1 mL PBS/0.5%
BSA. Thereafter, the cells were incubated twice at ambient temperature with acid wash buffer (50 mM
glycine buffer pH 2.8, 0.1 M NaCl) for 5 min, to remove the membrane-bound radioligand. Finally,
the cells were lysed by treatment in 1 N NaOH and collected (internalized radioligand fraction).
All fractions were counted in the gamma-counter and mean values were calculated. The internalized
fraction was expressed in relation to the total radioactivity added to the cells. In an additional
experiment, the cell uptake of [Y7Lu]Lu-M1, ['7Lu]Lu-M2, ['”’Lu]Lu-M3 and ['”"Lu]Lu-M4 was
investigated in A431-CCK2R cells for the time point of 1 and 2 h incubation.
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4.5. Metabolic Biodistribution Studies and Characterization of the Radiometabolites In Vivo

Metabolic biodistribution studies were performed in accordance with the ethical standards of
the institution and approved by the Austrian Ministry of Science (BMWFW-66.011/0072-V/3b/2019).
These studies were carried out in 5- to 7-week-old female BALB/c mice (1 = 3) injected with ['”/Lu]Lu-1
via a lateral tail vein. To allow monitoring of the metabolites by radio-HPLC, mice were injected with
30 MBq corresponding to 0.8 nmol total peptide. The mice were euthanized by cervical dislocation
after different time points of 10 min, 30 min and 1 h p.i. and the urine and a venous blood sample
were collected at the time of sacrifice. Liver and kidneys were dissected and homogenized in 20 mM
HEPES buffer pH 7.3 at a ratio of 1:1 (v/v) with an Ultra-Turrax T8 homogenizer (IKA-Werke, Staufen,
Germany) for 1 min at RT. Before radio-HPLC analysis, the samples (except urine) were treated with
ACN at a ratio of 1:1 (v/v) to precipitate proteins, centrifuged at 2000x g for 2 min and diluted with
water at a ratio of 1:1 (v/v). For HPLC analysis of the samples, the analytical HPLC system described
above with a flow rate of 1 mL/min was used together with the following optimized water/ACN/0.1%
TFA gradient to allow a better separation of ['”/Lu]Lu-1 and the different radiometabolites: 0-7 min
1-7% ACN, 7-8 min 7-10% ACN, 8-18 min 10-18% ACN, 18-20 min 18-32% ACN, 20-27 min 32%
ACN, 27-37 min 32-0% ACN, 37-40 min 80% ACN, 40—40.1 min 80-1% ACN, 40.1-45 min 1% ACN.
Urine was measured with the low-sensitivity loop of the radiodetector. The remaining samples were
analyzed with the high-sensitivity loop due to the lower radioactivity present in blood, liver and
kidney homogenate. To quantify the percentage of intact ['77Lu]Lu-1 and [”Lu]Lu-M1 showing some
overlap in the radiochromatogram when using the high-sensitivity loop of the radiodetector, the two
radiopeptides were co-injected at different known ratios to enable a more accurate separation and
integration of the two peaks (see supporting Figure S4). Mice from the metabolic biodistribution studies
were subjected to a further dissection of all remaining tissues (blood, lung, heart, femur, spleen, muscle,
intestine, pancreas and stomach). All organs, also including liver and kidneys, were weighed, and their
radioactivity was measured in the gamma counter together with a standard and the residual body.
To quantify the uptake of radioactivity in liver and kidneys, a part of liver and kidney homogenate
was measured in the gamma counter to extrapolate the radioactivity for the whole organ.

5. Conclusions

Radiolabeled MG analogs with the modified receptor-specific C-terminal sequence Trp-(N-Me)Nle
-Asp-1Nal-NH, are promising new candidates for diagnostic and therapeutic use in patients with
advanced MTC and other CCK2R-expressing malignancies. ['”’Lu]Lu-1 with introduction of an
additional tertiary peptide trough substitution with Pro in position 2, shows a highly improved stability
against enzymatic degradation in vivo. From the radiometabolites identified in the blood of mice
injected with ['””Lu]Lu-1 hydrolysis of the C-terminal amide and cleavage of the peptide bonds of
Asp-1Nal, (N-Me)Nle-Asp and Gly-Trp were found to occur in vivo. The high receptor-mediated cell
uptake and favorable biodistribution profile in normal BALB/c mice support further studies evaluating
the tumor targeting potential of ['””Lu]Lu-1 and other alternative derivatives thereof.

Supplementary Materials: The following are available online, Figure S1: Representative UV-chromatogram of
the metabolites M1-MS8; Figure S2: MALDI-TOF-MS of the different synthesized metabolites M1-MS8; Figure S3:

400 MHz 1H NMR of D-glutamic acid dimethyl ester; Figure S4. Radiochromatograms of [7”Lu]Lu-1 and
[Y7Lu]Lu-M1 co-analyzed in different ratios of approximately (a) 1:1, (b) 2:1 and (c) 10:1 (v/v) using the
radiodetector equipped with the high sensitivity loop (250 uL)
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Abstract: Epinephrine (E) and norepinephrine (NE) play diverse roles in our body’s physiology.
In addition to their role in the peripheral nervous system (PNS), E/NE systems including their
receptors are critical to the central nervous system (CNS) and to mental health. Various antipsychotics,
antidepressants, and psychostimulants exert their influence partially through different subtypes of
adrenergic receptors (ARs). Despite the potential of pharmacological applications and long history
of research related to E/NE systems, research efforts to identify the roles of ARs in the human brain
taking advantage of imaging have been limited by the lack of subtype specific ligands for ARs and
brain penetrability issues. This review provides an overview of the development of positron emission
tomography (PET) radiotracers for in vivo imaging of AR system in the brain.

Keywords: adrenergic receptor; positron emission tomography; radiotracer

1. Introduction

Positron emission tomography (PET) is a noninvasive and highly sensitive in vivo imaging
technique that uses small amounts of radiotracers to detect the concentration of relevant biomarkers in
tissues such as receptors, enzymes, and transporters. These radiotracers can be used to characterize
neurochemical changes in neuropsychiatric diseases and also to measure drug pharmacokinetics and
pharmacodynamics directly in the human body including the brain [1,2]. PET technology requires
positron-emitting radioisotopes, a radiotracer synthesis unit, a PET scanner, and data acquisition
components. Among the PET isotopes, cyclotron produced carbon-11 (C-11, t; = 20.34 min),
nitrogen-13 (N-13, t1» = 9.96 min), and fluorine-18 (F-18, t;, = 109.77 min) are frequently used for
PET-neuroimaging. PET imaging is particularly valuable to characterize investigational drugs and
their target proteins, providing a valuable tool for clinical neuroscience [3].

PET radiotracers for the central nervous system (CNS) should have proper pharmacokinetic
profile in the brain and to achieve this property, they were designed to meet five molecular properties:
(a) molecular weight <500 kDa, (b) Log D74 between ~1 to 3 (lipophilicity factor), (c) number of
hydrogen bond donors <5, (d) number of hydrogen bond acceptors <10, and (e) topological polar
surface area <90 A2. Otherwise, they may either not cross the blood-brain barrier (BBB) or show
lack of specific signal due to high nonspecific binding [3-5]. In addition, an ideal PET radiotracer
should have, though unachievable, (a) high affinity (preferably subnanomolar range) for its target,
(b) high selectivity between subtypes or void on off-targets, (c) high dynamic range in specific
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binding, (d) appropriate metabolic profile, (e) no adverse toxicology effects, and (f) kinetics suitable for
mathematical modelling, which requires fast transfer to BBB and clearance in non-target tissues [3].
In general, a radiotracer with binding potential [ratio of target density (Bmax) to ligand’s affinity (Kq
or K;)] value of at least 10 is expected to provide a reliable specific signal in vivo [6,7]. Furthermore,
there are some technical challenges associated with CNS PET radiotracer development, which include:
limited synthesis time and/or complex syntheses to prepare a radiotracer, attainment of high molar
activity, accurate radiometric metabolite analysis. In addition, the radiotracer ought to ideally
address targets that are relevant to brain function and for the diagnosis and therapy of a disease [3,8].
Epinephrine (E) and norepinephrine (NE) were discovered in 1894 and 1907, respectively. They are
both neurotransmitters and hormones that belong to the group of catecholamines crucial to the function
of the body and brain [9-11]. Neither E nor NE crosses the BBB but they are synthetized in the brain.
NE is synthesized in synapse from L-phenylalanine in four steps enzymatically through phenylalanine
hydroxylase (PAH), tyrosine hydroxylase, dopa decarboxylase (DDC), and dopamine beta-hydroxylase
(DBH), respectively. Further, NE is methylated to convert into E with phenylethanolamine-N-methyl
transferase (PNMT) [12-14]. NE in synaptic cleft is removed either by reuptake via NE transporter
(NET) or via metabolism by monoamine oxidase A (MAO-A) or catechol-O-methyl transferase (COMT)
into various transitional metabolites. Though the noradrenergic neurons are confined to a few relatively
small brain areas such as midbrain, pons, locus coeruleus, caudal ventrolateral nucleus, and medulla,
they send extensive projections to most brain regions [15]. Table 1 summarizes the brain distribution
(reported in mice) and function of various AR subtypes and their involvement in some brain disorders
for CNS-ARs.

The effects of NE and E in the CNS and PNS is mediated mainly through two main classes
of adrenergic receptors (ARs): alpha-ARs (x-ARs) and beta-ARs (3-ARs) [16]. The ARs were first
identified in 1948 and pharmacological and molecular cloning techniques since then have identified
various subclasses of ARs [17,18]. «-ARs are divided into «1 and «2 subclasses, wherein, each of
these has three subtypes: «1A, x1B, 1D and «2A, «2B, «2C. The three subtypes of 3-ARs are 31, 32,
and (33 [19]. These receptors in the CNS are G-protein coupled receptors (GPCR) and are implicated in
pathophysiology of various diseases, biochemical pathways, and biological functions [18].

Table 1. Brain distribution of AR subtypes and their associated brain disorders.

Receptor Distribution Distinct Functions and Associated Disorders Ref
Involved in neurotransmission of NE as well as
High levels in olfactory system, hypothalamic Y-aminobutyric acid (GABA) and NMDA.
alA nuclei, and brainstem. Moderate levelsin ~ May mediate effects of anti-depressants in treating [18,20-24]
amygdala, cerebral cortex, and cerebellum depression and obsessive compulsive
disorder (OCD)
ol Thalamic nuclei, lateral nucleus of amygdala, May play a role in behavioral activation.
«1B cerebral cortex, some septal regions, Associated with addiction, and neurodegenerative  [18,20,21,24-27]
brain stem regions disorders (Multiple System Atrophy)
Olfactory bulb, cerebral cortex, hippocampus, Mediates changes in locomotor behaviors.
oD reticular thalamic nuclei, and amygdala Associated with stress. [18,20,23,28,29]
. . Mediate functions of most of the a2-agonists used
Locus coeruleus, midbrain, hypothalamus, . . .. . .
ox2A amvedala. cerebral cortex. and brain stem in sedation, antinociception, and behavioral [18,23,30-35]
Y8 ’ ’ actions. Associated with ADHD, anxiety
Thalamus, hypothalamus, . S . . .
o2 «2B cerebellar Purkinje layer Mediate antinociceptive action of nitrous oxide [18,30,31]
Involved in the neuronal release of NE as well as
Hippocampus, striatum, olfactory tubercle, dopamine and serotonin.
a2C medulla, and basal ganglia Potential therapeutic [18,30,31,36-39]
targets in depression & schizophrenia
Bl Homologous distribution. Expression was Essential to motor learning, emotional memory
5 found (mostly 31 and 32) in frontal cortex, storage and regulation of neuronal regeneration. [16,18,40-48]
B B striatum, thalamus, putamen, amygdala, Associated with mood disorders, aging,
B3 cerebellum, cerebral cortex and hippocampus. Alzheimer’s disease, Parkinson’s disease.
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Given its biological significance, the adrenergic system has emerged as an important target for PET
studies. Although ARs play major roles in the brain, most PET studies of ARs have focused on cardiac
imaging [49,50] and PET studies of CNS-ARs are very limited. The other components of adrenergic
system such as NET and MAO-A were studied using PET. Various C-11 and F-18 radiotracers of
NET-selective anti-depressants (e.g., reboxetine) were examined using PET to monitor the function of
noradrenergic system in CNS. Radiotracers, for example, (S,S)-[!!C]O-methyl-reboxetine (['!C]MRB)
and ['®FJFMeNER-D,, were shown to exhibit desirable in vivo properties and their regional distribution
in the brain is consistent with known distribution of NET in preclinical/clinical settings [51-54]. These
radiotracers have been employed to monitor NET availability in different related diseases, including
obesity, major depressive disorder, and Parkinson’s disease. Likewise, radiotracers, for instance,
['!C]Harmine demonstrated clinical success for in vivo brain imaging of MAO-A, respectively [55-57].
['!C]Harmine has been applied in several-PET neuroimaging studies to study the role of MAO-A in
different pathological conditions, including nicotine/alcohol dependence, and Alzheimer’s disease.

However, the metabolic functions of MAO-A do not necessarily reflect the activities of adrenergic
system as they also metabolize other neurotransmitters, such as, dopamine and serotonin (5-HT).
Therefore, the in vivo activities of adrenergic neurons, thus far, were exclusively examined by
PET imaging based on NET. Since the activities of NET reflect only on presynaptic systems of
adrenergic neurons, novel PET radiotracers that can observe the features of postsynaptic adrenergic
system are still required. PET-neuroimaging of AR subtypes combined with NET can scrutinize
the unique implications of adrenergic system in various pathophysiological conditions of the brain.
Subtype specific PET radiotracers for CNS-ARs have the potential to help clarify the roles of ARs in
brain pathophysiology and provide suggestions towards the diagnosis and treatment for diseases such
as depression, attention deficit hyperactivity disorder (ADHD), substance use disorders, schizophrenia,
and neurodegenerative diseases that involve ARs. This review, based on reports published through
2019, summarizes the development of PET radioligands for CNS-ARs in animal models and human
subjects and presents suggestions for further development for CNS-AR radiotracers.

2. «1-AR PET Radiotracers

Three highly homologous subunits of o-1 ARs, «1A, «1B, and «1D, have been shown to have
different amino acid sequence, pharmacological properties, and tissue distributions [58-60]. A detailed
review of al-AR pharmacology is given by Michael and Perez [58]. Binding of NE/E to any of the
o1-AR subtypes is stimulatory and activates Gq/11-signalling pathway, which involves phospholipase
C activation, generation of secondary messengers, inositol triphosphate and diacyl glycerol and
intracellular calcium mobilization. In PNS, as well as in the brain’s vascular system it results in smooth
muscle contraction and vasoconstriction. While the signaling effects of x1-ARs in the cardiovascular
system are well studied [61,62], the role of «1-ARs in CNS is complex and not completely understood.
The Bmax values of «-1 ARs were measured from saturation assays using [*H]prazosin (a selective
a-1 blocker) with tissue homogenates from rats and the observed binding capacities (fmol/mg tissue)
of prazosin in cortex, hippocampus, and cerebellum were 14.49 + 0.38, 11.03 + 0.39, and 7.72 + 0.11,
respectively [23,63]. The x1-ARs are postsynaptic receptors and can also modulate release of NE. In the
human brain, «1-AR subtypes are localized in amygdala, cerebellum, thalamus, hippocampus, and to
some extent in striatum [20,22,64].

The anti-depressant effects of noradrenergic enhancing drugs as well as their effects on anxiety
and stress reactivity points to their relevance of x1A, «1D to these behaviors [21,28,65]. Furthermore,
a1A-ARs regulate GABAergic and NMDAergic neurons [20]. A decrease in a1 A-AR mRNA expression
was observed in prefrontal cortex of subjects with dementia [66,67]. The x1B-ARs has also been
shown to be crucial to brain function and disease [18]. For example, «1B-knockout (KO) mice study
revealed that «1B-AR modulates behavior, showing increased reaction to novel situations [24,27].
In addition, the locomotor and rewarding effects of psychostimulants and opiates were decreased in
a1B-KO mice, highlighting their role in the pharmacological effects of these drugs [24]. On the other
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hand, studies using the a1B-overexpression model suggest their involvement in neurodegenerative
diseases [25].

Several o1-AR agonists and antagonists (x1-blockers) are available in the market as drugs to treat
various heart and brain disorders [68,69]. Pharmacology of most of these drugs is complicated by the
fact that they have strong affinities for other receptor systems, such as serotonin and dopamine receptors.
The need to develop «1-AR selective/a1-AR subtype specific drugs is demanding. Undoubtedly,
PET radiotracers selective for 1-AR are valuable to assess a1-ARs contribution to brain function
and disease. In the late 1980s, prazosin, used for the treatment of hypertension, was labelled with
carbon-11 to image «1-ARs with PET [49]. Following this, [HC]prazosin analogous, [M'CJbunazosin
and [''C]GB67 (Figure 1A) were developed as PET radiotracers to image o1-ARs in the cardiovascular
system [49,70]. These tracers were shown to have limited BBB permeability and were deemed to be
not suitable for PET-neuroimaging. Efforts to develop PET radiotracers to image «1-ARs in the CNS
was mainly based on antipsychotic drugs such as clozapine, sertindole, olanzapine, and risperidone
that have mixed binding affinities for D,, 5HT,5 receptors and «1-ARs in the nanomolar range.
Their affinity for x1-ARs has been shown to contribute to antipsychotic efficacy uncovering their role
in psychoses [71,72].
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Figure 1. (A) Earlier PET radiotracers, [''C]Prazosin, ['!C]Bunazosin, and [''C]GB67 for cardiac o1-AR
imaging. (B) Antagonist PET radiotracers based on sertindole. (C) Antagonist PET radiotracers based
on octoclothepin for brain «1-AR imaging.

Two C-11 labelled analogs of the atypical antipsychotic drug sertindole were first reported
by Balle et al. In the early 2000s (Figure 1B) [73,74]. Several other analogs with good affinities
(Kj < 10 nM) for «1-ARs were subsequently reported by the same group. Two analogs, in which
chlorine in sertindole (1) is replaced by a 2-methyl-tetrazol-5-yl (2) and a 1-methyl-1,2,3-triazol-4-yl
(3), were labelled with C-11 [73,74]. The in vitro affinities (K;) of 1, 2 and 3 for «1-ARs are 1.4, 1.8 and
9.5 nM, respectively. Both ['!C]2 and ['!C]3 were prepared using !!C-methylation with ['!C]methyl
triflate from their corresponding N-desmethyl precursors. The molar activity of [11C]2 and ['1C]3 was
reported at 70 GBg/umol and 15 GBq/umol, respectively. Their brain distribution examined with PET
in Cynomolgus monkeys showed that brain uptake of ['1C]2 and [11C]3 was slow and low, with ['1C]3
showing somewhat higher brain uptake than ['!C]2. Their brain distribution was homogenous and
specific binding to «1-ARs could not be demonstrated. It was also concluded that these two radiotracers
were not suitable to image «1-ARs in brain owing to rapid metabolism, substantial distribution to
other organs, and substrates for active efflux mechanism.
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In the early 2010s, further optimization of structure-activity relationship (SAR) studies led to the
identification of two more sertindole analogs, 4 and 5 (Lu AA27122), with higher «1-AR selectivity
over D, receptors (Figure 1B). Compared to the in vitro affinity for a«1A-AR subtype (K; = 0.16, 0.52 nM
for 4 and 5), the affinity for the «1B and «1D subtypes is 4 to 15 times less potent (Table 2). The LogD7 4
values for 4 (2.7) and 5 (1.9) were in the optimal range for in vivo brain imaging [75-77]. Both [1CJ4 and
[11C]5 were prepared in a similar manner like above with >370 GBq/umol molar activity for non-human
primate studies [75]. Interestingly, while ['!C]4 showed very poor brain uptake, ['!C]5 had suitable
brain uptake (4.6% ID/cc at 36 min). However, its binding was not blocked with a pharmacological
dose of prazosin pretreatment, indicating lack of a1-AR specificity.

Table 2. In vitro affinities of compounds 1 to 7 for a1-ARs, D, and 5HT,¢ receptors [73,75,76].

Compound Receptor K; (nM)
«lA «lB «lD D, 5HTsc

037 033 066 045 055
023 11 20 140 330
30 60 86 310 1500
016 64 15 220 -
052 19 25 120 -

6 037 033 066 045 051
(R)-7 043 027 064 31 8.0
()7 016 020 021 45 93

g b= WO N =

At the same time, another C-11 labelled radiotracer, [\'C]7 ([''C]Lu AE43936, Figure 1C) for
brain «1-ARs was developed and evaluated by Risgaard et al. [76]. This radiotracer was based on the
antipsychotic octoclothepin (6, Figure 1C), which belongs to the tricylic dibenzotheiepin group and has
inverse agonist effects at dopamine, serotonin, and o1 receptor sites [78]. Two enantiomers of 7 (R/S)
were radiolabelled on the basis of their varying selectivity and specificity for x1-AR subtypes (Table 2)
and imaged with PET in female Danish Landrace pigs. The baseline PET imaging results indicated that
neither of the radiolabelled isomers entered the pig’s brain. Pretreatment with cyclosporin A (CsA) [79]
increased the brain uptake of (R)-7 in «1-AR rich cortex, thalamus (above 2 SUV), suggesting that (R)-7
was a substrate for active efflux transporters. Further cell studies specified that (R)-7 is a substrate for
p-glycoprotein (Pgp).

So far, none of the reported radiotracers showed promising results for in vivo brain imaging of
«1-ARs for they were limited by poor BBB penetration, being substrates of Pgp or lack of binding
specificity. Therefore, novel x1-AR radiotracers that overcome brain permeability and display
good affinity and subtype-selectivity are required to evaluate the role of «1-AR subtypes in brain
pathophysiology. Several «1-AR subtype specific (high affinity for one subtype over the other) and
nonspecific compounds have been reported over the years [26,29,80,81]. Either direct radiolabeling (if
possible) or chemical modification and then radiolabeling of the most specific compounds could be an
optimal approach for developing new al-subtype specific radiotracer, considering the aforementioned
CNS-PET radiotracer criteria.

3. ®2-AR Subtype and Nonspecific PET Radiotracers

Unlike a1-ARs, «2-ARs decrease adenyl cyclase activity in association with G; heterotrimeric
G-protein and hence are inhibitory. They mediate many NE effects including cognition and readiness
for action [11,30]. The brain distribution of the three subtypes, a2A, x2B, and «2C, was characterized by
autoradiography and immunohistochemistry techniques. Among the three subtypes, ®2A-ARs are the
most abundant in the brain and localized in locus coeruleus, midbrain, hippocampus, hypothalamus,
amygdala, cerebral cortex and brain stem. The a2B-ARs are located in thalamus and hypothalamus
and «2C-ARs in cortex, hippocampus, olfactory tubercle and basal ganglia [51-53]. In the mouse
brain, ~90% of x2-ARs are «2A-ARs and ~10% are «2C-ARs [30-32,82]. Notably, binding experiments
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using [*H]2-methoxyidazoxan (a selective a-2 AR antagonist) with postmortem human brain detected
100% of «2A-ARs population in the hippocampus, cerebellum, and brainstem (Byax = 34-90 fmol/mg
protein). In addition to this, X2A-AR (Bmax = 53 fmol/mg of protein) and «2B/C-AR (Bmax = 8 fmol/mg
of protein) were detected in the frontal cortex [30]. An extensive array of agonists and antagonists
for a2-ARs have been developed. The main limitation of these ligands is lack of subtype selectivity
for 2-ARs and off-target binding to other receptors [83,84]. x2A-ARs are mostly presynaptic and
agonists inhibit NE release from the terminals and are used to treat hypertension, drug withdrawal,
and ADHD whereas antagonists increase NE release and are used as antidepressants. Development of
«2-AR subtype selective PET tracers would facilitate medication development and help gain further
understanding of their role in brain diseases.

During the 1980s, two research groups identified two potent x2-AR selective antagonists via
radioligand binding assays. One WY-26703 belongs to the benzoquinolizine class, and the other
MK-492 belongs to the benzo[b]furo-quinolizine class [85,86]. Based on these templates, Bylund’s group
developed two PET tracers: ['!C][WY-26703 (8) in 1992 and ['!C]MK-912 (9) in 1998 (Figure 2) [87,88].
Both radiotracers were prepared from their respective N-desmethyl precursors via ! C-methylation
with 30.71-34.41 GBg/umol molar activity. The in vitro binding assays and ex vivo biodistribution
studies (tissue dissection followed by y-counting) in rodents indicated that both radiotracers crossed
the BBB and 9 showed higher affinity and specific binding to «2-ARs than 8. However, PET studies
of 8 and 9 in Rhesus monkeys showed fast washout from brain and nonspecific binding; thus it was
concluded that they were not appropriate for PET imaging of x2-ARs in brain.
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Figure 2. Various classes of «2-ARs antagonist radiotracers.

In 1997, Pike’s group developed ['!C]RS-15385-197 (10) and ['!C]79948-197 (11) as PET o2-ARs
ligands (Figure 2) [89]. These radiotracers were prepared from their respective O-desmethyl precursors
through the 11C—methyla’cion method with 61 + 17 GBg/umol (10) and 64 + 3 GBg/umol molar activity
(11). Biodistribution, brain uptake, and metabolic profile studies were done in male Sprague-Dawley
rats. They observed specific signals in brain (mainly cerebellum) at 30-90 min (70-95% radioactivity of
parent radioligand), which was analogous to their results with [PH]10. N onspecific binding in brain
was 11 > 10, which mostly likely reflected their differential metabolism (11 > 10). Thus, they chose 10
to quantify a2-ARs in the human brain using PET [90]. Studies in two volunteers with 10 revealed a
low brain uptake index (BUI) due to high affinity to human plasma proteins. Consequently, 10 was not
studied further.

In 2002, Crouzel’s group chose atipamezole, an «2-AR selective antagonist, to develop
['!CJatipamezole, 12 (Figure 2) [91]. The radiotracer was prepared through an unique approach
using 2-ethyl-2-oxoacetylindane, ['! C]formaldehyde (['!C][HCHO) in the presence of zinc oxide and
ammonium hydroxide (similar to Debus-Radziszewski imidazole synthesis) with an overall yield of
1.5%. However, no PET studies were reported with 12.

Furthermore, in 2002, Smith’s group developed two tetracyclic based anti-depressant radiotracers,
mianserin (13) and mitrazepine (14), that have potent antagonist properties at «2-ARs and also at
serotonin receptors (5HT4, 5HT,¢) and labelled them with C-11 to prepare 13 and 14 (Figure 2) [92,93].
The radiotracers 13 and 14 were prepared from their respective N-desmethyl precursors via
11C—rne’chylation with ~40 GBg/umol and 5-7 GBq/umol molar activity, respectively. PET studies in
female pigs with 13 showed limited binding potential in brain whereas 14 showed more favorable
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properties including slow metabolism, fast brain uptake and sufficient target-to-background ratio for
pharmacokinetic parameters estimation.

Radiotracer 14 had higher binding in the frontal cortex, thalamus, and basal ganglia where
pretreatment with unlabeled mitrazepine revealed that its binding was reversible, whereas, in the
cerebellum and olfactory tubercle, it was not. Notably, using the 02-AR subtype KO mouse model
they validated the receptor selectivity of 14. In 2004 and 2009, this group conducted a clinical trial with
volunteers using 14 to study its distribution, metabolism and pharmacokinetics [94,95]. The results
revealed that 14 can serve as a PET radiotracer to image «2-ARs in the brain, though identification of
its metabolites and its nonselective binding are limitations.

Two years later, Leysen’s group developed a reversible, potent and selective «2-AR antagonist,
viz. R107474 (15, Figure 3) [96]. They prepared [''C]15 through Pictet-Spengler condensation method
using [M'CJHCHO and the respective secondary amine with 24-28 GBg/umol molar activity at the end
of bombardment (EOB). They carried out ex vivo autoradiography to measure in vivo «2A-ARs and
«2C-ARs occupancy of 15 in rats. Biodistribution studies showed rapid uptake of 15 into brain and
other tissues with the brain showing the highest uptake other than liver and kidneys. In the brain
the highest uptake of 15 was in the septum (3.54 + 0.52 ID/g) and entorhinal cortex (1.57 + 0.50 ID/g)
whereas the lowest was in the cerebellum, a region with very low density of x2-ARs. However, the
potential of 15 was not investigated further.
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Figure 3. Anti-depressive & antihypertensive based a2-AR PET radiotracers.

In 2006, Jacobsen’s group developed C-11 labelled yohimbine (16, Figure 3) [97], an antihypertensive
agent. Yohimbine has potent antagonist properties at x2-ARs, but also interacts with o1 and 5-hydroxy
tryptamine 1A receptors (5-HTj4). The radiotracer 16 was prepared through ''C-methylation of
yohimbinic acid using C-11 methyl iodide (['!C]JCH;3I) and obtained with 40 GBg/umol molar activity.

PET studies were performed in pigs to obtain whole-body and dosimetry recordings and for
dynamic brain imaging. Interestingly, no radioactive metabolites of 16 were reported in pig plasma
and binding of 16 was observed in «2-AR-rich regions where it was displaceable by co-injection of
pharmacological doses of yohimbine or selective «2-AR antagonist (Figure 4). Later, 16 was used to
image o2-ARs in the human brain (n = 6) using PET [98]. Highest binding of 16 was observed in cortex
and hippocampus and the lowest in corpus callosum, which was used as a reference region to estimate
the average total distribution (V1) in other brain regions. The radiotracer 16 seems to be a suitable
radiotracer to image «2-ARs but has similar issues as of 14, which need to be addressed.

The concentration of o2-subtype receptors in the brain is low (5-90 fmol/mg range) increasing
the challenge for their detection by PET [31]. Therefore, x2- subtype specific PET tracers (with
subnanomolar affinities and >30-fold selectivity) still need to be developed for the quantification of
«2-subtype receptors and to assess their role in brain diseases. A few research groups have developed
a2-subtype specific PET radiotracers, but success has been limited.
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Figure 4. Parametric maps of 16 in living porcine brain. (A) Baseline study using 16 showed regional
differences in its distribution. (B) Blocking experiment (yohimbine at 0.07 mg/kg) reduced the scale
of distribution volume (V4) to ~2 mL g~! in all the «2-AR bound regions. (C) Increased dose of
yohimbine (1.6 mg/kg) had no further significant effect in comparison to the low dose (n = 3) Maps
are superimposed on the MR image. Adapted from JNM publication by Jacobsen S, Pedersen, K.;
Smith, D.F; Jensen, S.B.; Munk, O.L.; Cumming P [97]. Permission obtained from SNMMIL

3.1. a2A-Specific PET Radiotracers

Kumar’s group in 2010 developed ['!CIMPTQ (17, Figure 5) for the quantification of «2A-ARs
in vivo [35]. Compound 17 was shown to have blocking effects on x2A-ARs in vivo in brain and
has stronger affinities for x®2A-AR (K; = 1.6 nM) than «2C-AR (K; = 4.5 nM) and 5-HTT (serotonin
transporter, K; = 16 nM) [99]. They anticipated no binding of 17 to «2B and «x2C-ARs since the densities
of these receptors are lower than a2A-ARs. In addition, the 10-fold higher affinity of 17 «2A-ARs over
5-HTT is advantageous for «2A-ARs as both have similar Byax values. The radiosynthesis of 17 was
accomplished through ! C-methylation of its respective N-desmethyl precursor with 74-88.8 GBq/wmol
molar activity at the end of synthesis (EOS). PET studies in baboons with 17 showed that it penetrated
the BBB and accumulated in «2A-AR-rich brain areas. They ruled out binding of 17 to 5-HTT due to
its low uptake in the hippocampus, temporal cortex, and occipital cortex, which are the brain regions
with the highest binding of 5-HTT radiotracers. No further studies were reported using 17.
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Figure 5. x2A-antagonist (17) and agonist (18) PET radiotracers.

In search of a selective agonist to «2-ARs, Lehmann’s group identified 1-[(imidazolidin-2-y])
imino]indazole (marsanidine) [100] and later developed an x2A subtype specific ligand by introducing
fluorine to marsanidine [33]. The reported binding affinity (K4) of 6-fluoromarsanidine for x2A (33 nM)
is higher than for «2B (72 nM) and «2C (600 nM). Solin et al., in 2019, prepared 6-[ ‘8F]fluoromarsanidine
(18, Figure 5) through electrophilic ®F-radiofluorination using [8F]selectfluor bis(triflate) and a
corresponding precursor with 3-26 GBg/umol molar activity at the EOS [34]. Invivo PET was
performed in rats and «2A-KO mice, but the radiotracer was not continued further because of its rapid
metabolism and high nonspecific uptake in rat and mouse brain.
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3.2. a2C-Specific PET Radiotracers

Animal models, such as the forced swimming test (FST) and the prepulse inhibition (PPI)
are used to screen for anti-depressants and anti-psychotics, respectively. The use of x2C-KO and
a2C-overexpression (x2C-OE) mouse models in FST and PPI paradigms suggested that «2C-specific
compounds may have therapeutic benefits for depression and schizophrenia [32,38]. In 2007,
Orion pharma from Finland identified an acridine-based compound, JP-1302 [38], and a research group
from Japan identified a methyl benzofuran based compound, MBF [101], as selective 02C antagonists.
Both these ligands have high affinities for «2C (JP-1302 K; = 28 nM, MBF K; = 20 nM) than for «2A
(JP-1302 K; = 3500 nM, MBF K; = 17,000 nM) and «2B (JP-1302 K; = 1500 nM, MBF K; = 750 nM). Based on
these findings, Zhang’s group, in 2010, synthesized ['!C]JP-1302 (19) and [ C]MBF (20)(Figure 6) as PET
probes to evaluate their BBB penetration and «2C selective binding in the brain [37]. The radiotracers
19 (molar activity 95 + 24 GBg/umol) and 20 (molar activity 62 + 15 GBq/umol) were prepared using
C-methylation from N-desmethyl and O-desmethyl precursors, respectively. PET studies were
conducted in WT and Pgp, breast cancer resistance protein (BCRP) KO mice using both radiotracers.
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Figure 6. PET radiotracers for «2C-ARs.

This combined KO model is useful to evaluate whether brain penetration of PET probes is sensitive
to Pgp and BCRP. After injection of the radiotracers, their levels in the brain were low in WT mice
whereas they were higher in Pgp and BCRP KO mice. The regional binding of these radiotracers
did not correspond with the regional brain distribution of «2C, so it was concluded that they were
inadequate to evaluate ®2C-ARs in brain with PET.

In 2014, researchers from Turku PET center and Orion Pharma reported the radiosynthesis of
[''CJORM13070 (21, Figure 6) with molar activity 690 + 340 GBq/umol and its evaluation in rats and in
a2A and «2AC KO mice with PET [36,102]. The binding affinities of 21 for «2C (3.8 nM) is higher than
for a2A (109 nM) and «2B (23 nM).

The in vivo PET and ex vivo autoradiography of 21 in rat indicated that its brain distribution
corresponds to the regional distribution of «2C in brain, with highest levels in striatum and olfactory
tubercle. Pretreatment with atipamezole, a a2-sutype nonselective antagonist blocked the binding of
21 into these regions. Furthermore, by using «2A and «2AC KO model mice, they demonstrated o2C
specificity of 21. The brain uptake of 21 in «2A-KO and WT mice was similar whereas, negligible uptake
occurred in a2 AC KO (Figure 7, left). They represented time-activity curves for striatum and cerebellar
cortex of three mice types (Figure 7, right) and the radioactivity ratios at 5-15 min for «2A, «2AC KO
mice, and WT mice were 1.51-1.51, 1.06-1.09 and 1.51-1.57, respectively.

Accordingly, 21 was studied in healthy men to estimate its metabolism, pharmacokinetics,
whole-body distribution and radiation dosimetry [39]. Good results were obtained in rodent and
human PET studies with 21, except for its fast washout from brain. Better pharmacokinetics,
higher affinity, and specificity can potentially be enhanced by structural modifications to 21. Given that
the x2A-ARs are widely distributed in brain in contrast to «2C-ARs, a candidate with subnanomolar
affinity for «2C-ARs (>50-fold affinity than 2A-ARs) is needed for a PET radiotracer. As x2C-ARs are
of interest as therapeutic targets in brain diseases, the a2C-specifc PET radiotracers would facilitate
their development as medications and help in investigations of ®2C-ARs in the human brain.
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Figure 7. PET/CT images and time-activity curves of 21 for striatum and cerebellar cortex of (A) x2A
KO (B) «®2AC KO and (C) WT mice. Brain uptake of 21 in a2AC KO is negligible and is similar in a2A
KO and WT mice with 7.8-8.1% ID/g at 1 min and 1.2% ID/g at 30 min after 21 injection. The striatum
to cerebellar cortex radioactivity ratios (at 5-15 min) for x2AC KO mice did not differ and for x2A
KO and WT mice are alike. Adapted from JNM publication by Arponen E.; Helin, S.; Marjamaéki, P,;
Gronroos, T.; Holm, P; Loyttyniemi, E.; Nagren, K.; Scheinin, M.; Haaparanta-Solin, M.; Sallinen, J.; [36].
Permission obtained from SNMMI.

4. 3-ARs and Nonselective PET Radiotracers

-ARs are associated with Gs-heterotrimeric G-protein and mediate intracellular signaling
through adenyl cyclase activation and cyclic adenosine monophosphate (c(AMP) production. 3-ARs are
classified into 31, 32, and 33 subtypes, in which, the former two have been much more explored [42,46].
Quite a lot of selective and nonselective 3-AR agonists and antagonists (blockers) are available as
drugs in the market to treat various cardiac and pulmonary disorders. In the brain, 3-ARs are localized
in the frontal cortex, striatum, thalamus, putamen, amygdala, cerebellum and hippocampus [48].
The density of 3-ARs in brain is sensitive to brain pathophysiology. Notably, the density of 3-ARs
decrease with age [40]. Light microscopic autoradiography using [*H]dihydroaloprenolol (a selective
-blocker) with rat brain sections has shown a wide distribution of $-ARs in forebrain and cerebellum
regions (Bmax = 23 fmol/mg tissue) [103]. Similarly, Bmax value of 18 fmol/mg protein was reported
in pre-frontal cortex of subjects with Parkinson’s disease [48,104]. By altering the Ca®* levels
through N-methyl-D-aspartate (NMDA) receptors in hippocampus, 3-ARs modulate synaptic plasticity,
including that needed for memory [44,45]. The blockade of 3-ARs is associated with a small increased
risk for Alzheimer’s and Parkinson’s disease [43,105]. In addition, abnormal function and densities of
3-ARs have been reported in mood disorders and schizophrenia [41,47,106].

Several radioligands, mostly based on (3-blockers, were validated for imaging of 3-ARs in the
heart [50]. The majority of 3-blockers possess a hydroxyl propylamine moiety in their structures
that is vital for binding to 3-ARs and this moiety was maintained in most of these radioligands.
PET radiotracers have succeeded in imaging and quantifying myocardial and pulmonary 3-ARs in
human [107,108], whereas, PET radiotracers for cerebral 3-ARs have been more challenging. The clinical
PET radiotracers for cardiac 3-ARs have negative Log P values (<-2), which is not suitable for imaging
the brain. Several lipophilic and high to moderate affinity 3-AR nonselective antagonists were explored
as PET radiotracers to image 3-ARs in the brain.

During the 1980s, propranolol, a (3-blocker drug was labelled with C-11 (22, Figure 8) but
was unsuitable as a PET ligand for (3-ARs because of high nonspecific binding in vivo [109,110].
Subsequently, Berridge’s group described the synthesis of two isomers (R/S) of ['®F]fluorocarazolol
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(23, Figure 8) through reductive amination using ['®F]fluoroacetone and desisopropylcarazolol with
18.5-37 GBg/umol molar activity [111,112]. The radiotracer 23 has subnanomolar K; values for 3-ARs
(f10.4nM, 32 0.1 nM) and Log Py 4 value of 2.19. The same group used 5-23 for PET imaging of the
pig heart and lungs to validate the 3-AR biding. In 1997, Waarde et al., employed S5-23 to image 3-ARs
in the human brain and obtained positive results [113]. They observed specific binding (blocked with
pindolol) of 5-23 in 3-AR rich areas, striatum and various cortical areas. However, the radiotracer
was discontinued for further human studies as fluorocarazolol was positive for the Ames test i.e.,
mutagenic [114].
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Figure 8. Early PET radiotracers for cerebral 3-ARs.

Two research groups conducted biodistribution studies in rats using ['®F]fluoropropranolol (24)
and ['!CJICI 118,551 (25) (Figure 8), which failed because of their nonspecific binding [115,116]. In 2001,
Fazio’s group described two isomers (R/S) of C-11 labelled bisprolol (1 Kj 1.6 nM, 32 K; 100 nM
and Log P74 = —0.2) (26, Figure 9) to image 31-ARs in the brain [117]. The radiosynthesis of 26 was
accomplished via reductive amination using [!!CJacetone and desisopropyl bisprolol precursor with
129.5 + 37 GBq/umol molar activity at the EOS. They observed little specific uptake of 26 in $1-AR
rich regions in the rat’s brain and also high nonspecific uptake in the pituitary (1.8 + 0.3 ID at 30 min),
a region with high 32-ARs levels. No further studies were reported using 26 to image (3-ARs.
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Figure 9. Radiotracers based on various 3-AR blockers.

In 2002, Elsinga’s group reported five different potent and lipophilic 3-AR antagonists (carvedilol,
pindolol, toliprolol, bupranolol, and penbutolol) as PET probes to image 3-ARs in rat brain [118].
C-11 labelled carvedilol (27, Figure 9; molar activity 12.97-25.9 GBq/umol) was prepared through
11C-methylation using [''C]CH;I and its respective O-desmethyl precursor, whereas, [ C]pindolol (28,
molar activity 25.9-37 GBg/umol) and [ C]toliprolol (29, molar activity 22.2-25.9 GBg/umol) were
prepared via reductive amination using [!!CJacetone and the respective desisopropyl precursors.
The F-18 tracers of bupranolol (30, molar activity 11.1-18.5 GBg/umol) and penbutolol (31,
22.2-99.9 GBg/umol) were also prepared by means of reductive amination but using [®F]fluoroacetone
and the respective des-fluoro-isopropyl precursors.
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The five radiotracers had strong affinities (subnanomolar Kg4) for 31 and 32-ARs. Although these
radiotracers had sufficient affinity and lipophilicity for in vivo imaging, none showed good brain
uptake. This group also evaluated S—[18F]ﬂu0r0ethylcarazolol (32, 1 K; =0.5nM, 32 K; = 0.4 nM
and Log P74 = 1.94) for in vivo imaging of 3-ARs in rat brain [119]. The radiotracer 32 (Figure 9) was
prepared via an epoxide ring-opening using [!8F]fluoroethylamine and the corresponding epoxide with
>10 GBq/umol molar activity. The radiotracer accumulated in brain with uptake reflecting cerebral
-ARs binding. However, no further PET imaging studies were reported using 32 probably because of
its analogous nature to 23 which was shown to be positive Ames test [114,120].

In 2008, Elsinga’s and Vasdev’s groups chose exaprolol (3-AR Kq = 9-9.5 nM) and developed
S—[llC]exaprolol (33) and S—[lSF]ﬂuoroexaprolol (34), respectively, to image (-ARs with PET
(Figure 10) [120,121]. Radiotracer 33 was prepared via reductive amination using [!!CJacetone
and desisopropylexaprolol precursor with >10 GBg/umol molar activity and the radiotracer 34 was
prepared through a nucleophilic substitution reaction using ['8F]fluoride and a corresponding tosylate
precursor followed by reductive hydrolysis, with 34.29 GBqg/umol molar activity. Regardless of good
binding and kinetic properties, both these radiotracers showed high nonspecific uptake in the brain
and were found to be inadequate for PET imaging of 3-ARs.
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Figure 10. Another set of latest 3-AR PET radiotracers.

Again in 2014, Elsinga’s group developed ['8F]FPTC (35, Figure 10) for PET imaging of 3-ARs
in brain [122]. The radiotracer 35 is a derivative of carazolol, wherein, isopropylamine group of
carazolol was replaced by a PEGylated triazole group. It was prepared through Huisgen’s 1,3-dipolar
cycloaddition (click reaction) using F-18 labelled PEGylated alkyne and the corresponding azide with
>120 GBg/pumol molar activity. Although 35 was shown to have appropriate LogPy 4 (2.48) and specific
binding in in vitro assays, it could not visualize 3-ARs in the brain, lung or heart using micro-PET.

Thus, the development of PET radiotracers for neuroimaging of 3-ARs remains a challenge and
as of now, there are no (3-AR subtype specific PET radiotracers. Such radiotracers are important to
expand our understanding of the role of 3-ARs in aging and memory formation and also to assess
their function in behavioral disorders. Future research, as suggested by Elsinga and Waarde [48],
should consider modifying the imaging agents used for myocardial 3-ARs rather than radiolabeling
existing 3-blocker drugs. Alterations should optimize Log P74 (2-3), high affinity and selectivity to
-ARs and no substrate affinity for Pgp.

5. Conclusions

Over the past four decades, significant efforts have been made to develop CNS-ARs PET ligands
for brain imaging. Despite these efforts, very few PET radiotracers are available to selectively image
AR subtypes in the brain. The development of specific radiotracers is hindered mainly by the
low receptor densities of each AR subclass within the brain, which requires further optimization
processes for highly potent and BBB permeable ligands. Though challenging, AR subtype specific
agonist/antagonist PET radiotracers are needed to ascertain AR’s role in brain pathophysiology and for
medication development.
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Abstract: Identified in 1973, somatostatin (SST) is a cyclic hormone peptide with a short biological
half-life. Somatostatin receptors (SSTRs) are widely expressed in the whole body, with five subtypes
described. The interaction between SST and its receptors leads to the internalization of the ligand-receptor
complex and triggers different cellular signaling pathways. Interestingly, the expression of SSTRs is
significantly enhanced in many solid tumors, especially gastro-entero-pancreatic neuroendocrine
tumors (GEP-NET). Thus, somatostatin analogs (SSAs) have been developed to improve the
stability of the endogenous ligand and so extend its half-life. Radiolabeled analogs have been
developed with several radioelements such as indium-111, technetium-99 m, and recently gallium-68,
fluorine-18, and copper-64, to visualize the distribution of receptor overexpression in tumors.
Internal metabolic radiotherapy is also used as a therapeutic strategy (e.g., using yttrium-90,
lutetium-177, and actinium-225). With some radiopharmaceuticals now used in clinical practice,
somatostatin analogs developed for imaging and therapy are an example of the concept of personalized
medicine with a theranostic approach. Here, we review the development of these analogs, from the
well-established and authorized ones to the most recently developed radiotracers, which have better
pharmacokinetic properties and demonstrate increased efficacy and safety, as well as the search for
new clinical indications.

Keywords: somatostatin analogs; radiolabeling; radiopharmaceuticals; radionuclide therapy; imaging

1. Introduction

Somatostatin (SST), also called somatotropin release inhibiting factor (SRIF), is a cyclic peptide
hormone, first isolated in 1968 from an ovine hypothalamus, and actually identified in 1973 [1]. It was
originally discovered as a growth hormone inhibitor, but is now known to be involved in the inhibition
of numerous metabolic processes relating to neurotransmitters, endocrine secretions (e.g., growth
hormone, insulin, glucagon, and gastrin) but also modulating exocrine secretions (e.g., gastric acid
and pancreatic enzymes). In the body, its synthesis takes place in the form of an inactive precursor of
116 amino acids (AA), preprosomatostatin, which is then converted by the action of proteases into
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prosomatostatin (96 AA). Depending on where it is produced in the body, enzymes do not cleave the
pro-peptide on the same amino acid motif, resulting in two distinct active forms, SRIF-28 and SRIF-14.
Although SRIF-14 is predominant in the central nervous system and SRIF-28 in the digestive tract, the
distribution of these two biologically active forms is similar.

In the early 1990s, concomitantly to studies on the binding properties and mechanisms of action
of somatostatin, five receptor subtypes were discovered (SSTR1 to SSTR5) [2]. These subtypes belong
to the family of receptors coupled to G-proteins, and their length varies from 364 to 418 AA. They all
exhibit seven o helices with transmembrane domains and most of the differences between subtypes
are found in the extracellular (N-terminal) and intracellular (C-terminal) ends. SSTR-1, -3, -4, and -5
have a single subtype, while two variants exist for SSTR2, called SSTR2A and SSTR2B. SSTR1 to 4 link
SRIF-14 and -28 with a very high affinity (in the nanomolar order), whereas SSTR5 shows an affinity 5
to 10 times higher, but for SRIF-28 only.

Somatostatin receptors are widely distributed in healthy tissues, with distinct expression
throughout the body (Figure 1). It is quite possible to find several subtypes in the same tissue.
Each of the SSTRs is involved in the regulation of the various processes: (i) SSTR1 is involved in
the antisecretory effects of growth hormone, prolactin (a peptide hormone involved in lactation,
reproduction, growth, and immunity) and calcitonin (regulation of calcemia); (ii) SSTR2 also inhibits
the secretion of growth hormone and adrenocorticotropin (hormone that stimulates the adrenal glands),
glucagon, insulin, interferon-y (protein produced by immune cells), and stomach acid; (iii) SSTR5
has the same inhibiting effect on growth hormone, adrenocorticotropin, insulin, and inhibits the
secretion of amylase (digestive enzyme constituting saliva and pancreatic juice); (iv) SSTR3 reduces
cell proliferation and causes cell apoptosis; (v) the functions of SSTR4 are not yet well defined [3].

SSTR1 SSTR2 SSTR3 SSTR4 SSTR5

HUMAN PROTEIN ATLAS*

Figure 1. Somatostatin receptors (SSTRs) biodistribution in the body (from The Human Protein Atlas
https://www.proteinatlas.orgy).

The effects of somatostatin are expressed through different signaling pathways [4,5]. After a cascade of
reactions, this leads on the one hand to the inhibition of tumor growth (action on the secretion
of hormones) and blocking proliferation via the activation of different tyrosine phosphatases
(anti-proliferative and pro-apoptotic action), but also to the inhibition of the secretion of growth
factors such as growth hormone or IGF-1 having a major role in the inhibition of tumor growth
(anti-angiogenic) (Figure 2) [6,7].
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Figure 2. Schematic representation of the signaling pathways induced by somatostatin receptors
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Over the past 20 years, our understanding of the phenomena due to the activation of SSTRs
has increased thanks to numerous translational and clinical studies, leading to the development
of new therapeutic options [3]. The use of SST analogs has demonstrated real effectiveness in the
treatment of various pathologies: acromegaly (production of an excess of growth hormone), pancreatitis,
complications linked to diabetes and obesity (e.g., retinopathy or nephropathy), action on inflammation
and pain in some cases [5,9]. However, SSTRs and SST analogs are mainly known for their presence
and role in the detection and treatment of some solid tumors. Tumor cells and peritumoral vessels
express receptor subtypes whose density depends on the type of tumors (Table 1) [10-13]. For those
overexpressing SSTRs, such as pituitary adenomas, gastroentero-pancreatic neuroendocrine tumors
(GEP-NET), or other cancers (e.g., lymphomas, small cell lung cancers, etc.), targeting with SST analogs
becomes possible [14]. Many therapeutic protocols based on these analogs (classic octreotide or with a
longer release time (octreotide LAR), Lanreotide, Vapreotide, Pasireotide, etc.) have been the subject of
phase Il and III clinical trials. The majority of results were generally disappointing and did not provide
clear evidence of a significant antitumor effect on solid tumors, probably due to the existence of other
pathways of tumor progression [15,16].

Table 1. SSTRs expression in different tumor types.

Tumor Type SSTR Expression Ref
Astrocytoma + [17]
Breast carcinoma + (SSTR2) [11]
Cholangiocarcinoma + (SSTR2) [18]
Colorectal carcinoma - [17]
Endometrial carcinoma - [17]
Ependymoma + (SSTR1, SSTR5) [11]
Esophageal carcinoma - [17]
Ewing sarcoma - [17]
Exocrine pancreatic tumor - [17]
Gastric carcinoma + (SSTR1 > SSTR2, SSTR5) [11]
Gastrinoma + (SSTR2) [17]
Glioblastoma - [17]
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Table 1. Cont.

Tumor Type SSTR Expression Ref
Growth hormone-producing pituitary adenoma + (SSTR2, SSTR5) [17]
Gut carcinoid + (SSTR2 > SSTR1, SSTR5) [17]
Hepatocellular carcinoma + (SSTR2, SSTR5) [19]
Insulinoma + (SSTR1, SSTR2, SSTR3) [20]
Leiomyoma + [17]
Lymphoma + (SSTR2) [11]
Medullary thyroid carcinoma + (SSTR2) [11]
Medulloblastoma + (SSTR2) [17]
Meningioma + (SSTR2) [17]
Neuroblastoma + (SSTR2) [17]
Non-functioning pituitary adenoma + (SSTR3 > SSTR2) [17]
Non-small cell lung cancer - [17]
Ovarian carcinoma + [17]
Paraganglioma + (SSTR2) [17]
Pheochromocytoma + (SSTR1, SSTR2) [17]
Prostate carcinoma + (SSTR1) [17]
Renal cell carcinoma + (SSTR2) [11]
Small cell lung cancer + (SSTR2) [17]
Urinary bladder carcinoma - [17]

Bold +, receptors with particularly high density and incidence. Subtypes preferentially expressed are listed in
parentheses, only when compelling evidence is available (immunohistochemistry or autoradiography). Adapted
from [11] and [17].

For example, regarding liver tumors, such as hepatocellular carcinoma (HCC), in vitro studies
clearly demonstrated (i) the lack of SSTRs expression in healthy liver cells; (ii) overexpression in tumors
and metastases of HCC, even though their density is less than in neuroendocrine tumors [21,22]. On the
other hand, the results show a heterogeneous expression and strong inter-individual differences. In fact,
according to studies, HCCs express high levels of SSTR2 [21,23,24] or SSTR5[13,19], or even SSTR1 [22] or
SSTR3 [25]. In general, around 40% of HCCs studied express somatostatin receptors. These differences
could be due to the different methodologies used during the measurements, by studying different stages
of the disease or even by heterogeneous behaviors of HCC. Further studies have also found a correlation
between the density of SSTRs expression, disease aggressiveness [26], and the rate of tumor recurrence
after treatment with octreotide LAR [27]. In a study by Nguyen-Khac et al. [23], 41.2% of extrahepatic
metastases express SSTR2. Preclinical tests on HCC cell lines have shown an antiproliferative effect
of SST analogs [25,28]. In addition, a real decrease in invasion and cell migration of HCC cells after
stimulation of SSTR1 by a specific agonist has also been demonstrated [22]. This action has also been
confirmed in vivo [29], with the demonstration of a similar effect on metastatic dissemination [23,30].
These initial results paved the way for clinical trials on patients with HCC, but their conclusions are
quite contradictory, [31] showing rather positive effects in the advanced stages [32,33] and others quite
negative [34,35]. These outcome discrepancies could come from heterogeneity in the choice of patients,
but available data are still insufficient to truly conclude on the effectiveness of analogs of SST alone in
the control of HCC tumors [6,31,36]. Cholangiocarcinoma, the other main primary liver tumor, might
also be a potential target [18,37].

On the other hand, in certain cases, and in particular for neuroendocrine tumors (a category of
tumors where SSTRs are the most expressed), a benefit has been proven via two Phase III studies,
which have greatly contributed to the fact that SST analogs are now used in clinical routine [38,39].

2. Somatostatin Analogs

Somatostatin has a short half-life in the body (between one and three minutes), because it is
rapidly degraded by peptidases found in plasma and tissues [40]. Therefore, the amount present in
the bloodstream is extremely low (between 14 and 32.5 pg/mL). This very short half-life has been
considered a limiting factor for possible clinical applications, thus many analogs with better metabolic
properties (longer half-life between 1.5 h and 12 h) have been rapidly developed [2,5,9]. These are
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most often hexapeptide or octapeptide molecules which incorporate the biologically active core of native
somatostatin (see some examples in Figure 3). Indeed, studies on the structure-activity correlation have
shown that the Phe’, Trp®, Lys’, and Thr!? sequence in the form of a 3-sheet is necessary for biological
activity. The residues Trp® and Lys’ are essential for this activity, whereas Phe” and Thr!® may undergo
some substitutions. Among somatostatin analogs, there are two main categories: the agonists (substances
capable of activating somatostatin receptors) and the antagonists (molecules that interact with somatostatin
receptors and block or reduce the physiological effect of an agonist). It is also important to note that
somatostatin analogs have different affinities for the different receptor subtypes [2].
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Figure 3. Chemical structures of SRIF-14, SRIF-28, and selected examples of somatostatin analogs.

The first agonist peptide analog to be approved by the FDA was octreotide (SMS 201-995),
marketed under the name Sandostatin®. From a structural point of view, it has a p-Trp and a
p-Phe, to stabilize the 3-sheet and a disulfide bridge closer to the active core, for a better metabolic
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stability. Its pharmacodynamics is highly similar to native SST, which has made it widely used in
clinical trials for the treatment of GEP (gastro-entero-pancreatic) tumors [41,42]. Next, Lanreotide
(BIM 23014, tradename Somatuline®), whose structure is similar to that of octreotide (Phe and Thr
having been replaced by Tyr and Val respectively), showed comparable characteristics and is also
widely used in the treatment of neuroendocrine tumors [43]. In 2005, another analog, Vapreotide
(RC160), was marketed under the name Sanvar®, with properties close to those of the two previous
analogs, and is also used for the treatment of esophageal varices. More recently, Pasireotide (SOM-230
or Signifor®) was one of the first analogs to show a strong affinity for most of the somatostatin
receptor subtypes (pansomatostatin analog). Marketed by Novartis, it is used for the treatment
of Cushing’s disease [44]. Many other analogs have been developed, from “ultra-short” peptides,
such as SDZ 222-100 (an adamantine cyclopeptide), to longer ones, such as KE-108 or CH-275 [5].
Regarding antagonist peptide analogs, the wide variety of compounds that the octapeptide model can
offer has allowed the discovery of several structures that can block this kind of receptors. The first
antagonist that has been described in the literature is CYN-154806, followed by PRL-2970, sst3-ODN-8
or even non-cyclic models such as BIM-23056 and BIM-23627. New non-peptide compounds have also
emerged [45]. These agonists and antagonists (selective or not) constitute a very promising field in the
chemistry of somatostatin analogs, in particular because of their pharmacological, pharmacokinetic,
and physicochemical properties. This type of compound may have a stronger affinity and/or selectivity
for certain subtypes of somatostatin receptors than the majority of peptide analogs. They can thus
provide additional information on the exact role of each of these subtypes [5,9].

3. Targeting of Somatostatin Receptors with Radiopharmaceuticals

In the field of medicine, much research is focused on finding methods to achieve earlier detection
of pathologies to allow treatment at early stages of the disease, to increase the chances of total recovery.
For this purpose, nuclear medicine, through the use of radiopharmaceuticals, is a very powerful
tool. Its application can have two different aims: imaging, with the visualization of a radioactive
element’s distribution in the body, or therapy, with specific irradiation of abnormal cells, thereby
reducing damages to nearby healthy tissue. Having a broad range of potential biological targets and
desirable pharmacokinetic characteristics—such as high uptake in target tissue and fast blood and
non-target tissue clearance—peptides can also be easily chemically modified for incorporation into a
radiopharmaceutical, making them a very potent targeting vector for nuclear medicine. Research in
that domain has thus gained widespread interest [46—49]. These compounds can be directly labeled
with a radionuclide, such as a halogen radioisotope, but they are generally based on a triple structure
involving: (i) a radiometal, the radiation of which allows either the localization (y and B* emitters)
or the destruction (3, « or Auger electron emitters) of the targeted cells; (ii) a bifunctional chelating
agent (BFCA), the dual role of which is not only to bind the radiometal in a very stable manner to
minimize its dissociation in vivo, but also to allow its conjugation with targeting moiety (or vector) via
a functionalized arm; (iii) a targeting moiety (the peptide analog), which aims to convey this setin a
specific way to a well-defined target. To limit the influence of the chelating moiety, a linker (or spacer)
is usually inserted between the BFCA and the biomolecule (Figure 4).

The choice of the radiometal is crucial, since it deeply influences the design of the chelating
structure [50-53]. Several criteria govern the choice of radionuclide: (i) the nature of the radiation
emitted, depending on the intended application (diagnosis or therapy); (ii) the half-life, which must be
long enough to allow effective fixation of the radiotracer on the target cells, but relatively short to avoid
irradiation of the organism (neighboring healthy tissues) and more specifically non-targeted organs;
(iii) the isotope decay profile. By emitting its radiation, the nuclide disintegrates into a daughter nuclide,
which must be non-radioactive to avoid any additional harmfulness to the organism; (iv) the means of
production. Most of the radioelements used in nuclear medicine are artificial. They can be produced
in three different ways: from a nuclear reactor, a cyclotron or via a generator. Generator production
remains the most convenient way for clinical application, as it can provide in-house radionuclides
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when a cyclotron is not available nearby, but cyclotron production still remains the cheapest and most
used. As an example, Table 2 shows some of the characteristics of radioactive nuclides among the most
used today for the radiolabeling of peptides.

Tumor cell

Biological target
Radiopharmaceutical

: ,}ﬂ“‘[@ i

N \
Radionuclide +/- « linker »
Bifunctional chelating agent Biological vector

with pharmacological activity
Figure 4. Schematic design of a radiometallated bioconjugate.

Table 2. Some of the main radionuclides studied for imaging and therapy (SPECT—Single-Photon
Emission Computed Tomography; PET—Positron Emission Tomography).

Radionuclide Hal(ijlfe Eﬁﬂes;:)frl EE:ggiZt?:f(mklet‘tle)d Source Application
99m e 6.01 h% 140 Generator SPECT imaging
Hn 67.4 % 172,245 Cyclotron SPECT imaging

18 1.83 Bt 634 Cyclotron PET imaging
64Cy 12.7 Bt/vIB 653 Cyclotron PET imaging
68Ga 1.1 B+ 1190 Generator/Cyclotron PET imaging

0y 64.1 B~ 2284 Generator Therapy
77Lu 160.8 B~y 497 Cyclotron Therapy
188Re 17 By 2118 Generator Therapy
21 At 7.2 « 5870 Cyclotron Therapy
25 Ac 238 o 5830 Generator Therapy

From a structural point of view, each radiometal has its own properties such as polarizability,
degree of oxidation, or coordination number. These features have a direct impact on the choice of
the bifunctional chelating agent, in particular in terms of denticity and nature of the donor atoms
(most often O-, N-, or S-donors) [54,55]. The BECA makes it possible to link the biomolecule and the
radiometal; its choice is a crucial step in the construction of a radiopharmaceutical. As indicated above,
this structure plays a double role: the first is to complex the radioelement in a very stable manner.
Several criteria can be evaluated to truly attest to the stability of the complex formed. First of all, the
formed radiocomplex must be thermodynamically stable, i.e., the metal-ligand affinity must be as
strong as possible. Then it must be kinetically inert. Many metalation reactions take place in the body
and the complex formed must be stable enough to avoid any in vivo degradation (e.g., demetallation
or transchelation). In addition, radiolabeling conditions with low concentrations are required, ideally
with efficient complexation kinetics (high labeling yield) and fast and mild reaction conditions. Beside
chemistry considerations, the radiotracer must have: (i) a strong affinity for the target receptor; (ii) a
high accumulation for the target and low for the non-target organs; (iii) relatively rapid clearance in
the organism; (iv) preferably a mainly renal route of excretion.

Chelating ligands used for the design of radiotracers are usually classified into two categories:
macrocyclic and acyclic compounds (Figure 5). Generally, acyclic ligands are less kinetically inert
than macrocycles, although some may have shown very good characteristics. On the other hand,
these ligands generally have faster metal-chelate binding kinetics compared to macrocyclic analogs,
which represents a huge advantage for working with isotopes that have a short lifespan. Despite the
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coordination properties specific to each metal, some chelating agents—such as polyaminopolycarboxylic

acids—are considered to be “universal’ because they can complex different radiometals.
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Figure 5. Representative (but not exhaustive) examples of acyclic and macrocyclic polyamino and
polyaminocarboxylic chelator families and their derivatives.

Among acyclic ligands, the first BECAs developed were EDTA (ethylenediaminetetraacetic
acid) and DTPA (diethylenetriaminepentaacetic acid). They have been widely used in the
chemistry of radiopharmaceuticals, in particular with radioelements such as 'In, *°Y or "Ly,
and even *™Tc [54]. Later on, DTPA derivatives such as CHX-A’’-DTPA with a cyclohexyl
moiety bringing more rigidity to the DTPA backbone (allowing a pre-organization of the
system) showed better kinetic inertia [56]. Regarding cyclic compounds, cyclen derivatives
such as DOTA (1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid) and triaza analogs—INOTA
(1,4,7-triazacyclononane-1,4,7-triacetic acid)—are among the most studied ligands. NOTA has the

smaller chelating cavity of the two, and is generally used for Ga (III) or Cu (II) because it has a
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particular attraction for these metals, which results in mild radiolabeling conditions and good in vivo
stability of the complexes formed. DOTA (which is considered as the gold standard chelator) and its
derivatives play an important role in clinical applications because they form very stable complexes
with a wide range of trivalent radiometals such as Ga (III), Y (III), In (II), Lu (III), or even divalent
such as Cu (II) [57,58]. For DOTA or NOTA, the introduction of a functionalized arm offers the
possibility of coupling a biomolecule (NODASA/NODAGA and DOTASA/DOTAGA). Similarly, TETA
(1,4,8,11-tetraazacyclotetradecane-1,4,8,11-tetraacetic acid), has mainly been studied with Cu (II) and
have shown a stability similar to DOTA [59].

Whether on the side of macrocyclic ligands, derivatives or variations of DOTA (e.g.,
p-SCN-Bn-DOTA, DOTAGA, CB-DO2A, TCMC ... ), NOTA (e.g., p-SCN-Bn-NOTA, NETA ... ),
or TETA (e.g., CB-TE2A, p-NH2-Bn-TE3A ... ), or on the side of acyclic ligands, derivatives or
variations of DTPA (e.g., CHX-A"/-DTPA ... ), a large number of ligands have been developed so far.
A wide choice of ligands is available for the design of new agents, and numerous journals have described
and carefully classified all the structures that can be used in the design of a radiopharmaceutical,
whatever the intended application [46,51,53,54,57,60].

BFCA’s second role is to allow the conjugation of the complex with a biomolecule. The nature of
this link is very important, because it is essential for it to be stable, and above all, for it to not interfere
in any way with the binding to the receiver. The slightest structural modification of the ligand and/or of
the biomolecule can have a very marked effect on the affinity to the targeted receptors. To minimize this
impact as much as possible, that sometimes a ‘spacer’ or ‘linker” can be used between these two entities.
Biomolecules are often functionalized through a primary amine, which provides an ideal conjugation
site for a coupling reaction, most often with peptide or thiourea type links. Other links based on
thioether, triazole, oxime, or more recently via a copper-free click-chemistry with tetrazine/cyclooctyne
may prove to be interesting, in particular, because they have very good stability in vivo [51,54,61].

Many somatostatin analogs have already been labeled with various radioelements, whether for
imaging, with probes used today in clinical applications, or for therapy, with many compounds in
clinical studies [17,61-63]. These analogs were obtained from modifications in the sequence of amino
acids that make up the peptide. For example, replacing Phe? in octreotide (OC) with Tyr® (TOC)
improves the affinity for SSTRs (in particular SSTR2) and introduction of a Thr (TATE) instead of Thr(ol)
(TOC) further improves this. By following this procedure, many analogs have been developed and
studied, often with the same chelating cavity to be able to compare their properties (Table 3) [64,65].

Table 3. Peptidic sequences of the main somatostatin agonist analogs. Differences towards Octreotide
(OC) are highlighted in red.

Peptide Peptidic Sequence
octrcégtide p-Phe!-cyclo(Cys®-Phe’-p-Trp*-Lys-Thr®-Cys’)Thr(ol)®
LarI;:cI:cIide p-p-Nal'-cyclo(Cys?*Tyr’-p-Trp*-Lys’-Val®-Cys”) Thr®-NH,
Vap\I/‘?(iide p-Phe!-cyclo(Cys?-Phe3-p-Trp*-Lys-Val®-Cys’) Trp®-NH,
[Tyr3]-To(z§eotide p-Phe’-cyclo(Cys*-Tyr’-p-Trp*-Lys’-Thr®-Cys) Thr(ol)®
[Tyr? ]Tg;l;];:e otate p-Phe!-cyclo(Cys?-Tyr?-p-Trp*-Lys®-Thr-Cys”) Thr®
[1_N3131]\_18§reoﬁde p-Phel-cyclo(Cys?-1-Nal*-p-Trp*-Lys®-Thr®-Cys”) Thr(ol)®
[1—Nal3}\IT?1§;]%g§t reotide p-Phe! —cyclo(CysZ-l—Nal?’ -D-Trp4-Ly55 -Thr6—Cys7)Thr8
[BzThi‘o’l]a-%(cjtreoti de D—Phel-cyclo(Cysz—BZThi3—D—Trp4—Lys5-Thr6—Cys7)Thr(ol)8
BOC-ATE

_Phel- 2_ B Trod-T ve-Thr6-Cva?YThrd
[BzThi®, Thr8]-Octreotide p-Phe"-cyclo(Cys*-BzThi’-p-Trp*-Lys’-Thr°-Cys’)Thr
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3.1. Radiolabeled Somatostatin Analogs for Imaging

The very first proof of concept for the visualization of tumors expressing SSTRs was carried
out with [123I—Tyr3]—octreotide, obtained from an iodination reaction (electrophilic substitution) of
tyrosine [66,67]. This compound demonstrated biological activity and an affinity for receptors similar
to those of native SST [68]. Despite the obvious interest of this probe, several factors such as the
difficult radiolabeling procedure, the significant cost, and particularly, the clearance via the liver
and the hepatobiliary system (which makes it difficult to interpret the obtained images) were the
main drawbacks of its application [67]. To overcome all of these disadvantages, iodine-123 has been
replaced with indium-111, which, through the chelating agent DTPA, has been coupled to octreotide
(Figure 6) [69]. In vivo studies of [M"n-DTPA%]-octreotide ([Hlln]—pentetreotide) have shown that
it is possible to visualize tumors expressing SSTRs and their metastases, even 24 h after injection.
In comparison with the compounds coupled to antibodies, this reveals a relatively rapid clearance via the
kidneys, which represents a huge advantage compared to ['?*I-Tyr®]-octreotide [70,71]. This compound
was the first radiopharmaceutical targeting SSTRs to be approved by the FDA (Octreoscan® marketed
in 1994). It has been widely used, and has long been considered a ‘gold standard” for the visualization
of neuroendocrine tumors. It still has a few limits: in fact, it requires a high tumor/noise intensity
ratio, shows low spatial resolution, has a moderate affinity for receptors and finally, and possesses
a high vy energy which results in a high dose of radioactivity received by the patient. For all these
reasons, research in the field of radiopharmaceuticals has focused on other radioelements such as
technetium-99m for SPECT and gallium-68 for PET. In addition to having excellent physical properties,
these two elements are available from a commercial clinical-grade generator, an important advantage

for clinical applications.
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Figure 6. Structure of [Hlln]—pentetreotide (Octreoscan®).

3.1.1. Gallium-68 and Indium-111

DOTATOC analog was the first to be radiolabeled with indium-111, and its comparative study with
Octreoscan® showed similar diagnostic accuracy, but with better biodistribution and clearance [72].
Although DOTATATE alone showed better affinity for SSTRs, the two analogs [''1In]-DOTATOC and
['''In]-DOTATATE showed relatively similar pharmacokinetic properties [73]. SSTR2 receptors—and
to a lesser extent, SSTR5—are most often overexpressed in tumors. Consequently, the majority of the
radiotracers described have a strong affinity for these two SSTRs subtypes. Systems such as DOTANOC
were designed to develop a probe capable of targeting all subtypes. Compared to DOTATOC and
DOTATATE, it has a similar affinity for SSTR2 and SSTR5 subtypes, but a much higher affinity towards
SSTR3. Their high internalization rate results in interesting biodistribution data, with a greater
accumulation of the probe in the tumor and in the organs or tissues expressing SSTRs (e.g., pancreas
and adrenal glands), ending with excretion mainly by kidneys [74].

These three systems, similarly labeled with gallium-68 (Figure 7), have proven to be very
good radiotracers, and are currently routinely used in clinical applications [75]. These three
radiopharmaceuticals have slightly different pharmacokinetic properties, but their diversity is mainly
due to the variation in affinity for certain subtypes. This feature is even more marked depending on
the radioelement chosen (®®Ga or !''In). This can be explained by the differences in the geometry of the
complexes. [#8Ga]-DOTATOC is very affine for SSTR2 and more moderate for SSTR5, [®8Ga]-DOTATATE
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is specific to SSTR2 and finally, [®8Ga]-DOTANOC binds with great affinity to SSTR2, SSTR3, and
SSTR5 [76-78].
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Figure 7. Structures of the three main systems radiolabeled with gallium-68.

A study with DOTANOC aimed at determining the impact of the introduction of a spacer on the
pharmacokinetic properties of the formed radiotracer. The aim was to insert polyethyleneglycol (PEG)
moieties or sugars between the chelating cavity (DOTA) and the biomolecule (NOC), which resulted in
the modification of the lipophilicity or the charge of the final compound. As a result, the hydrophilicity
of the system seems to be involved only in the affinity phenomenon towards the receptor, and the
overall charge of the compound influences the excretion profile [79].

DOTA is not the only macrocycle to have been coupled to somatostatin analogs. Knowing the
attraction of Ga (III) for NOTA, the latter has been the subject of comparative studies. Conjugated
with octreotide (NODAGATOC), the compound showed a strong affinity for SSTR2 (similar to that of
DOTATOC). Once marked with !!In, affinity was even stronger for SSTR2, with even a gain on SSTR3
and SSTR5 (compared to ®Ga-NODAGATOC), which confirms the influence that the geometry of the
complex can have on affinity. In terms of stability, as expected, that of [®*Ga]-NODAGATOC was higher
than that of ["'In]-NODAGATOC. The biodistribution of [**Ga]-NODAGATOC was similar to that
of [8Ga]-DOTATOC, but showed a better accumulation in the tumor than [*'In]-DOTATOC. This is
probably due to the strong agonist character, and the high rate of internalization of the NODAGATOC
derivative [80].

A large variety of derivatives have also been investigated, such as DOTALAN, DOTABOC,
DOTAGA [81], DOTANOCATE or DOTABOCATE (all derivatives of DOTANOC) [82,83], or
THP-TATE (comparison of the overall behavior of the tris chelating system (hydroxypyridinone)
with DOTATATE) [84]. New generation analogs with broader affinity profiles or
pan-somatostatin analogs have been developed. For instance, AM3 (DOTA-Tyr-cyclo(DAB-Arg-
cyclo(Cys-Phe-p-Trp-Lys-Thr-Cys))), a bicyclic somatostatin analog demonstrated affinity to SSTR2,
3, and 5, when labeled with ®Ga. It showed a fast background clearance coupled with a high
tumor/non-tumor ratio. [85] KE108 was coupled with DOTA and labeled with Hl1h and %8Ga,
giving [111In/*®Ga]-KE88 (DOTA-p-Dab-Arg-Phe-Phe-p-Trp-Lys-Thr-Phe), which bound to all five
SSTRs with high affinity. [86] However, in an in vitro study, it had a low SSTR2 uptake, but was
very effective for SSTR3-expressing tumors. More recently, a Pasireotide derivative, DOTA-PA1
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(DOTA-cyclo-[HyPro-Phe-p-Trp-Lys-Tyr(Bzl)-Phe]) was labeled with %8Ga and was investigated in three
human lung cancer models, where it demonstrated superiority compared to [®3Ga]-DOTATATE [87].
In parallel, the group from Demokritos Institute, in Athens, developed pansomatostatin radiopeptides
based on native somatostatin (SRIF-14 and SRIF-28). Both were derivatized with DOTA chelator and
labeled with MIn. Subsequent radiotracers exhibited high affinity and internalization profiles. SRIF-14
derivatives unfortunately demonstrated low in vivo stability. ['!!In]-DOTA-LTT-SS28, on the contrary,
demonstrated a much higher stability and showed more promise [88,89].

3.1.2. Technetium-99m

A wide range of chelating agents have been used to prepare somatostatin analogs labeled
with technetium-99m: peptide moieties [90,91], propyleneaminooxime [92], tetraamines [93,94] or a
cyclopentadienyl group [95]. Macrocyclic ligands have also been investigated [96]. Three systems
stand out for the radiolabeling of somatostatin analogs: HYNIC-TOC and Demotate scaffolds, and
P829 (Figure 8).
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Figure 8. [™Tc]-labeled somatostatin analogs.

Initially, the HYNIC core (hydrazinonicotinamide) was designed for the radiolabeling of
antibodies and proteins with technetium-99m [97], then this was transposed to peptides and
more specifically to octreotide. This ligand can complex the metal in a monodentate or bidentate
way, therefore, it is necessary to use one or more co-ligands to complete the coordination of the
[*MTc]-HYNIC core. Among the most commonly used co-ligands are tricin, nicotinic acid, or EDDA
(ethylenediaminodiacetic acid). Each co-ligand has its own influences on the properties of the complex
obtained (e.g., lipophilicity and biodistribution) [98]. The first studies were carried out using tricin as a
co-ligand ([**™Tc]-HYNIC-TOC), but quickly EDDA demonstrated a very favorable influence on the
pharmacokinetics of the radiotracers [99]. Compared to Octreoscan®, [?™Tc]-EDDA/HYNIC-TOC
showed better accumulation in the tumor and a weaker accumulation in the kidneys. The improved
spatial resolution, the reduction in the radiation dose received by the patient and the better availability of
9MTc made it a possible alternative to Octreoscan® [99,100]. Finally, its conjugation with the octreotate
analog ([*™Tc]-EDDA/HYNIC-TATE) has shown significantly similar behavior to its octreotide
counterpart [101]. [#°™Tc]-EDDA/HYNIC-TOC (Tektrotyd®) was granted marketing authorization in
Europe in adult patients with gastro-enteropancreatic neuroendocrine tumors (GEP-NET) for localizing
primary tumors and their metastases.

The second radiotracer, based on the tetraamine motif 6-R-1,4,8,11-tetraazaundecane, is available
in a series with [*™Tc]-Demotate 1 ([?™Tc-N,°, Tyr3 J-octreotate) and *°™Te-Demotate 2 ([P2™Tc-N, %1,

142



Molecules 2020, 25, 4012

Asp?, Tyr’]-octreotate). The first version of this probe demonstrated excellent pharmacokinetic
properties, including faster accumulation in the tumor compared to Octreoscan® [102]. The objective of
the second version was to improve the qualities of [*’™Tc]-Demotate 1, by modifying the overall charge
of the complex and adding an Asp residue. In the end, [**™Tc]-Demotate 2 showed overall behavior
similar to [111In]-DOTATATE, even if the latter has a faster clearance and a better retention time in the
tumor [103]. The last of the main analogs based on technetium-99m is [#P™Tc]-P829 (99mTC—Depreotide),
marketed in 2000 by the company CISBio International under the name of NeoSpect®, but recently
withdrawn from the market. The P829 peptide (directly radiolabeled with **™Tc) showed results
similar to the other SST analogs [104]. Its use for the detection of neuroendocrine tumors appeared to
be less precise than with Octreoscan® [105]. On the other hand, its affinity for SSTR3, subtype which
may be the origin of cross-competition from other types of receptors (notably VIP receptors), gave
it the ability to bind to a larger number of primary tumors [104]. In particular, it was used clinically
for the diagnosis of malignant lung tumors [106-108], for which it got its market authorization [109],
and also demonstrated some interest in breast cancer, but it was never confirmed in a larger series of
patients [110].

The question that now remains to be answered is that of the clinical interest of a SPECT tracer
among the wide choice of PET SSTRs imaging agents [111,112].

3.1.3. Copper-64

Due to the short half-life of ®Ga (T, = 67.7 min.) each center willing to perform ®Ga PET
imaging must purchase a currently expensive *4Ge/*®Ga generator and a specifically shielded hot-cell.
For this reason and despite the FDA and EMA market authorizations for [®8Ga]-DOTATATE and
[8Ga]-DOTATOC and the better diagnostic performances for these two radiopharmaceuticals products,
the use of %Ga appears to be under the dependence of an economic choice for many hospitals
and only a few large centers are making the financial investment to perform %®Ga-radiolabeling.
In this context, the use of a PET-emitter with a longer half-life such as copper-64 (T;, =12.7 h)
appears to be an interesting alternative to remove the financial hindrance of gallium-68 [113].
This physical parameter allows for a centralized radiolabeling site with a large multicentric
supply of ready-to-use ®*Cu-radiolabeled compounds. The chemistry of copper is also well
known, which is a real asset in the design of new radiotracers. Many systems already presented
before, such as DOTATOC/TATE or NODAGATOC/TATE, or others more copper-specific BFCAs,
such as TETA (1,4,8,11-tetraazacyclotetradecane-N,N’,N"’,N’"’-tetraacetic acid) [114], and its more
stable derivatives such as cross-bridge CB-TE2A (4,11-bis(carboxymethyl)-1,4,8,11-tetraazabicyclo
[6.6.2]hexadecane) [115], and CPTA (4-[(1,4,8,11-tetraazacyclotetradec-1-yl)methyl]benzoic acid]) [116]
or sarcophagine derivatives [117] have been studied. A review on the development of copper
radiolabeled somatostatin analogs was recently published by Marciniak et al. [118].

To validate the clinical interest of [**Cu]-somatostatin analogs, various clinical studies have been
conducted around the world. Among the different somatostatin analogs, [**Cu]-DOTATATE was one
of the first used. In 2015, [**Cu]-DOTATATE was compared head-to-head to [M1In]-DTPA-octreotide
in 112 patients and showed that the PET #*Cu-compound was far superior to SPECT ''In compound
performances [119]. In 2017, [6*Cu]-DOTATATE was challenged to [#8Ga]-DOTATOC according to an
identical PET/CT imaging modality [120]. The results of this study, where 59 patients were injected
with [*8Ga]-DOTATOC followed by an injection of [64*Cu]-DOTATATE one week later, concluded that
the two radiopharmaceuticals had the same sensitivity. Nevertheless, in this cohort of neuroendocrine
tumors, [**Cu]-DOTATATE had a substantially better lesion detection rate. The patient follow-up
revealed that these additional lesions detected by [6*Cu]-DOTATATE were true positives. To evaluate
the benefits of this better detection of lesions with [**Cu]-DOTATATE than with [8Ga]-DOTATOC, the
correlation between PET image [**Cu]-DOTATATE uptake (expressed in maximal standardized
uptake value - SUVpax) and overall (OS)/progression free survival (PFS) was studied during
24 months after [**Cu]-DOTATATE PET/CT acquisition. The conclusion of this study claimed a
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good correlation/prognostic between SUV .« and PFS but not with OS [121]. The major drawback
of these preliminary human studies consist of the affinities differences for the five SSTRs subtypes
between DOTATOC and DOTATATE compounds. To circumvent these discrepancies, an in vitro
study in a mouse model was conducted and compared [6*Cu]-DOTATATE to [®®Ga]-DOTATATE.
The results showed a similar pharmacokinetic and absolute uptake between both compounds 1 h
post-injection [122]. In Europe, where the PET radiopharmaceutical approved is [*¥Ga]-DOTATOC, it
could be interesting to perform some PET imaging with [**Cu]-DOTATOC to compare the performance
of the two tracers. A first-in-human retrospective study was recently conducted and seems to present
same results than [**Cu]-DOTATATE with high detection rate of suspected lesion associated to a high
target-to-background contrast [123]. A recent first-in-human study also demonstrated potential interest
for [**Cu]-SARTATE analog [124].

In conclusion, despite a higher dosimetric impact for copper-64 (only 17.6% of radioactive decay
lead to positron emission), copper-64 somatostatin analogs appear to be an advantageous alternative
to gallium-68 radiopharmaceuticals. Compared to ®Ga, in addition to economic advantages, **Cu
has a lower positron range which leads to a better PET intrinsic resolution and a higher half-life
which allows for a more flexible scanning window. The better patient care management and outcomes
remain to be proven and the work is in progress to establish these points [121,125]. In parallel, at
present, a radiopharmaceutical industrial company submitted a market authorization from FDA for
[##Cu]-DOTATATE and thus confirms the interest of copper-64 in SSTRs imaging.

3.1.4. Other Radiometals

Other radionuclides have also been investigated for SSTRs imaging. Cobalt-55 seems to be a
possible alternative to gallium-68 and copper-64 compounds, with similar behavior and lifespan
(17.5hvs. 12.7 h) to the latter, but with a higher positron yield (75.9% vs. 17.6%). Preliminary
complexation tests of DOTATOC with the isotope >’ Co as a surrogate for > Co showed a higher affinity
for SSTR2 than [*3Ga]-DOTATOC, implying a rate of internalization among the highest of all derivatives
of SST and thus, a strong accumulation in targeted tissues. Despite similar structures, the analogs
of cobalt and gallium have different biological behaviors. This confirms the fact that the physical
characteristics of radioactive elements influence the affinity, biodistribution, and pharmacokinetics of
radiolabeled peptides [126]. The properties of cobalt-based compounds have been further investigated
with the comprehensive evaluation of other octreotide analogs such as DOTANOC and DOTATATE [127].
Furthermore, [?°Co]-DOTATATE compared favorably with [68Ga]-DOTATATE and [**Cu]-DOTATATE
in an animal model [122]. Associated with the Auger-emitting *™Co, it could represent a potentially
interesting theranostic pair [128].

Scandium and terbium are two metals that recently emerged as possibly useful for theranostic
applications, as both possess imaging and therapeutic radionuclides [129]. DOTATOC was
radiolabeled with scandium-44 (T, = 3.97 h, Eg, = 632 keV) [130] and terbium-152 (T, =17.5h,
Eg+ = 1140 keV) [131] and rapidly injected in patients in proof-of-concept studies [132,133]. No adverse
effects were observed during follow-up periods and images proved suitable for diagnosis.
With DOTATATE, it seems the affinity to SSTR2 receptors is lower with scandium than with
gallium, thus limiting its interest [134]. In a study comparing the labeling and stability of
DOTANOC and NODAGANOC with #Sc and %8Ga, it was observed that [**Sc]-NODAGANOC
labeling was more challenging and less stable than [*Sc]-DOTANOC [135]. The opposite was
observed with ®Ga. Recently, a new chelator was proposed, AAZTA (1,4-bis (carboxymethyl)-6-[bis
(carboxymethyl)Jamino-6-methylperhydro-1,4-diazepine), which enables fast and easy labeling at
room temperature. AAZTA-TOC labeled with *4Sc demonstrated high in vitro stability [136]. Affinity
tests are now necessary to assess its potential utility. DOTATATE has also been labeled with %°Tb
(T1p = 5.32 days, E, = 87 keV (32%), 105 keV (25%)) for SPECT imaging [137]. Though a potentially
promising radionuclide for theranostic applications, availability of 1>>Tb is currently the main limitation
for further development.
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At the turn of the millennium, yttrium-86 (T1, = 14.74 h, 32% B*) was thought to be a potential
radionuclide of interest, particularly for pretherapeutic dosimetry of *’Y-radiotracers, and notably
90Y-labeled somatostatin analogs [138]. Thus, several octreotide analogs were developed [139,140].
[8Y]-DOTATOC even reached the clinics [139,141]; however, 8¢Y properties are less than optimal, and
availability is limited, so interest soon faded out.

3.1.5. Fluorine-18

Radiometals” production is currently still limited, even for the most advanced ones [142-144].
Fluorine-18, on the contrary, can be mass-produced and distributed daily, thanks to a worldwide
network of cyclotrons. Because of this availability, and favorable decay characteristics (T1/, = 110 min,
97% p*), it thus should be noted that some radiotracers based on fluorine-18 have been described
(Figure 9) [145]. The first generations such as 2—[18F]ﬂuoropr0piony1—D—Phel—octreotide [146] or
4-['8F]fluorobenzoyl-p-Phe!-octreotide [147] generally showed unfavorable biokinetic properties
(low accumulation and low retention in the tumor). The probes developed subsequently contained
hydrophilic or charged moieties to reduce the lipophilicity of the radiotracer. In particular, several
carbohydrate derivatives of octreotide/octreotate have been developed [148,149]. A disadvantage
of fluorine-labeling compared to radiometal labeling is the use of generally long and tedious
multi-step procedures. To circumvent this, innovative strategies, enabling fast and purification-less
labeling, have been developed, such as the formation of ®F-boron or ®F-silicon bonds, or the
use of click-chemistry [150-152]. Another elegant method to label somatostatin analogs is the
use of ['8F]-aluminum fluoride with radiotracers previously developed for radiometals, such as
NOTATOC [153]. These new generation analogs demonstrated general properties (affinity for
the targeted receptors, metabolic stability, biodistribution and clearance) which are much more
interesting, and some of them have been investigated in patients, where they gave results comparable to
[48Ga]-DOTATOC [154,155]. In addition, [*®F]F-FET-B AG-TOCA and [18F]-IMP466 ([ AI'®F]-NOTATOC)
are currently being evaluated in phase I clinical trials (EudraCT number 2013-003152-20 and
NCT03511768, respectively). Recently published results with [1®F]-IMP466 demonstrated it was
safe and well-tolerated, with a physiologic uptake pattern similar to [*¥Ga]-DOTATATE [156]. Besides
cost and availability, another advantage of fluorine-18 is its shorter positron range compared with
gallium-68, leading to an improved spatial resolution, and thus, better quantification of uptake [157].
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3.2. Radiolabeled Somatostatin Analogs for Therapy

Concerning radionuclide therapy and more particularly peptide receptor radionuclide therapy
(PRRT), radioactivity is used to destroy the targeted cells. Radiopharmaceuticals used in therapy are
designed in the same way as those used in imaging, only the nature of the radioelement being modified.
Contrary to imaging, which uses radioelements having very penetrating but little ionizing radiations,
PRRT privileges the use of radionuclides that have little penetrating and more energetic and thus more
ionizing radiations. Brought directly to the cancer cell, the radiation emitted by the radioactive decay
causes irreversible ionization of the cell’s DNA, which induces its apoptosis. The main isotopes used
today are iodine-131, yttrium-90, lutetium-177 and, to a lesser extent, rhenium-188 [158]. As mentioned
earlier, the purpose of the DOTA-SSA design was to work with a chelating cavity capable of complexing
radioelements for imaging or therapy. Consequently, most of the platforms discussed above have been
transposed for therapeutic application via the use of 3~ emitters [64,74,81,82].

3.2.1. Yttrium-90 and Lutetium-177

Yttrium-90, a pure high energy 3~ emitter (T1, = 64 h, Egmax = 2.28 MeV), and lutetium-177,
a medium energy 3~ emitter (T, = 6.7 d, Egmax = 0.5 MeV) with a y component (208 keV), are
currently the most used in PRRT. Each of these two elements has its own advantages for targeted
therapy. The particles emitted by *°Y are more energetic and more penetrating; they are able to diffuse
on a thicker layer of cells, which is an advantage for the treatment of large tumors. However, even if
high energy radiation allows a more uniform irradiation of the tumor, the risk of imposing an excessive
dose of radiation on the adjacent tissues is very present. For its part, the 1”7 Lu emits less energetic
radiation, more suited to small tumors. In addition, the energy of its y radiation is sufficient to allow
detection by scintigraphy and establish dosimetry during the therapy sequences [159].

The first analog to be studied was [?°Y]-DOTATOC (Octreother®), and the first treatment sessions
quickly showed good results, stopping the progression of the tumor [72,160,161]. Many studies on this
long-used treatment have made it possible to observe a good tolerance for this radiotracer, with fairly
mild side effects (fatigue) and in very rare cases a little more severe ones (nausea). However, it also
showed some toxicity for the kidneys and the bones, these two aspects being the dose-limiting factors
for the patient. In vitro, a greater affinity for SSTR2 has been demonstrated for [**Y]-DOTATATE
compared to [°Y]-DOTATOC [64]. However, for the diagnosis in humans, a better contrast between
the kidneys and the tumor was found for [Mn]-DOTATOC compared to [1'In]-DOTATATE [73],
which may explain the wider use of DOTATOC analog. Despite this, these two analogs have relatively
similar properties and have proven to be effective treatment methods that improve survival in some
patients with neuroendocrine tumors (approximately 50 months vs. 18 months without treatment) [162].
In a Phase IIA study with [*°Y]-DOTALAN (MAURITIUS trial), this one demonstrated lower tumor
uptake in neuroendocrine tumors compared to *°Y-DOTATOC, but could be of potential interest for
other tumors, such as HCC or lung cancers [163]. With the perspective of several years of clinical use,
PRRT with **Y-labeled somatostatin analogs appears to be well-tolerated with favorable long-term
outcome. Unfortunately, Phase III studies are still lacking [164,165].

The same analogs have also been radiolabeled with lutetium-177. Initially, ['”/Lu]-DOTATOC was
used in cases of relapse of neuroendocrine tumors after treatment with [*°Y]-DOTATOC. Despite satisfactory
results [166], its subsequently developed analog ['7”Lu]-DOTATATE has shown more promise, mainly due to
a more significant retention time in the tumor. For this reason, octreotate analog (TATE) is being preferred to
octreotide (TOC) for labeling with lutetium [164,167]. It is also important to note that, unlike °Y, no cases of
nephrotoxicity after treatment with 1””Lu have been reported. In 2005, the possibility of combining these
two 3~ emitters for therapy in cases where tumors of variable sizes are detected, was demonstrated [168].
From there, different treatment combinations between the four main systems ([°°Y]-DOTATOC,
[®°Y]-DOTATATE, ['77Lu]-DOTATOC, and ['77Lu]-DOTATATE) have proven to be interesting and
sometimes even more effective than using a single treatment modality [169,170]. Similarly,
combination treatments with non-labeled somatostatin analogs, chemotherapy, targeted therapy, and/or
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radiosensitizers might further improve the efficacy and/or tolerability [171,172]. [Y7Lu]-DOTATATE
has been investigated in a phase IlI trial, in well-differentiated, unresectable or metastatic, progressive
midgut neuroendocrine tumors (Netter 1 trial). Treatment with [Y77Lu]-DOTATATE resulted in a
significant tumor response rate of 18% compared with 3% in the high-dose octreotide LAR group,
coupled with a 79% risk reduction for disease progression or death [173]. Following these positive
findings, ['7/Lu]-DOTATATE was granted marketing authorization in this indication, both in Europe
and in the US (Lutathera®) [174]. Coupled with ®®Ga-imaging (Figure 10), it represents a powerful
theranostic tool for the management of neuroendocrine tumors (NETs) [175]. Current research
with [77Lu]-DOTATATE aims to improve the safety and efficacy of this procedure, enlarge possible
indication, notably in advanced, poorly-differentiated, GEP-NETs, [176,177] or other NETs, such as
pheomochromocytoma or paraganglioma [178,179].

A B

AC CTTAP GABS 50 HD_CAV, Volume Scaled

Figure 10. (A) [*®Ga]-DOTATOC (Somakit®) and (B) ['7”Lu]-DOTATATE (Lutathera®, cures 1, 2, and 3)
imaging of a patient treated for progressive metastatic midgut NET (images courtesy of Centre Eugene
Marquis, Rennes, France).

3.2.2. Rhenium-188 and Other 3-Emitting Radionuclides

Despite equally interesting characteristics, rhenium-188 remains widely less used than *0Y
and 7Lu [180]. This is mainly due to more difficult chemistry and the unavailability of a
pharmaceutical-grade '38W/!88Re generator, as compared to the other two. Vapreotide and Lanreotide
analogs have been described in the literature with 8Re. They have been investigated in experimental
cancer models (e.g., pancreas, colorectal, lungs and cervical) to reduce tumor growth [181-184].
['®Re]-Lanreotide notably demonstrated favorable pharmacokinetics and distribution profiles
(tumor-to-liver ratio) in HCC-bearing rats compared to healthy ones [185]. Another example is
an equivalent to Depreotide (P829). After the development of **™Tc-Depreotide for imaging, the idea
was to label this compound with 18Re, to assess its potential in vivo. Although the radiolabeling
proceeded successfully, the study showed unacceptable toxicity to non-target organs. To improve its
properties, structural modifications of the peptide sequences close to the chelating moiety were tested.
This optimization led to P2045, which showed better accumulation in the tumor, weaker retention in the
kidneys, and faster urinary excretion than [**™Tc]-depreotide [186]. This new rhenium-based analog of
depreotide, ['88Re]-P2045 (Figure 11), went up to phase I in therapy for small cell lung cancer [187] and
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has shown promising in vivo results in the treatment of pancreatic tumors in mice [188]. To the best
of our knowledge, no HYNIC-TOC/TATE or demotate derivatives have yet been radiolabeled with
rhenium. Recent research with rhenium isotopes has been focusing on tricarbonyl core derivatives for
the labeling of NOTA-SSAs [96].
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Figure 11. ['8Re]-P2045.

In a theranostic perspective, other 3-emitting nuclides could have a potential interest—such as
7S¢ (Tyjp = 3.35 d, Epmax = 600.8 keV), Cu (Ty2 = 2.58 d, Egmax = 577 keV), and 1*1Tb (T, = 6.91 d,
Epmax = 593 keV)—to be coupled with 450 4Cy, and 152Tb/5Tb respectively [129,158,189]. To date,
no ®’Cu-labeled somatostatin analogs have been described so far, and only very preliminary studies
have been described with [**1 Tb]-DTPA-Octreotide and [*/Sc]-DOTATOC [190,191].

3.2.3. Alpha and Auger Emitters

Recently, alpha emitters have attracted particular attention for radionuclide therapy. Long confined
to hematological tumors, they are now being considered for the potential treatment of solid tumors [192].
In vitro, x-labeled somatostatin analogs (DOTATOC and DOTATATE) demonstrated a significantly
higher killing effect compared to 7/Lu [193-195]. [*'3Bi]- and [*?°Ac]-labeled DOTATOC (*'®Bi:
Ty = 45.6 min, E, = 5.88 MeV; 225 Ac: Tip =9.92d, E = 5.83 MeV) have demonstrated promising
therapeutic effects in pre-clinical animal studies [196,197]; whereas [213Bi]-DOTATATE, investigated in
human small cell lung carcinoma and rat pancreatic tumor models, demonstrated a great therapeutic
effect in both small (50 mm?) and large (200 mm?®) tumors, but with a higher probability for stable
disease in small tumors [198]. First, and, to date, the only clinical experience with [213Bi]-DOTATOC,
was published by Kratochwil et al., and included seven patients with advanced NETs with liver
metastases refractory to treatment with [®°Y]-DOTATOC or [Y7Lu]-DOTATOC [199]. It demonstrated
specific tumor binding, lower toxicity than with B-irradiation and partial remission of metastases.
Two years after intra-arterial injection of [2!*Bi]-DOTATOC, all seven patients were still alive. Regarding
225 A, a first-in-human study included 10 patients with progressive NETs after 3-PRRT. As with 213Bi,
[22° Ac]-DOTATOC was well tolerated and effective [200]. A recent study with [22° Ac]-DOTATATE
confirmed the potential of these radiotracers as an additional, and valuable, treatment option for patients
who are refractory to [17”Lu]-DOTATATE therapy. 32 patients with previous ['7/Lu]-DOTATATE
therapy were treated with [2° Ac]-DOTATATE (100 kBqg/kg body weight). The response was assessed
in 24 patients, with 9 stabilized diseases and 15 partial remissions [201].

Though not stricto sensu an o-emitter, lead-212 (Ty, = 10.6 h) eventually decays to stable 208Pp
through a cascade chain with two x-emissions of potential therapeutic interest. A somatostatin
analog, DOTAMTATE (Figure 12), has been labeled with 2!?Pb and investigated in a murine model of
neuroendocrine tumor. Results showed a promising safety index with a 3.2-fold increase in median
survival and one-third of the animals being tumor-free. A combination with 5-FU (Fluorouracyl) was
able to durably cure approximately 80% of the animals. [202] Given these promising outcomes, a Phase
I dose-escalation clinical trial has recently been started with [2!2Pb]-DOTAMTATE (AlphaMedix™)
including 50 patients with unresectable or metastatic neuroendocrine tumors (NCT03466216).
Preliminary results (nine patients enrolled) demonstrated a favorable safety profile at the tested
doses [203].
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Figure 12. [?12Pb]-DOTAMTATE.

Cyclotron-produced astatine-211 (Ty, = 7.2 h, E = 5.87 MeV) is another very promising
a-emitting radionuclide. Astatine is the heaviest halogen with a behavior somehow similar to
iodine, but, in certain circumstances, it also displays significant metallic characteristics [204]. Direct
astatination of somatostatin analogs is feasible, through tyrosine residues, but it led to poor stability
of the resulting analogs, therefore different prosthetic groups have been developed [205-207].
Although N —(3—[211At]astato-4—guanidinomethylbenzoyl)—Phel—octreotate ([*"'At]-AGMBO) and
N“—(1—deoxy—D—fructosyl)—N€—(3—[211At]astatobenzoyl)—LysO—octreotate ([*"'At]-GABLO) showed
disappointing biodistribution results, with poor tumor uptake, [*'! At]-SPC-octreotide displayed a
more favorable biodistribution profile, and a dose-dependent apoptosis in an NSCLC murine model.

Auger electron emitters are also very potent for specific tumor cell killing, sparing surrounding
cells, with a highly localized energy deposition. Indium-111 emits Auger electrons (Exe- = 19 keV,
16%), and, as such, has been investigated for therapy. Several clinical trials have been undertaken with
high doses of [!!'In]-Pentetreotide. A first study with 20 patients that had neuroendocrine progressive
tumors demonstrated stabilization of the disease in 5 patients, and tumor shrinkage in 5 others. All of
them had received a cumulated dose higher than 20 GBq [208]. In a study with 50 SSTR-positive
patients treated with cumulated doses from 20 to 160 GBq, of which 40 were evaluable, there was a
stabilization in 14 patients, minor remission in 6 and partial remission in 1, with mild bone marrow
toxicity [209]. However, half of the patients receiving more than 100 GBq developed a myelodysplastic
syndrome or leukemia. A dose of 100 GBq was thus considered the maximal tolerated activity. Another
study with 27 patients with GEP-NETs found that two doses of 6.6 GBq (180 mCi) were safe and
well-tolerated, demonstrating a clinical benefit in 62% of patients [210]. Benefit of ' In-Pentetreotide
treatment was shown to last at least 6 months for 70% of patients, while only 31% of them still had
sustained benefit after 18 months [211]. Efficacy in large tumors and end-stage patients is limited,
mainly because of heterogeneous radiopharmaceutical uptake due to poor tumor vascularity and
central necrosis [212]. This has been demonstrated by Capello et al. in a rat tumor model, with different
sizes of tumors [213]. Effects were much more pronounced in small (< 1 cm?) tumors than in large
(>8 cm?). They also found a significant increase in tumor receptor density after tumor regrowth,
indicating repeated injections would probably be more efficient than single-dose treatment. It could
also be worth using PRRT with Auger emitters in an adjuvant setting after surgery, to destroy occult
metastases. A final example is [**™Co]-DOTATOC. This radiotracer presented for potential use in
Auger-based therapy, particularly for disseminated tumor cells and micrometastases, appears to have
more beneficial in vitro properties than those of [17”Lu]-DOTATATE, with a significantly more efficient
cell killing effect per cumulated decay, which has to be confirmed in vivo [127].

4. Antagonists vs. Agonists

Pharmacomodulation around the synthetic somatostatin analogs has led to a change of chirality in the
first amino-acid (from p to L form) and in cysteine number 2 (from L to b form). These modifications have
given a new class of SSTR specific compounds with antagonist effects (Table 4). From a pharmacological
point of view, the biological and molecular mechanisms responsible for their targeting effectiveness
in vivo are completely different. After binding to an SST receptor, an agonist analog is internalized into
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the cell as a ligand-receptor complex. This internalization allows it to accumulate in the cell, and to
increase the amount of radiation emitted. This very powerful and specific internalization mechanism
enables efficient in vivo targeting of receptors. This phenomenon does not occur (or very little) for
somatostatin antagonists, and they do not stimulate the G-protein coupled to the SSTR with an associate
blockage of the agonist-induced activity. Surprisingly, it has been shown that targeting receptors
can also be effective without internalization of the ligand-receptor complex, and some antagonist
analogs can sometimes behave better than agonists (e.g., better accumulation in tumor, poor kidney
retention, and rapid clearance) [214,215]. This high tumor uptake appears to be a consequence of a
greater number of target binding sites for antagonists and a more slowly dissociation than for agonists,
which allows for a longer accumulation of radiation [216,217]. The hypothesis of a ligand rebinding
mechanism has been put forward, but this still requires some investigation before it can be validated.
These first results were confirmed by preclinical studies and by preliminary clinical trials and seems
to show superior results for antagonist-based tracers than agonists [218-221]. The first comparative
study of antagonists with Octreoscan® confirmed the good characteristics of the ['''In]-DOTA-BASS
analog, and better accumulation at the level of the tumor and better visualization of metastases. It was
truly the first proof of the concept of antagonist SSTRs imaging [222].

Table 4. Main somatostatin antagonist analogs. Differences towards octreotide (OC) are highlighted

in red.
Antagonist Peptide Peptidic Sequence
Sst2-ANT (BASS) p-N O,-Phe! -cyclo(D-Cysz-Tyr3 -D-Trp4 -Ly55 -Thr® -Cys7)L)-Tyr8 -NH;
LM3 p-Cl-Phe1 -cyclo(D-Cys2 -Tyr3 -p-Aph* (Cbm)-Lys5 -Thré’-Cys7)L>-Tyr8 -NH,
JR10 p-NO,-Phe! -cyclo(p-Cys?-Tyr-p-Aph*(Cbm)-Lys®-Thr®-Cys”)p-Tyr®-NH,
JR11 (Satoreotide) p-Cl-Phe!-cyclo(p-Cys?-Aph?(Hor)-p-Aph*(Cbm)-Lys®-Thr®-Cys”)p-Tyr8-NH,

Concerning the affinity for each SSTR subtype, it turned out that the nature of the chelator and the
radiometal is of great importance for the in vivo pharmacokinetic fate (mainly for the tumor uptake and
retention time) [223]. Ultimately, copper-64 based radiotracers seem to be more interesting, especially
when comparing their contrast ratio between the tumor and normal tissues which increases over
time—a direct consequence of their higher half-life. The influence of radiometals (Mn, 0y, 77y,
64Cu, and %8Ga) and chelates (DOTA and NODAGA) on three antagonist families (LM3, JR10, and
JR11) were also studied. On the radiometric side, the overall affinity of [*3Ga]-DOTA was found to be
much lower than for the other elements, which is the opposite of the results obtained with the agonists.
For the chelate, the substitution of DOTA by NODAGA seems to greatly improve the affinity of the
antagonist analogs. During this study, two particularly promising platforms emerged, DOTA-JR11 and
NODAGA-JR11 [224]. Another example highlighting the influence of the chelate is 406-040-15 (cyclo
(2-11) H-Cpa-DCys-Asn-Phe-Phe-DTrp-Lys-Thr-Phe-Thr-Cys-2NalNH,), a pansomatostatin analog,
with an SSTR3 antagonist behavior. Chelation to DOTA turned this analog to an agonist [225]. Note that
the first antagonist labeled via a [*™Tc]-tricarbonyl core has been described. **™TcL-sst2-ANT (with
L = tridentate ligand type N, S, N) has shown very promising in vivo behavior, but requires some
modifications to improve its pharmacokinetics [226].

As for imaging, antagonists are also an interesting alternative for therapy. As discussed above, the
first proof of the feasibility of imaging using antagonists was highlighted by comparing Octreoscan®
and ['"In]-DOTA-BASS. However, this analog has shown only a very modest affinity for the SSTR2
receptor subtype targeted in the therapy of neuroendocrine tumors [214]. To overcome this problem,
the second generation of somatostatin antagonists was synthesized to improve affinity for this
receptor. DOTA-JR11 showed the highest affinity for SSTR2 and was selected for use in targeted
therapy [218]. A pilot study to assess the possibility of treatment with [7/Lu]-DOTA-JR11, by
comparing it to ['”Lu]-DOTATATE, was carried out. This new antagonist has shown favorable
properties, such as better accumulation in the tumor and a higher dose received by the tumor, thanks
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to a longer retention time [227]. Further developments led to a theranostic pair with JR11: one with
a NODAGA chelator (satoreotide trizoxetan, OPS-202) and one with DOTA chelator (satoreotide
tetraxetan, OPS-201) [228,229]. Satoreotide trizoxetan is currently radiolabeled with %8Ga and used in
PET imaging clinical trials (Figure 13) [230,231]. Satoreotide tetraxetan radiolabeled with ”/Lu has
been evaluated in a therapeutic clinical trial [232]. First clinical results for this somatostatin antagonist
theranostic pair seem to be promising with high sensitivity for neuroendocrine tumors and require
further studies in larger patient population.

Figure 13. Comparison between [68Ga]-OPS202 (A,B) and [®Ga]-DOTATOC (C,D) PET/CT images
of the same patient with ileal neuroendocrine tumours, showing bilobar liver metastases (from
Rangger et al. [233]).

5. Future Prospects

Regarding clinically established somatostatin analogs, the development of kit-based ®Ga
radiotracers, as well as cyclotron production of gallium-68 should improve their availability and
worldwide dissemination. Further clinical translation of ®*Cu- and 8F-based somatostatin SSAs could
also represent an attractive alternative. For therapy, current research focuses on optimizing the dose
received by the tumor while sparing healthy tissues. Fractionation, as well as combination of Y and
177Lu, have demonstrated their interest [168,234]. The same approach with other treatment modalities,
such as external-beam radiotherapy or chemotherapy could enhance treatment response [235,236].
Targeted o-therapy also seems to hold promises and is currently attracting much interest, notably from
the industry.

Recent developments showed a switch from agonist to antagonist derivatives, demonstrating
higher efficacy. With the advent of new promising radionuclides and somatostatin analogs with better
pharmacokinetic properties and binding profiles, the future looks bright for radiolabeled somatostatin
analogs, expanding their use for wider indications, than just GEP-NETs. With peptide derivatives with
improved targeting, tumors with lower SSTR expression might nonetheless be clinically relevant. In this
context, as already demonstrated with some analogs, use of somatostatin-based radiopharmaceuticals
might be of interest in pulmonary or hepatic cancers, warranting further studies. The development
of bivalent radiotracers to target several receptors concomitantly expressed could be of interest to
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improve targeting [237]. Similarly, improved detection and sensitivity could be achieved using
bimodal agents [238]. Besides, the clinical success for radiolabeled somatostatin analogs both with
diagnostic and therapeutic radionuclides paved the way for new promising peptide derivatives,
such as bombesin, neurotensin, or CXCR4 ligands, and, in a similar way, PSMA ligands, for cancer
theranostics [49,233,239,240].
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Abstract: High kidney uptake is a common feature of peptide-based radiopharmaceuticals, leading
to reduced detection sensitivity for lesions adjacent to kidneys and lower maximum tolerated
therapeutic dose. In this study, we evaluated if the Met-Val-Lys (MVK) linker could be used to
lower kidney uptake of ®®Ga-labeled DOTA-conjugated peptides and peptidomimetics. A model
compound, [*¥Ga]Ga-DOTA-AmBz-MVK(Ac)-OH (AmBz: aminomethylbenzoyl), and its derivative,
[°8Ga]Ga-DOTA-AmBz-MVK(HTK01166)-OH, coupled with the PSMA (prostate-specific membrane
antigen)-targeting motif of the previously reported HTK01166 were synthesized and evaluated to
determine if they could be recognized and cleaved by the renal brush border enzymes. Additionally,
positron emission tomography (PET) imaging, ex vivo biodistribution and in vivo stability studies
were conducted in mice to evaluate their pharmacokinetics. [48Ga]Ga-DOTA-AmBz-MVK(Ac)-OH
was effectively cleaved specifically by neutral endopeptidase (NEP) of renal brush border
enzymes at the Met-Val amide bond, and the radio-metabolite [®3Ga]Ga-DOTA-AmBz-Met-OH
was rapidly excreted via the renal pathway with minimal kidney retention. [®® Ga]Ga-DOTA-AmBz-
MVK(HTKO01166)-OH retained its PSMA-targeting capability and was also cleaved by NEP, although
less effectively when compared to [%4Ga]Ga-DOTA-AmBz-MVK(Ac)-OH. The kidney uptake of
[8Ga]Ga-DOTA-AmBz-MVK(HTK01166)-OH was 30% less compared to that of [¢8Ga]Ga-HTKO01166.
Our data demonstrated that derivatives of [®®Ga]Ga-DOTA-AmBz-MVK-OH can be cleaved
specifically by NEP, and therefore, MVK can be a promising cleavable linker for use to reduce
kidney uptake of radiolabeled DOTA-conjugated peptides and peptidomimetics.

Keywords: radiopharmaceuticals; kidney uptake; cleavable linkers; neutral endopeptidase (NEP);
renal brush border enzymes; prostate-specific membrane antigen (PSMA); cancer imaging and therapy

1. Introduction

The use of low molecular weight radiolabeled peptides and antibody fragments for applications in
oncology is rapidly gaining momentum [1-5]. Such a site-directed radiation delivery involves targeting
of certain specific receptors overexpressed on the surface of cancer cells for the purpose of targeted
imaging and radionuclide therapy [6]. While these oncophilic molecules serve as biological targeting
vectors, they commonly exhibit very high and sustained renal uptake [7]. This is caused by either a high
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renal expression of cancer markers targeted by these oncophilic molecules, megalin-cubilin mediated
endocytosis and transcellular transport, or lysosomal proteolysis following glomerular filtration and
renal reabsorption [7-9]. This reduces detection sensitivity for lesions adjacent to kidneys and lowers
the maximum tolerated dose for radiotherapy.

Arano et al. reported an effective strategy to reduce kidney uptake of radiopharmaceuticals by
incorporating specific cleavable linkages into them, with the Met-Val-Lys (MVK) sequence found to
be the most effective thus far [1]. Use of this strategy is attributable to recognition and cleavage of
MVK between Met-Val residues by a metalloendopeptidase enzyme called neutral endopeptidase or
neprilysin (NEP) [10]. This enzyme is found in abundance on the renal brush border membrane lining,
particularly of the proximal convoluted tubules [11]. Arano et al. exploited this renal brush border
enzyme and designed a NOTA(1,4,7-triazacyclononane-1,4,7-triacetic acid)-conjugated /%8 Ga-labeled
antibody fragment bearing this MVK linker sequence to successfully lower renal uptake by 80% at 3 h
post-injection (p.i.) without loss of tumor uptake [12].

By adopting this design strategy Zhang et al. recently reported the comparison of two
radiolabeled Exendin 4 derivatives for imaging the expression of the glucagon-like peptide-1
receptor (GLP-1R) with positron emission tomography (PET) [13]. GLP-1R is highly expressed
in insulinomas. However, the very high and sustained uptake of radiolabeled GLP-1R-targeting
Exendin 4 derivatives in kidneys hinders the application of these tracers for detecting insulinomas.
Compared with [68Ga]Ga-NOTA—Cys4O—Leu14—Exendin 4, the derivative bearing the MVK linker
([°®Ga]Ga-NOTA-MVK-Cys*’-Leu!*-Exendin 4) had similar tumor uptake values but only one third of
kidney uptake at 2 h p.i., greatly enhancing the tumor-to-kidney contrast and detection sensitivity [13].

Despite successful application of this strategy to lower kidney uptake of radiolabeled peptides,
the use of NOTA as a radiometal chelator unfortunately excludes application for using therapeutic
isotopes like 17714 [14]. 77Lu emits both B- and y-radiation and is widely used as a theranostic pair
with the positron-emitter ®®Ga. The preferred radiometal chelator for potential theranostic applications
is 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA), a macrocyclic bifunctional chelating
agent which forms stable complexes with a variety of radiometals including ®*Ga and '7"Lu.

In this study, we evaluated the MVK sequence as a cleavable tripeptide linker to reduce renal
uptake of radiolabeled DOTA-conjugated peptides and peptidomimetics. We modified the original
design, NOTA-MVK(Targeting vector)-OH, reported by Uehara et al. [12], and replaced the NOTA
chelator with DOTA for potential radiolabeling with both imaging and radiotherapeutic isotopes
(Figure 1). We also inserted an aminomethylbenzoyl (AmBz) group between DOTA and the MVK
sequence to mimic the aminobenzyl group in the original design. The maleimide-thiol linkage at the Lys
side chain was replaced with an amide linkage to enable the facile synthesis of the DOTA-conjugated
peptides on solid phase.
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Figure 1. DOTA-AmBz-MVK(Targeting vector)-OH inspired by the reported design of NOTA-MVK
(Targeting vector)-OH. The amide bond between Met-Val (pointed by an arrow) is recognized and
cleaved by NEP.

We first synthesized the model compound, [®®Ga]Ga-DOTA-AmBz-MVK(Ac)-OH (Figure 2),
and confirmed that it could be recognized by the renal brush border enzymes and cleaved at
the Met-Val amide bond. We conducted PET imaging and in vivo stability studies in mice and
confirmed that the expected radio-metabolite [®® Ga]Ga-DOTA-AmBz-Met-OH was rapidly excreted
through the urinary pathway with minimal uptake in kidneys. We then replaced the acetyl
group of [%¥Ga]Ga-DOTA-AmBz-MVK(Ac)-OH with the pharmacophore of HTK01166 (Figure 2),
a peptidomimetic targeting the prostate-specific membrane antigen (PSMA), which is highly expressed
in prostate cancer [15]. The targeting pharmacophore of [®®Ga]Ga-HTK01166 was selected as it
was shown previously to have very high renal uptake (147 %ID/g, 1 h p.i.) in mice. Since Met
is prone to oxidation to generate methionine sulfoxide (Met(O) or M(O)) [16] and the resulting
M(O)VK sequence might not be recognized and cleaved by the renal brush border enzyme, we also
synthesized [8Ga]Ga-DOTA-AmBz-M(O)VK(HTK01166)-OH for comparison. Here we report the
syntheses of [®®Ga]Ga-DOTA-AmBz-MVK(Ac)-OH, [®Ga]Ga-DOTA-AmBz-MVK(HTKO01166)-OH
and [®®Ga]Ga-DOTA-AmBz-M(O)VK(HTK01166)-OH, and the results of enzyme assay, PET imaging,
ex vivo biodistribution, and in vivo stability studies to evaluate the applicability of using the MVK
linker to reduce the renal uptake of radiolabeled DOTA-conjugated peptides and peptidomimetics.
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Figure 2. Chemical structures of (A) HTK01166, (B) DOTA-AmBz-MVK(Ac)-OH, (C) DOTA-AmBz-MVK
(HTK01166)-OH, (D) DOTA-AmBz-Met-OH, and (E) DOTA-AmBz-M(O)VK(HTK01166)-OH.

2. Results

2.1. Chemistry and Radiochemistry

Synthesis of Fmoc-Lys(pentynoyl)-OtBu (2) is shown in Scheme 1. Fmoc-Lys(pentynoyl)-OH
(1) prepared from literature procedures [17] was reacted with 2,2,2-trichloroacetimidate (2.2 equiv)
in CH,Cl,. After overnight incubation at room temperature and purification by flash column
chromatography, the desired product 2 was obtained in 79% yield.

The DOTA-conjugated peptides and peptidomimetics including DOTA-AmBz-MVK(Ac)-OH,
DOTA-AmBz-MVK(HTKO01166)-OH, DOTA-AmBz-Met-OH, and DOTA-AmBz-M(O)VK(HTK01166)-
OH (Figure 2) were assembled on solid phase (Schemes 2 and 3). After cleavage/deprotection with
TFA and HPLC purification, these DOTA-conjugated peptides and peptidomimetics were obtained in
1-35% isolated yields. Their nonradioactive Ga-complexed standards were obtained by incubating the
DOTA-conjugated peptides and peptidomimetics with excess GaCls in acetate buffer (0.1 M, pH 4.2)
at 80 °C. After HPLC purification, the nonradioactive Ga-complexed standards were obtained in
16-78% isolated yields. Detailed HPLC conditions and retention times for the purification of the
DOTA-conjugated peptides and peptidomimetics and their nonradioactive Ga-complexed standards
are provided in Supplemental Tables S1 and S2 (see the Supplemental Materials). The identities of the
DOTA-conjugated peptides and peptidomimetics and their nonradioactive Ga-complexed standards
were confirmed by MS analysis.
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%8Ga labeling of the DOTA-conjugated peptides and peptidomimetics was conducted in HEPES
buffer (2 M, pH 5.0) with microwave heating for 1 min. After HPLC purification, [*®*Ga]Ga-DOTA-
AmBz-MVK(Ac)-OH, [%Ga]Ga-DOTA-AmBz-MVK(HTK01166)-OH and [**Ga]Ga-DOTA-AmBz-
M(O)VK(HTKO01166)-OH were obtained in 40-78% decay-corrected radiochemical yields with
>2 GBg/umol molar activity and >93% radiochemical purity. Detailed HPLC conditions and retention
times for the purification and quality control of the ®*Ga-labeled DOTA-conjugated peptides and
peptidomimetics are provided in Supplemental Table S3 (see the Supplemental Materials).
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Scheme 2. Synthesis of (A) DOTA-AmBz-MVK(Ac)-OH and (B) DOTA-AmBz-Met-OH. e = resin.
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2.2. In Vitro Enzyme Assays

In vitro enzyme assays revealed very efficient cleavage (>95%) of the ®®Ga-labeled DOTA-conjugated
linker, [®8Ga]Ga-DOTA-AmBz-MVK(Ac)-OH, with the expected fragment [®8Ga]Ga-DOTA-AmBz-
Met-OH as the dominant radio-metabolite (>90%) (Figure 3A). The presence of the NEP inhibitor
phosphoramidon significantly inhibited cleavage of [*¥Ga]Ga-DOTA-AmBz-MVK(Ac)-OH, with 85%
of the recovered radioactivity as the intact tracer (Figure 3B).
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[#8Ga]Ga-DOTA-AmBz-MVK(HTKO01166)-OH, a derivative of [®®Ga]Ga-DOTA-AmBz-MVK(Ac)-OH
by replacing the acetyl group with the PSMA-targeting motif Lys-urea-Glu and the lipophilic
linker of HTK01166, was cleaved less effectively under the same assay conditions. After 1-h
incubation, ~80% of [8Ga]Ga-DOTA-AmBz-MVK(HTK01166)-OH remained intact and ~16% of the
recovered radioactivity was present as the expected radio-metabolite [®*Ga]Ga-DOTA-AmBz-Met-OH
(Figure 4A). An unidentified radio-metabolite with retention time at ~4.3 min accounted for ~4% of
the recovered radioactivity. In the presence of phosphoramidon, the intact [®*Ga]Ga-DOTA-AmBz-
MVK(HTKO01166)-OH fraction increased to ~95% and the formation of [**Ga]Ga-DOTA-AmBz-Met-OH
was completely inhibited (Figure 4B).

[8Ga]Ga-DOTA-AmBz-M(O)VK(HTKO01166)-OH, the oxidized version of [*4Ga]Ga-DOTA-AmBz-
MVK(HTKO01166)-OH was fairly stable under the same assay conditions with 94% and 99.5% remaining
intact without and with the presence of phosphoramidon, respectively (Figure 5).
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Figure 3. Radio-HPLC chromatograms of in vitro enzyme assay samples of [*¥Ga]Ga-DOTA-AmBz-
MVK(Ac)-OH (A) without and (B) with the presence of phosphoramidon. HPLC conditions were 82/18
A/B at a flow rate of 2 mL/min; A: H,O containing 0.1% TFA; B: CH3CN containing 0.1% TFA; HPLC
column: Luna C18, 5 um particle size, 100 A pore size, 250 X 4.6 mm.
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Figure 4. Radio-HPLC chromatograms of in vitro enzyme assay samples of [®®Ga]Ga-DOTA-AmBz-
MVK(HTKO01166)-OH (A) without and (B) with the presence of phosphoramidon. HPLC conditions
were 72/28 A/B at a flow rate of 2 mL/min; A: H,O containing 0.1% TFA; B: CH3CN containing 0.1%

TFA; HPLC column: Luna C18,5
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Figure 5. Radio-HPLC chromatograms of in vitro enzyme assay samples of [*¥Ga]Ga-DOTA-AmBz-
M(O)VK(HTKO01166)-OH (A) without and (B) with the presence of phosphoramidon. HPLC conditions
were 76/24 A/B at a flow rate of 2 mL/min; A: H,O containing 0.1% TFA; B: CH3CN containing 0.1%

TFA; HPLC column: Luna C18, 5

um particle size, 100 A pore size, 250 X 4.6 mm.
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2.3. PET/CT Imaging and Ex Vivo Biodistribution Studies

The pharmacokinetics of [#8Ga]Ga-DOTA-AmBz-MVK(Ac)-OH was first evaluated in mice via
PET/CT imaging studies. As shown in Figure 6, radioactivity from the injected [8Ga]Ga-DOTA-AmBz-
MVK(Ac)-OH was excreted rapidly from blood pool and all background organs/tissues predominately
via the renal pathway. At 1 h p.i., only kidneys and urinary bladder were clearly visualized in PET
images, with low radioactivity (<2.5 %ID/g) retained in kidneys.

Figure 6. A representative maximum-intensity-projection PET image of [®®Ga]Ga-DOTA-AmBz-
MVK(Ac)-OH showing its rapid excretion predominantly via the renal pathway with minimal kidney
retention (<2.5 %ID/g). The range of color bar is 0-5 %ID/g. k: kidney; b: bladder.

Next, we conducted the PET/CT imaging study of [®®Ga]Ga-DOTA-AmBz-MVK(HTK01166)-OH
in mice bearing PSMA-expressing LNCaP tumor xenografts to evaluate its pharmacokinetics and
PSMA-targeting capability. As shown in Figure 7A, [*4Ga]Ga-DOTA-AmBz-MVK(HTK01166)-OH
was excreted quickly from background organs/tissues predominately via the renal pathway.
At 1 h p.i., only urinary bladder and the PSMA-expressing kidneys and LNCaP tumor were
clearly visualized in the PET images (Figure 7A). Co-injection of the PSMA inhibitor, 2-PMPA
(2-(phosphonomethyl)-pentanedioic acid), blocked most of the uptake into the tumor and kidneys
(Figure 7B).

(A) (B)

Figure 7. Representative maximum-intensity-projection PET images of [®®Ga]Ga-DOTA-AmBz-
MVK(HTKO01166)-OH acquired at 1 h p.i. from LNCaP tumor-bearing mice (A) without and (B) with
the co-injection of 2-PMPA (0.2 mg). The range of color bar is 0-5 %ID/g. t: tumor; k: kidney; b: bladder.
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For comparison, the PET/CT imaging study was also conducted using [®®Ga]Ga-DOTA-AmBz-
M(O)VK(HTKO01166)-OH, the sulfoxide analog of [48Ga]Ga-DOTA-AmBz-MVK(HTK01166)-OH.
Similar to [*®Ga]Ga-DOTA-AmBz-MVK(HTKO01166)-OH, the excretion of [*®Ga]Ga-DOTA-AmBz-
M(O)VK(HTKO01166)-OH was fast and predominately via the renal pathway (Figure 8A). At 1 h p.i.,
only urinary bladder, LNCaP tumor xenograft and kidneys were clearly visualized in PET images.
Co-injection of 2-PMPA blocked most of the uptake in tumors and kidneys (Figure 8B), demonstrating
the uptake was PSMA-mediated.

Figure 8. Representative maximum-intensity-projection PET/CT images of [®®Ga]Ga-DOTA-AmBz-
M(O)VK(HTKO01166)-OH acquired at 1 h p.i. from LNCaP tumor-bearing mice (A) without and (B)
with the co-injection of 2-PMPA (0.2 mg). The range of color bar is 0-5 %ID/g. t: tumor; k: kidney;
b: bladder.

The ex vivo biodistribution studies were conducted for [®®Ga]Ga-DOTA-AmBz-MVK(HTK01166)-OH
and [%Ga]Ga-DOTA-AmBz-M(O)VK(HTK01166)-OH in LNCaP tumor-bearing mice, and the results
are shown in Table 1. The ex vivo biodistribution data acquired at 1 h p.i. were consistent with the
observations from their PET images (Figures 7A and 8A, and Table 1) with low background in blood pool
and non-target tissues/organs, good uptake in LNCaP tumor xenografts, and high uptake in kidneys.
[®8Ga]Ga-DOTA-AmBz-MVK(HTKO01166)-OH and [*®®Ga]Ga-DOTA-AmBz-M(O)VK(HTK01166)-OH
had similar uptake values (%ID/g) for the collected tissues/organs (blood: 0.55 + 0.09 vs. 0.56 + 0.13;
pancreas: 0.60 + 0.22 vs. 0.56 + 0.24; spleen: 8.87 + 2.63 vs. 11.5 + 2.70; kidneys: 104 + 12.2 vs.
89.7 £ 19.9; heart: 0.25 + 0.12 vs. 0.23 + 0.05; lung: 0.96 + 0.12 vs. 0.88 + 0.10; muscle: 0.21 + 0.05
vs. 0.22 + 0.05) and comparable tumor-to-background (blood, muscle and kidney) contrast ratios.
Compared with the previously reported [48Ga]Ga-HTKO01166 [15], [*®Ga]Ga-DOTA-AmBz-M(O)VK
(HTKO01166)-OH showed 39% reduction in average kidney uptake (147 vs. 89.7 %ID/g, p = 0.025).
[8Ga]Ga-DOTA-AmBz-MVK(HTK01166)-OH also showed 30% reduction in average kidney uptake
(147 vs. 104 %ID/g), but the difference is not statistically significant (p = 0.055).
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Table 1. Biodistribution data and uptake ratios of ®®Ga-labeled PSMA-targeted tracers in LNCaP
tumor-bearing mice acquired at 1 h p.i. (*** p < 0.001).

Tissue (%ID/g) [®*GalGa-DOTA-AmBz- [®*GalGa-DOTA-AmBz-
MVK(HTKO01166)-OH (n = 6) M(O)VK(HTKO01166)-OH (n = 6)
Blood 0.55 = 0.09 0.56 = 0.13
Urine 187 +53.8 221 +56.2
Fat 0.72 +0.33 0.52 +0.13
Testes 0.36 + 0.06 0.31 +0.07
Intestines 0.40 £ 0.10 0.29 +0.10
Stomach 0.11 £ 0.02 0.13 £ 0.05
Pancreas 0.60 +0.22 0.56 +0.24
Spleen 8.87 +2.63 11.48 £2.70
Adrenal Glands 5.59 + 4.02 433 +£2.07
Kidneys 104 +12.2 89.7 +19.3
Liver 0.58 + 0.08 0.32 + 0.06 ***
Heart 0.25 +0.12 0.23 +£0.05
Lungs 0.96 + 0.12 0.88 +0.10
LNCaP Tumor 3.98 + 0.87 4.06 +1.27
Muscle 0.21 +£0.05 0.22 + 0.05
Bone 0.16 = 0.04 0.11 = 0.05
Brain 0.02 = 0.00 0.03 = 0.01
Tail 1.03 £ 0.82 1.86 +2.44
Tumor/Muscle 19.9 £ 541 17.9 £+ 757
Tumor/Blood 724 +1.16 6.83 + 2.81
Tumor/Kidney 0.04 +£0.01 0.04 +0.02

2.4. Quantification of Radio-Metabolites in Blood and Urine

Radio-metabolites of [®8Ga]Ga-DOTA-AmBz-MVK(Ac)-OH and [®®*Ga]Ga-DOTA-AmBz-MVK
(HTK01166)-OH in mouse blood and urine samples were analyzed by HPLC. The blood samples were
collected at 5 min p.i. due to the fast excretion nature of the small radio-metabolites, whereas the
urine samples were collected at 15 min p.i. to allow sufficient time for the accumulation of enough
radio-metabolites for analysis.

As shown in Figure 9A, there were mainly unidentified polar metabolites (retention time
1.5-3.0 min) present in the blood samples, but no intact [*¥Ga]Ga-DOTA-AmBz-MVK(Ac)-OH
and only minimal amounts of the expected metabolite [®®*Ga]Ga-DOTA-AmBz-Met-OH (<5%)
was detected. On the contrary, >90% of the radioactivity presented in the urine samples was
[8Ga]Ga-DOTA-AmBz-Met-OH (Figure 9B).

Analysis of blood samples from mice injected with [**Ga]Ga-DOTA-AmBz-MVK(HTK01166)-OH
showed only 9% remaining intact and 35% of the tracer was metabolized to the expected fragment
[©8Ga]Ga-DOTA-AmBz-Met-OH (Figure 10A). However, a major unidentified radio-metabolite,
accounting for 56% of the recovered radioactivity, was also observed. Analysis of the urine samples
revealed that only 20% of the recovered radioactivity was presented as the intact tracer and the
remaining 80% was the expected fragment [8Ga]Ga-DOTA-AmBz-Met-OH (Figure 10B).
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Figure 9. Representative radio-HPLC chromatograms of [#8Ga]Ga-DOTA-AmBz-MVK(Ac)-OH
obtained from mouse (A) blood and (B) urine samples collected at 5 and 15 min p.i., respectively.
HPLC conditions were 82/18 A/B at a flow rate of 2 mL/min; A: H,O containing 0.1% TFA; B: CH3CN
containing 0.1% TFA; HPLC column: Luna C18, 5 um particle size, 100 A pore size, 250 X 4.6 mm.
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Figure 10. Representative radio-HPLC chromatograms of [*®Ga]Ga-DOTA-AmBz-MVK(HTK01166)-OH
obtained from mouse (A) blood and (B) urine samples collected at 5 and 15 min p.i., respectively.
HPLC conditions were 72/28 A/B at a flow rate of 2 mL/min; A: H,O containing 0.1% TFA; B: CH;CN
containing 0.1% TFA; HPLC column: Luna C18, 5 um particle size, 100 A pore size, 250 X 4.6 mm.
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3. Discussion

The potential of NEP to recognize and cleave specific sequences has been exploited by various
groups in the recent years to reduce kidney uptake of radiopharmaceuticals [1,13,18]. This is attributable
to the abundant expression of NEP in the brush border membrane lining primarily of the proximal
convoluted tubules of the juxtamedullary nephrons [11]. The mechanism underlying degradation
of certain specific linker sequences has been well elucidated [1]. The type of amino acid in the
radio-metabolite(s) as well as the radiometal chelate used plays a critical role in deciding the kidney
residence time of the generated radio-metabolite(s).

NEP is a type-II integral membrane glycoprotein with metalloendopeptidase activity, and also
presents an even better carboxydipeptidase activity when the two situations are possible [19]. To apply
this strategy to reduce the kidney uptake of radiolabeled peptides and peptidomimetics, we modified
the original design as shown in Figure 2. We followed the same design with the targeting vector
conjugated to the cleavable linker at the Lys side chain. Such design preserves the free carboxylic
group of Lys and enhances the cleavage of the MVK linker by NEP via its carboxydipeptidase activity.

We first synthesized the model tracer [**Ga]Ga-DOTA-AmBz-MVK(Ac)-OH with an acetyl group
coupled to the e-amino group of Lys to provide the amide linkage which would be present when
a targeting vector is coupled to this linker. Enzyme assays using the brush border membrane
vesicles (BBMVs) extracted from mouse kidneys confirmed that [*4Ga]Ga-DOTA-AmBz-MVK(Ac)-OH
can be efficiently cleaved (>95%) by renal brush border enzymes (Figure 3), and the expected
[8Ga]Ga-DOTA-AmBz-Met-OH was identified as the major radio-metabolite (>90%). Co-incubation
with the NEP inhibitor phosphoramidon greatly enhanced the stability of [®®Ga]Ga-DOTA-AmBz-
MVK(Ac)-OH against renal brush border enzymes (~85% remaining intact), indicating the cleavage of
[8Ga]Ga-DOTA-AmBz-MVK(Ac)-OH into [*Ga]Ga-DOTA-AmBz-Met-OH was mediated by NEP.
These data confirmed the success of our modifications on the original design (NOTA—DOTA,
aminobenzyl—aminomethylbenzoyl, and maleimide-thiol linkage—amide linkage, Figure 1), and the
resulting [48Ga]Ga-DOTA-AmBz-MVK(Ac)-OH was still recognized and cleaved by NEP at the same
Met-Val amide bond.

We then conducted PET imaging and invivo stability studies in mice to confirm that
[®8Ga]Ga-DOTA-AmBz-MVK(Ac)-OH can be metabolized in vivo into [®Ga]Ga-DOTA-Met-OH,
and low retention of [®®*Ga]Ga-DOTA-AmBz-Met-OH in kidneys. This is vital for the success
of this modified strategy as it depends on the generation of the expected radio-metabolite
[®3Ga]Ga-DOTA-AmBz-Met-OH and most importantly [©3Ga]Ga-DOTA-AmBz-Met-OH needs to have
low kidney retention too. As shown in Figure 6, [#8Ga]Ga-DOTA-AmBz-MVK(Ac)-OH was excreted
rapidly and predominately via the renal pathway with low kidney retention (<2.5 %ID/g at 1 h p.i.).
The blood samples of [*¥Ga]Ga-DOTA-AmBz-MVK(Ac)-OH revealed no presence of the intact tracer
and a small fraction of the expected radio-metabolite [8Ga]Ga-DOTA-AmBz-Met-OH (<5%, Figure 9A).
This indicates that [*Ga]Ga-DOTA-AmBz-MVK(Ac)-OH was cleared rapidly from the blood pool either
as its intact form or as radio-metabolite(s). Besides kidneys, NEP is also present in some tissues although
in a much lower expression level. Therefore, the cleavage of [*4Ga]Ga-DOTA-AmBz-MVK(Ac)-OH by
NEP present in other tissues cannot be ruled out. Analysis of the urine samples revealed no presence
of [®8Ga]Ga-DOTA-AmBz-MVK(Ac)-OH and [*8Ga]Ga-DOTA-AmBz-Met-OH was presented as the
major radio-metabolite (>90%). These data suggest that [®®Ga]Ga-DOTA-AmBz-Met-OH had low
retention in kidneys and any intact [*Ga]Ga-DOTA-AmBz-MVK(Ac)-OH excreted through kidneys was
metabolized presumably by renal brush border enzymes mainly into [*®Ga]Ga-DOTA-AmBz-Met-OH.

After confirming the in vivo cleavage of [®8Ga]Ga-DOTA-AmBz-MVK(Ac)-OH into [®Ga]Ga-
DOTA-AmBz-Met-OH, and the low kidney retention of the [#8Ga]Ga-DOTA-AmBz-Met-OH, we next
tested this modified design with a PSMA-targeting vector coupled to the Lys side chain. PSMA has
become a very promising imaging and therapeutic target for the management of prostate cancer.
However, due to a high expression level of PSMA in kidneys, high and sustained renal uptake of
PSMA-targeting radioligands are constantly observed, leading to suboptimal detection sensitivity for
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lesions adjacent to kidneys, and concerns for renal toxicity when radiotherapeutic agents are used.
The idea of incorporating the MVK cleavable linker to a radiolabeled DOTA-conjugated PSMA-targeting
radioligand is to have the radioligand cleaved by the renal brush border enzymes when it is excreted
through kidneys. Since the expected radiometal-complexed DOTA-AmBz-Met-OH is not retained in
kidneys, the overall renal uptake of the PSMA-targeting radioligand containing the MVK cleavable
linker will be reduced.

Enzyme assays revealed that unlike the instability of [®*Ga]Ga-DOTA-AmBz-MVK(Ac)-OH
against renal brush border enzymes, [®8Ga]Ga-DOTA-AmBz-MVK(HTK01116)-OH was relatively
stable with 80% remaining intact and 16% converted to the expected radio-metabolite
[8Ga]Ga-DOTA-AmBz-Met-OH under the same assay conditions (Figure 4). The enhanced stability
could be due to the steric hindrance introduced by replacing the acetyl group with the much bulkier
HTKO01166 motif. Further enhancement in stability achieved by co-incubation with the NEP inhibitor
phosphoramidon indicates that [8Ga]Ga-DOTA-AmBz-MVK(HTK01116)-OH was cleaved mainly by
NEP into [®8Ga]Ga-DOTA-AmBz-Met-OH.

PET imaging studies showed that [®®Ga]Ga-DOTA-AmBz-MVK(HTK01166)-OH and its oxidized
version [*Ga]Ga-DOTA-AmBz-M(O)VK(HTK01166)-OH had very similar distribution patterns: low
background, high kidney retention and good tumor visualization (Figures 7 and 8). The observed PET
images were consistent with the ex vivo biodistribution data showing comparable uptake for all collected
organs/tissues (Table 1). The brain uptake (<0.03 %ID/g) of both tracers was negligible indicating that
they cannot freely cross the blood-brain barrier. Their fast blood clearance (~0.55 %ID/g at 1 h p.i.)
suggests that the [®*Ga]Ga-DOTA complex was stable as free ®®Ga would be captured by transferrins
leading to prolonged retention in blood pool [20]. Minimal uptake (<0.60 %ID/g) of both tracers in
liver and intestines indicates that they were excreted mainly by the renal pathway. Higher uptake
was observed in PSMA-expressing LNCaP tumors (~4 %ID/g), kidneys (90-104 %ID/g) and spleen
(8.9-11.5 %ID/g) suggesting that the uptake of both tracers in these tissues was PSMA-mediated [15].
This was further confirmed by PET imaging studies as co-injection of the PSMA inhibitor, 2-PMPA
(0.2 mg), reduced the tumor uptake of both tracers to the background level (Figures 7 and 8).

The average kidney uptake of [*®¥Ga]Ga-DOTA-AmBz-MVK(HTK01166)-OH was lower than that
of the previously reported [®®Ga]Ga-HTKO01166 (104 vs. 147 %ID/g), suggesting the insertion of the
cleavable MVK linker might be a useful strategy to reduce kidney uptake of radiopharmaceuticals.
However, although statistically not significant (p = 0.15), a slightly higher kidney retention was
observed for mice injected with [#8Ga]Ga-DOTA-AmBz-MVK(HTK01166)-OH (104 + 12.2 %ID/g)
than for mice injected with [#8Ga]Ga-DOTA-AmBz-MV(O)K(HTK01166)-OH (89.7 + 19.3 %ID/ g).
Since [*®Ga]Ga-DOTA-AmBz-MVK(HTKO01166)-OH contains a cleavable MVK linker, whereas
[©8Ga]Ga-DOTA-AmBz-M(O)VK(HTK01166)-OH contains a non-cleavable M(O)VK linker, we would
expect a much lower kidney uptake from [*®*Ga]Ga-DOTA-AmBz-MVK(HTK01166)-OH.
These discrepant data suggest that there might be some unknown mechanism(s) causing the
higher kidney retention of [®®Ga]Ga-DOTA-AmBz-MVK(HTKO01166)-OH. In addition, we noticed
that while the kidney retention (1.3 %ID/g) in the mouse injected with [*¥Ga]Ga-DOTA-AmBz-
M(O)VK(HTKO01166)-OH and 2-PMPA was minimal (Figure 8B), there was significantly higher kidney
uptake (4.2 %ID/g) in the mouse injected with [®8Ga]Ga-DOTA-AmBz-MVK(HTK01166)-OH and
2-PMPA (Figure 7B).

The retained kidney uptake was unlikely to have resulted from the intact [®®Ga]Ga-DOTA-AmBz-
MVK(HTKO01166)-OH, as the mouse was co-injected with excess 2-PMPA to block PSMA. The retained
uptake was unlikely to have resulted from the expected radio-metabolite [*®*Ga]Ga-DOTA-AmBz-
Met-OH either, as we have shown that no significant kidney retention was observed in the mouse
injected with [8Ga]Ga-DOTA-AmBz-MVK(Ac)-OH (Figure 6). The only possibility for the kidney
retention would be unidentified radio-metabolite(s), which cannot bind PSMA but can be retained
in kidneys. Therefore, the in vivo stability study was further conducted for [®®*Ga]Ga-DOTA-
AmBz-MVK(HTKO01166)-OH to discern the cause of its higher kidney retention in mice.
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As shown in Figure 10A, unlike the good stability observed in enzyme assays,
[®Ga]Ga-DOTA-AmBz-MVK(HTKO01166)-OH was rapidly metabolized in vivo with only 9% of
the tracer remaining intact in the blood at 5 min p.i. However, the expected radio-metabolite
[%¥Ga]Ga-DOTA-AmBz-Met-OH was accounted for only 35% of the recovered radioactivity,
while 56% consists of an unidentified radio-metabolite.  Interestingly, in urine samples,
only [®®Ga]Ga-DOTA-AmBz-MVK(HTK01166)-OH (20%) and [®®Ga]Ga-DOTA-AmBz-Met-OH (80%)
were detected, and there was no presence of the unidentified radio-metabolite (Figure 10B). The absence
of the unidentified radio-metabolite in urine samples suggests that it might be retained in kidneys.
This would explain the higher kidney uptake of [*®Ga]Ga-DOTA-AmBz-MVK(HTK01166)-OH than
[48Ga]Ga-DOTA-AmBz-M(O)VK(HTK01166)-OH (Table 1), as well as its higher kidney retention
when co-injected with 2-PMPA (Figures 7 and 8). This would also explain the insufficient
reduction (~30%) in kidney uptake when compared [#8Ga]Ga-DOTA-AmBz-MVK(HTK01166)-OH and
[68Ga]Ga-HTKO01166 [15], which is far less than the ~80% and ~67% reduction in kidney uptake reported
by Uehara et al. [12] and Zhang et al. [13], respectively, using the radiolabeled NOTA-MVK(Targeting
vector)-OH design. The insufficient reduction reported here using the DOTA-AmBz-MVK(Targeting
vector)-OH design is likely caused by the unidentified radio-metabolite that could be trapped in
kidneys. Therefore, further optimization of the design of DOTA-conjugated cleavable linkers should
avoid the generation of radio-metabolites that could be trapped in kidneys and cause high and
sustained kidney uptake.

The identity of the unidentified fragment remains unknown (Figure 10). This is because the core
structure of HTK01166 contains no amide bonds formed by two natural amino acids. Moreover, the data
from our [®3Ga]Ga-DOTA-AmBz-MVK(Ac)-OH, [®®*Ga]Ga-DOTA-AmBz-M(O)VK(HTK01166)-OH
and the previously reported [®®Ga]Ga-NOTA- MVK-conjugated antibody fragment [12] and Exendin
4 [13], did not suggest the cleavage of the Val-Lys amide bond. Therefore, we did not expect cleavage
of [%Ga]Ga-DOTA-AmBz-MVK(HTK01166)-OH at locations other than the Met-Val amide bond,
and more investigations are needed to verify the identity of this unknown radio-metabolite.

To conclude, we showed that replacing NOTA and the aminobenzyl group in the reported
NOTA-MVK linker with DOTA and AmBz, respectively, generated the model compound
[68Ga]Ga-DOTA—AmBz—MVK(Ac)—OH, which was still recognized and specifically cleaved at the
Met-Val amide bond by NEP. Coupling a bulkier PSMA-targeting vector to the side chain of Lys in
DOTA-AmBz-MVK enhanced its stability against NEP, but possibly also rendered its vulnerability
against other enzyme(s) as evident by the formation of an unidentified radio-metabolite that
could be retained in kidneys. Nevertheless, the renal uptake of the resulting [®*Ga]Ga-DOTA-
AmBz-MVK(HTK01166)-OH was still lower than that of [®®Ga]Ga-HTK01166. These data demonstrated
that MVK could be a promising cleavable linker for use to reduce renal uptake of radiolabeled
DOTA-conjugated tumor-targeting peptides and peptidomimetics. This strategy can be used to
enhance detection sensitivity of the imaging agents for lesions adjacent to kidneys, and improve the
tumor-to-kidney absorbed dose ratio for the radiotherapeutic agents.

4. Materials and Methods

4.1. General Methods

Fmoc-L-Lys(pentynoyl)-OH (1) was synthesized according to the literature procedures [17].
Brush border membrane vesicles (BBMVs) were extracted from mouse kidneys following literature
procedures [21]. All other chemicals were procured from commercial sources and used without
further purification. All peptides and peptidomimetics were synthesized either on an AAPPTec
(Louisville, KY, USA) Endeavor 90 peptide synthesizer or a CEM (Matthews, NC, USA) Liberty
Blue™ automated microwave peptide synthesizer. Purification and quality control of radiolabeling
precursor, nonradioactive Ga-complexed standards and ®®Ga-labeled peptides and peptidomimetics
were performed on Agilent (Santa Clara, CA, USA) HPLC systems equipped with a model 1200
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quaternary pump, a model 1200 UV absorbance detector (set at 220 nm), and a Bioscan (Washington,
DC, USA) Nal scintillation detector. The operation of Agilent HPLC systems was controlled using
the Agilent ChemStation software. HPLC columns used were a semipreparative column (Luna C18,
5 um particle size, 100 A pore size, 250 x 10 mm) and an analytical column (Luna C18, 5 um particle
size, 100 A pore size, 250 X 4.6 mm) from Phenomenex (Torrance, CA, USA). The HPLC solvents
were A: H,O containing 0.1% TFA; B: CH3CN containing 0.1% TFA. The collected HPLC eluates
containing the desired peptides were lyophilized using a Labconco (Kansas City, MO, USA) FreeZone
4.5 Plus freeze drier. 'H-NMR spectrum was acquired using an AVANCE Bruker 400 MHz NMR
spectrometer equipped with BBI probe with Z gradients. Mass analyses were performed using an AB
SCIEX (Framingham, MA, USA) 4000 QTRAP mass spectrometer system with an ESI ion source. C18
Sep-Pak cartridges (1 cm?, 50 mg) were obtained from Waters (Milford, MA, USA). ®3Ga was eluted
from an iThemba Laboratories (Somerset West, South Africa) generator and purified according to the
previously published procedures using a DGA resin column from Eichrom Technologies LLC (Lisle,
IL, USA) [22,23]. Radioactivity of ®®Ga-labeled peptides and peptidomimetics was measured using
a Capintec (Ramsey, NJ, USA) CRC-25R/W dose calibrator. PET/CT imaging was performed using
a Siemens Inveon (Knoxville, TN, USA) micro PET/CT scanner. The radioactivity of mouse tissues
collected from biodistribution studies was counted using a PerkinElmer (Waltham, MA, USA) Wizard?2
2480 automatic gamma counter.

4.2. Synthesis of Fmoc-L-Lys(pentynoyl)-OtBu (2)

Fmoc-L-Lys(pentynoyl)-OH (1) (2.05 g, 4.6 mmol) in CH,Cl, (20 mL) was added t-butyl
2,2,2-trichloroacetimidate (2.18 g, 10 mmol). The resulting mixture was stirred at RT for 22 h,
and purified by flash column chromatography eluted with 1:1 ethyl acetate/hexane to 100% ethyl
acetate. The desired product 2 was obtained as a white solid (1.82 g, 79%). 'H-NMR (400 MHz, CDCl3)
5 ppm: 1.39-2.08 (m, 7H), 1.47 (s, 9H), 2.37 (t, | = 7.0 Hz, 2H), 2.52 (dt, ] = 2.2, 7.0 Hz, 2H). 3.28 (m, 2H),
422 (t,] =7.0 Hz, 2H), 4.39 (m, 2H), 5.42 (d, ] = 8.0 Hz, 1H), 5.90 (bs, 1H), 7.31 (dt, ] = 1.0, 7.4 Hz, 2H),
740 (t,] =7.5Hz,2H),7.60 (d, ] = 7.4 Hz, 2H), 7.77 (d, | = 7.5 Hz, 2H). ESI-MS: calculated [M + H]* for
Fmoc-1-Lys(pentynoyl)-OtBu C3pH3sN>Os5 505.3; found 506.0.

4.3. Synthesis of DOTA-Conjugated Precursors

4.3.1. Synthesis of DOTA-AmBz-MVK(Ac)-OH

For synthesizing the DOTA-conjugated linker DOTA-AmBz-MVK(Ac)-OH, Fmoc-Lys(Mtt)
wang resin (0.05 mmol scale, 0.5-0.8 mmol/g loading) was first swollen using DMFE. The Mtt
protecting group was removed using 2% TFA in DCM for 30 min (5 min, 6 times) and neutralized
using DIEA in DMFE. The free amine was acetylated using acetic anhydride (20 equiv)/DIEA
(20 equiv)/DMF. Fmoc on Lys was then deprotected using 20% piperidine in DMF and coupled
with Fmoc-Val-OH (5 equiv) in the presence of activators HATU/HOAt (5 equiv) and DIEA
(10 equiv) in DME. Further elongation of the peptide chain was carried out by repeating the Fmoc
deprotection and coupling steps. Fmoc-Met-OH, Fmoc-(4-aminomethyl)benzoic acid, and finally
DOTA-tris(t-bu)ester (tri-t-butyl 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetate) were coupled in
that order. The DOTA conjugated peptide was cleaved off the resin and simultaneously deprotected
using TFA:H,O:triisopropylsilane (TIS):2,2’-(ethylenedioxy)diethanethiol (DODT) for 1.5 h at RT, in a
92.5:2.5:2.5:2.5 ratio. The cleaved peptide was filtered and precipitated with cold diethyl ether before
purification using the semipreparative HPLC column. HPLC conditions were 84/16 A/B at a flow rate
of 4.5 mL/min. The retention time of DOTA-AmBz-MVK(Ac)-OH was 14.1 min. Eluates containing
the desired peptide were collected, pooled, and lyophilized. The isolated yield was 12%. ESI-MS:
calculated [M + H]* for DOTA-AmBz-MVK(Ac)-OH C4,HgzNgO13S 938.5; found 938.4.
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4.3.2. Synthesis of DOTA-AmBz-MVK(HTKO01166)-OH

For synthesizing the PSMA-targeting DOTA-AmBz-MVK(HTKO01166)-OH the PSMA-targeting
motif (Lys-urea-Glu) and the lipophilic linker ((2-indanyl)-Gly-tranexamic acid) of HTK01166 were first
assembled on solid phase following our previously published procedures [15]. Briefly, Fmoc-Lys(ivDde)
wang resin (0.1 mmol scale, 0.58 mmol/g loading) was swollen using DMFE. The isocyanate derivative
of di-tert-butyl ester of glutamate (5 equiv) was prepared according to literature procedures [24].
The isocyante derivative was then added to Fmoc-deprotected Lys(ivDde) wang resin and the reaction
mixture was allowed to shake overnight. Next, the ivDde protecting group was removed using 2%
hydrazine in DMF (5 mL, five times, 5 min). Subsequent couplings of Fmoc-(2-indanyl)-Gly-OH,
Fmoc-tranexamic acid and 2-azidoacetic acid were conducted using standard Fmoc chemistry. Next,
Fmoc-Lys(pentynoyl)-OtBu (2), (0.5 mmol) was clicked onto the azido group using CuSO; (0.05 mmol)
and ascorbic acid (0.25 mmol). After the click reaction, further peptide elongation was continued using
Fmoc-Val-OH, Fmoc-Met-OH, Fmoc-(4-aminomethyl)benzoic acid, and finally, DOTA-tris(t-bu)ester.
Peptide cleavage and deprotection was performed using TFA:H,O:TIS:DODT for 1.5 h at RT in a
92.5:2.5:2.5:2.5 ratio. The cleaved peptide was filtered and precipitated with cold diethyl ether before
purification using the semipreparative HPLC column. HPLC conditions were 73/27 A/B at a flow
rate of 4.5 mL/min. The retention time of DOTA-AmBz-MVK(HTKO01166)-OH was 12.6 min. Eluates
containing the desired peptide were collected, pooled, and lyophilized. The isolated yield was
1%. ESI-MS: calculated [M + H]* for DOTA-AmBz-MVK(HTKO01166)-OH C7gH115N17023S 1690.8;
found 1690.9.

4.3.3. Synthesis of DOTA-AmBz-M(O)VK(HTKO01166)-OH

DOTA-AmBz-M(O)VK(HTK01166)-OH, the oxidized (sulfoxide) version of DOTA-AmBz-MVK
(HTKO01166)-OH was synthesized as a control using a similar synthetic and purification strategy
as for DOTA-AmBz-MVK(HTKO01166)-OH. For this purpose, Fmoc-Met-OH was replaced with
Fmoc-Met(O)-OH. The HPLC conditions were 74/26 A/B at a flow rate of 4.5 mL/min. The retention
time and isolated yield were 8.3 min and 2%, respectively. ESI-MS: calculated [M + H]* for
DOTA-AmBz-M(O)VK(HTK01166)-OH CygH115N170245 1706.8; found 1706.9.

4.3.4. Synthesis of DOTA-AmBz-Met-OH

For synthesizing the expected cleaved fragment DOTA-AmBz-Met-OH, CITCP(Cl)ProTide resin
(0.1 mmol scale, 0.48 mmol/g loading) was swollen in DMF. Fmoc-Met-OH (5 equiv) in DMF containing
1 M DIEA/0.125M KI was coupled to the resin. After elongation with Fmoc-(4-aminomethyl)benzoic
acid and DOTA-tris(t-bu)ester, the peptide was cleaved off the resin using TFA:H,O:TIS:DODT for
1.5h at RT in a 92.5:2.5:2.5:2.5 ratio and purified using the semipreparative HPLC column. The HPLC
conditions were 83/17 A/B at a flow rate of 4.5 mL/min. The retention time was 10.2 min, and the
isolated yield was 35%. ESI-MS: calculated [M + H]* for DOTA-AmBz-Met-OH Cy9H14N¢O10S 669.3;
found 669.0.

4.4. Synthesis of Nonradioactive Ga-Complexed Standards

Ga-DOTA-AmBz-MVK(Ac)-OH, Ga-DOTA-AmBz-Met-OH, Ga-DOTA-AmBz-MVK(HTKO01166)-OH
and Ga-DOTA-AmBz-M(O)VK(HTK01166)-OH were prepared by incubating the DOTA-conjugated
peptides and peptidomimetics with GaCl; (5 equiv) in NaOAc buffer (0.1 M, 300-500 uL, pH 4.2)
at 80 °C for 15 min. The reaction mixtures were directly purified using the semipreparative HPLC
column. The eluates containing the desired product were collected, pooled, and lyophilized.

For Ga-DOTA-AmBz-MVK(Ac)-OH the HPLC conditions were 82/18 A/B at a flow rate of
4.5 mL/min. The retention time and isolated yield were 11.2 min and 78%, respectively. ESI-MS:
calculated [M + H|* for Ga-DOTA-AmBz-MVK(Ac)-OH C4,GaHgsNoO;3S 1005.4; found 1004.4.
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For Ga-DOTA-AmBz-MVK(HTKO01166)-OH the HPLC conditions were 74/26 A/B at a flow rate of
4.5mL/min. The retention time and isolated yield were 8.0 min and 16%, respectively. ESI-MS: calculated
[M + H]* for Ga-DOTA-AmBz-MVK(HTKO01166)-OH C75GaH{13N17035 1757.7; found 1758.4.

For Ga-DOTA-AmBz-M(O)VK(HTK01166)-OH the HPLC conditions were 74/26 A/B at a flow
rate of 4.5 mL/min. The retention time and isolated yield were 10.8 min and 35%, respectively.
ESI-MS: calculated [M + 2H]** for Ga-DOTA-AmBz-M(O)VK(HTK01166)-OH C73GaH113N17024S
887.4; found 887.5.

For Ga-DOTA-AmBz-Met-OH, the HPLC conditions were 83/17 at a flow rate of 4.5 mL/min.
The retention time and the isolated yield were 10.5 min and 72%, respectively. ESI-MS: calculated
[M + H]* for Ga-DOTA-AmBz-Met-OH C9GaHsNgO10S 736.2; found 736.1.

4.5. Synthesis of ®Ga-Labeled Peptides and Peptidomimetics

Purification of ®Ga eluated from %8Ge/®®Ga generator and labeling experiments were performed
following our previously published procedures [22,23]. Purified ®®Ga in 0.5 mL of water was added
into a 4-mL glass vial preloaded with 0.7 mL of HEPES buffer (2 M, pH 5.0) and 25 nug of the
precursor. The radiolabeling reaction was carried out under microwave heating for 1 min. The reaction
mixtures were purified using the semipreparative HPLC column and eluted with 84/16 A/B for
[®8Ga]Ga-DOTA-AmBz-MVK(Ac)-OH, 74/26 A/B for [®®Ga]Ga-DOTA-AmBz-MVK(HTK01166)-OH,
and 23% CH3CN and 0.1% HCOOH in H,O for [®Ga]Ga-DOTA-AmBz-M(O)VK(HTK01166)-OH
at a flow rate of 45 mL/min. The retention times for [*®Ga]Ga-DOTA-AmBz-MVK(Ac)-OH,
[#8Ga]Ga-DOTA-AmBz-MVK(HTKO01166)-OH and [*®®Ga]Ga-DOTA-AmBz-M(O)VK(HTK01166)-OH
were 24.3, 26.1 and 15.7 min, respectively. The eluate fraction containing the radiolabeled product was
collected, diluted with water (50 mL), and passed through a C18 Sep-Pak cartridge that was prewashed
with ethanol (10 mL) and water (10 mL). After washing the C18 Sep-Pak cartridge with water (10 mL),
the ®Ga-labeled product was eluted off the cartridge with ethanol (0.4 mL) and diluted with saline for
all the in vitro enzyme assays, PET imaging, ex vivo biodistribution and in vivo stability studies.

4.6. In Vitro Enzyme Assay

The enzymatic recognition of synthesized peptides and peptidomimetics was determined by
incubating the %®Ga-labeled peptides and peptidomimetics with the extracted BBMVs at 37 °C for 1 h.
For the assay, aliquots (25 uL) of the enzyme solution (1.52 mg/mL) and enzyme buffer (250 mM NaCl,
57.5 mM Tris-base; adjusted to a pH 7.5) were mixed in a 96-well clear bottom plate and incubated at
37 °C for 10 min. The mixtures also contained 100 ppm ascorbic acid to prevent oxidation of the Met
residue in the tested peptides and peptidomimetics during the assay. The radiolabeled peptide (50 uL,
~3.7 MBq) was then added to the test well. The control well contained phosphoramidon, a potent NEP
inhibitor, at a final concentration of 1 mmol/L in addition to the contents of the test well. After 1 h
incubation, all reactions were quenched using equal volume of CH3CN and centrifuged at 13,000 rpm
for 10 min. The resulting supernatant was collected and analyzed using the analytical HPLC column
to identify and quantify radio-metabolite(s). The assay was performed in duplicates.

4.7. Cell Culture

Human prostate cancer LNCaP cells obtained from ATCC (Manassas, VA, USA) were cultured in
RPMI 1640 medium, supplemented with 10% FBS, penicillin (100 U/mL), and streptomycin (100 pg/mL)
at 37 °C in a Panasonic Healthcare (Tokyo, Japan) MCO-19AIC humidified incubator containing
5% CO,. At 80-90% confluency, cells were washed with sterile phosphate-buffered saline, trypsinized
and pooled before they were manually counted using a Bal Supply (Sylvania, OH, USA) 202C counter.

4.8. PET/CT Imaging and Ex Vivo Biodistribution in Tumor-Bearing Mice

All imaging and biodistribution studies were performed using male NOD-scid IL2Rg"!! (NSG)
mice and conducted according to the guidelines established by the Canadian Council on Animal
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Care and approved by Animal Ethics Committee of the University of British Columbia. For tumor
inoculations, mice were anesthetized by inhalation with 2% isoflurane in oxygen and implanted
subcutaneously with 5 x 10° LNCaP cells below the left shoulder. Imaging and biodistribution studies
were performed only after tumors grew to 5-8 mm in diameter over a period of 5-7 weeks.

For PET/CT imaging studies, ~3—6 MBq of the ®®Ga-labeled tracer was injected through the tail
vein. For the blocking study, 2-PMPA (0.2 mg) was co-injected with the tracer. Mice were allowed to
recover and roam freely in the cages after injecting the tracer. At 45 min p.i., mice were sedated again
and positioned on the scanner. First, a 10 min CT scan was conducted for localization and attenuation
correction for reconstruction of PET images, before a 10 min PET image was acquired. Heating pads
were used during the entire procedure to keep the mice warm.

For ex vivo biodistribution studies, mice were injected with ~1.5-3 MBq of the ®3Ga-labeled tracer.
At 1h p.i., mice were euthanized, blood was drawn from heart, and organs/tissues of interest were
collected, rinsed with PBS, blotted dry, weighed, and counted using an automated gamma counter.
The uptake in each organ/tissue was normalized to the injected dose and expressed as the percentage
of the injected dose per gram of tissue (%ID/g).

4.9. Quantification of Radio-Metabolites in Blood and Urine

Male NSG mice were injected with 3-17 MBq of the ®®Ga-labeled peptide. For blood profiling,
mice were anesthetized with 2% isoflurane in O, and euthanized by CO; inhalation at 5 min p.i.
Blood draw was then performed by cardiac puncture and blood was collected in an eppendorf tube
with equal volume of CH3;CN. Each tube was then centrifuged at RT for 10-15 min and the resulting
supernatant was collected and analyzed using the analytical HPLC column to identify and quantify
radio-metabolite(s) in blood. For the purpose of urine profiling, urine was collected after euthanizing
the mice at 15 min p.i. The urine samples were also collected and analyzed using the analytical HPLC
column to identify and quantify radio-metabolite(s) in urine.

4.10. Statistical Analysis

Statistical analyses were performed by Student’s t-test using the Microsoft (Redmond, WA,
USA) Excel software. The unpaired, two-tailed test was used to compare tissue uptake and tumor-to-
background (muscle, blood and kidney) contrast ratios of [*®*Ga]Ga-DOTA-AmBz-MVK(HTKO01166)-OH
and [%Ga]Ga-DOTA-AmBz-M(O)VK(HTK01166)-OH. The unpaired, one-tailed test was used to
compare kidney uptake of [®®Ga]Ga-DOTA-AmBz-MVK(HTK01166)-OH (or [®®Ga]Ga-DOTA-AmBz-
M(O)VK(HTKO01166)-OH) with that of the previously reported [**Ga]Ga-HTK01166 [15]. The difference
was considered statistically significant when the p value was <0.05.

Supplementary Materials: The following are available online at http://www.mdpi.com/1420-3049/25/17/3854/s1,
Table S1: HPLC conditions and retention times for the purification of DOTA-conjugated peptides and peptidomimetics

using the semipreparative column (Luna C18, 5 um particle size, 100 A pore size, 250 x 10 mm), Table S2: HPLC
conditions and retention times for the purification of nonradioactive Ga-complexed DOTA-conjugated peptides and

peptidomimetics using the semipreparative column (Luna C18, 5 um particle size, 100 A pore size, 250 x 10 mm),
and Table S3: HPLC conditions and retention times for the purification/QC of 68Ga-labeled DOTA-conjugated

peptides and peptidomimetics using the semipreparative column—Luna C18, 5 um particle size, 100 A pore size,
250 x 10 mm; the analytical (QC) column—Luna C18, 5 um particle size, 100 A pore size, 250 X 4.6 mm.

Author Contributions: Conceptualization, K.-5.L.; methodology, S.B., Z.Z. and K.-S.L.; formal analysis, S.B., Z.Z.
and K.-S.L.; investigation, S.B., Z.Z., H-TK,, J.R.,,C.Z,, AR. and HM.; resources, FB. and K.-S.L.; data curation,
S.B., Z.Z., and C.Z.; writing—original draft preparation, S.B., Z.Z., and K.-S.L.; writing—review and editing,

H.-TK,]JR,CZ.,Z2.Z., AR, HM., and FB,; supervision, K.-S.L. and EB.; project administration, H.M.; funding
acquisition, K.-S.L. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Canadian Institutes of Health Research (grant number PJT-162243),
Pancreas Centre BC, BC Cancer Foundation and VGH Foundation.

Acknowledgments: The authors would like to thank Nadine Colpo for her technical assistance.

Conflicts of Interest: The authors declare no conflict of interest.

185



Molecules 2020, 25, 3854

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Arano, Y. Renal brush border strategy: A developing procedure to reduce renal radioactivity levels of
radiolabeled polypeptides. Nucl. Med. Biol. 2020. [CrossRef] [PubMed]

Jackson, J.A.; Hungnes, I.N.; Ma, M.T.; Rivas, C. Bioconjugates of chelators with peptides and proteins in
nuclear medicine: Historical importance, current innovations, and future challenges. Bioconjugate. Chem.
2020, 31, 483-491. [CrossRef] [PubMed]

Maleki, F;; Farahani, A.M.; Rezazedeh, F,; Sadeghzadeh, N. Structural modifications of amino acid sequences
of radiolabeled peptides for targeted tumor imaging. Bioorg. Chem. 2020, 99, 103802. [CrossRef] [PubMed]
Tsai, W.T.; Wu, A.M. Aligning physics and physiology: Engineering antibodies for radionuclide delivery.
J. Label. Compd. Radiopharm. 2018, 61, 693-714. [CrossRef]

Wissler, H.L.; Ehlerding, E.B.; Lyu, Z.; Zhao, Y.; Zhang, S.; Eshraghi, A.; Buuh, Z.Y,; McGuth, ].C; Guan, Y,;
Engle, J.W,; et al. Site-specific immuno-PET tracer to image PD-L1. Mol. Pharm. 2019, 16, 2028-2036.
[CrossRef]

Dash, A.; Chakraborty, S.; Pillai, M.R.A.; Knapp, EER. Peptide receptor radionuclide therapy: An overview.
Cancer Biother. Radiopharm. 2015, 30, 47-71. [CrossRef]

Vegt, E.; Melis, M.; Eek, A.; De Visser, M.; Brom, M.; Oyen, W.J.G.; Gotthardt, M.; De Jong, M.; Boerman, O.C.
Renal uptake of different radiolabelled peptides is mediated by megalin: SPECT and biodistribution studies
in megalin-deficient mice. Eur. . Nucl. Med. Mol. Imaging 2011, 38, 623-632. [CrossRef]

Maurer, A.H.; Elsinga, P,; Fanti, S.; Nguyen, B.; Oyen, W.J.G.; Weber, W.A. Imaging the folate receptor on
cancer cells with 9mTc- etarfolatide: Properties, clinical use, and future potential of folate receptor imaging.
J. Nucl. Med. 2014, 55, 701-704. [CrossRef]

Christensen, E.L; Birn, H. Megalin and cubilin: Multifunctional endocytic receptors. Nat. Rev. Mol. Cell Biol.
2002, 3, 258-268. [CrossRef]

Fujioka, Y.; Satake, S.; Uehara, T.; Mukai, T.; Akizawa, H.; Ogawa, K.; Saji, H.; Endo, K.; Arano, Y.
In vitro system to estimate renal brush border enzyme-mediated cleavage of peptide linkages for designing
radiolabeled antibody fragments of low renal radioactivity levels. Bioconjug. Chem. 2005, 16, 1610-1616.
[CrossRef]

Kanazawa, M.; Johnston, C.I. Distribution and Inhibition of Neutral Metalloendopeptidase (Nep) (Ec
3.4.24.11), the Major Degradative Enzyme for Atrial Natriuretic Peptide, in the Rat Kidney. Clin. Exp.
Pharmacol. Physiol. 1991, 18, 449-453. [CrossRef] [PubMed]

Uehara, T.; Yokoyama, M.; Suzuki, H.; Hanaoka, H.; Arano, Y. A gallium-67/68-labeled antibody fragment
for immuno-SPECT/PET shows low renal radioactivity without loss of tumor uptake. Clin. Cancer Res. 2018,
24,3309-3316. [CrossRef] [PubMed]

Zhang, M.; Jacobson, O.; Kiesewetter, D.O.; Ma, Y,; Wang, Z.; Lang, L.; Tang, L.; Kang, F,; Deng, H.; Yang, W.;
et al. Improving the Theranostic Potential of Exendin 4 by Reducing the Renal Radioactivity through Brush
Border Membrane Enzyme-Mediated Degradation. Bioconjug. Chem. 2019, 30, 1745-1753. [CrossRef]

Kim, K.; Kim, S. Lu-177-Based Peptide Receptor Radionuclide Therapy for Advanced Neuroendocrine
Tumors. Nucl. Med. Mol. Imaging 2018, 52, 208-215. [CrossRef]

Kuo, H.T,; Pan, ].; Zhang, Z.; Lau, J.; Merkens, H.; Zhang, C.; Colpo, N.; Lin, K.S.; Bénard, F. Effects of Linker
Modification on Tumor-to-Kidney Contrast of 68GaLabeled PSMA-Targeted Imaging Probes. Mol. Pharm.
2018, 15, 3502-3511. [CrossRef]

Woods, M.; Leung, L.; Frantzen, K.; Garrick, ].G.; Zhang, Z.; Zhang, C.; English, W.; Wilson, D.; Benard, F,;
Lin, K.S. Improveing the Stability of 1!C-labeled L-methionine with Ascorbate. EJNMMI Radiopharm. Chem.
2017, 2, 1-9. [CrossRef] [PubMed]

Shinoda, K.; Sohma, Y.; Kanai, M. Synthesis of chemically-tethered amyloid-f3 segment trimer possessing
amyloidogenic properties. Bioorganic Med. Chem. Lett. 2015, 25, 2976-2979. [CrossRef] [PubMed]
Vaidyanathan, G.; Kang, C.M.; McDougald, D.; Minn, I.; Brummet, M.; Pomper, M.G.; Zalutsky, M.R. Brush
Border Enzyme-cleavable Linkers: Evaluation for Reducing Renal Uptake of Radiolabeled Prostate-specific
membrane Antigen Inhibitors. Nucl. Med. Biol. 2018, 62, 18-30. [CrossRef]

Barros, N.M.T.; Campos, M.; Bersanetti, P.A.; Oliveira, V.; Juliano, M.A.; Boileau, G.; Juliano, L.; Carmona, A K.
Neprilysin carboxydipeptidase specificity studies and improvement in its detection with fluorescence energy
transfer peptides. Biol. Chem. 2007, 388, 447-455. [CrossRef]

186



Molecules 2020, 25, 3854

20.

21.

22.

23.

24.

Tsuchiya, Y.; Nakao, A.; Komatsu, T.; Yamamoto, M.; Shimokata, K. Relationship between Gallium 67 Citrate
Scanning and Transferrin Receptor Expression in Lung Diseases. Chest 1992, 102, 530-534. [CrossRef]
Biber, J.; Stieger, B.; Stange, G.; Murer, H. Isolation of renal proximal tubular brush-border membranes.
Nat. Protoc. 2007, 2, 1356-1359. [CrossRef] [PubMed]

Lin, K,; Pan, J.; Amouroux, G.; Turashvili, G.; Hundal-jabal, N.; Pourghiasian, M.; Lau, J.; Jenni, S.; Aparicio, S.;
Benard, F. In vivo radioimaging of bradykinin receptor Bl, a widely overexpressed molecule in human
cancer. Cancer Res. 2015, 75, 387-393. [CrossRef] [PubMed]

Zhang, Z.; Amouroux, G.; Pan, J.; Jenni, S.; Zeisler, J.; Zhang, C.; Liu, Z.; Perrin, D.M.; Benard, F; Lin, K.
Radiolabeled B9958 derivatives for imaging bradykinin Bl receptor expression with positron emission
tomography: Effect of the radiolabel-chelator complex on biodistribution and tumor uptake. Mol. Pharm.
2016, 13, 2823-2832. [CrossRef]

Benesova, M.; Bauder-Wiist, U.; Schiéfer, M.; Klika, K.D.; Mier, W.; Haberkorn, U.; Kopka, K.; Eder, M.
Linker Modification Strategies to Control the Prostate-Specific Membrane Antigen (PSMA)-Targeting and
Pharmacokinetic Properties of DOTA-Conjugated PSMA Inhibitors. J. Med. Chem. 2016, 59, 1761-1775.
[CrossRef] [PubMed]

Sample Availability: Samples of all the compounds are available from the authors.

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

187






molecules m\py

Article

Radiochemical Synthesis and Evaluation of Novel
Radioconjugates of Neurokinin 1 Receptor Antagonist
Aprepitant Dedicated for NK1R-Positive Tumors

Pawet K. Halik 1*{, Piotr F. J. Lipifiski 2(”, Joanna Matalifiska ?, Przemystaw Kozmiriski 10,
Aleksandra Misicka 202 and Ewa Gniazdowska !

1 Centre of Radiochemistry and Nuclear Chemistry, Institute of Nuclear Chemistry and Technology,

03-195 Warsaw, Poland; p.kozminski@ichtj.waw.pl (P.K.); e.gniazdowska@ichtj.waw.pl (E.G.)
Department of Neuropeptides, Mossakowski Medical Research Centre, Polish Academy of Sciences,
02-106 Warsaw, Poland; plipinski@imdik.pan.pl (P.E].L.); jmatalinska@imdik.pan.pl (J.M.);
misicka@chem.uw.edu.pl (A.M.)

*  Correspondence: p.halik@ichtj.waw.pl; Tel.: +48-22-504-1316

Academic Editor: Krishan Kumar lclf;,edc:tfgsr
Received: 31 July 2020; Accepted: 15 August 2020; Published: 18 August 2020

Abstract: Aprepitant, a lipophilic and small molecular representative of neurokinin 1 receptor
antagonists, is known for its anti-proliferative activity on numerous cancer cell lines that are sensitive
to Substance P mitogen action. In the presented research, we developed two novel structural
modifications of aprepitant to create aprepitant conjugates with different radionuclide chelators.
All of them were radiolabeled with ®®Ga and ””Lu radionuclides and evaluated in terms of their
lipophilicity and stability in human serum. Furthermore, fully stable conjugates were examined in
molecular modelling with a human neurokinin 1 receptor structure and in a competitive radioligand
binding assay using rat brain homogenates in comparison to the aprepitant molecule. This initial
research is in the conceptual stage to give potential theranostic-like radiopharmaceutical pairs for the
imaging and therapy of neurokinin 1 receptor-overexpressing cancers.

Keywords: aprepitant; radiopharmaceuticals; neurokinin 1 receptor antagonist; radionuclide chelators

1. Introduction

The knowledge of a suitable molecular target and its specificity for a given pathology is a necessary
condition in a targeted radionuclide therapy approach. Many malignant tumors possess an infiltrating
character with no defined margins or spread out metastases around the whole body. Only the selective
binding of a radiopharmaceutical to a molecular target allows for the reliable imaging or safe ablation
of cancer lesions with minimal side effects.

Neurokinin 1 receptor (NK1R; tachykinin 1 receptor) is a well-known G protein-coupled receptor
for neuropeptide Substance P (SP) and a promising system for an anticancer therapeutic molecular
target [1,2]. The activation of the NK1R by its endogenous ligand creates significant proliferative
impulses for tumor cells promoting growth and development, including angiogenesis and metastasis.
At the same time, the frequent formation of SP-NK1R complexes stimulate the cellular up-regulation
of NKI1R on tumor cell surfaces [3], thus providing an even greater cell sensitivity for the mitogen
action of SP. On the other hand, the blockage of SP action by using antagonists of NK1R on SP-sensitive
tumor cells can selectively induce an anti-tumor effect through the mechanism of cell apoptosis [4,5].

Antagonists of NK1R are a very diverse and numerous group of compounds, though clinical
applications have only been found for four compounds. They are applied to the prevention of nausea
and vomiting induced by chemotherapy or surgical complications [2,6]. One of the best known and
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widely studied compounds in this group is aprepitant (APT; Figure 1)—a lipophilic and low molecular
weight morpholine derivative with a high and selective affinity for NK1R. APT possesses anti-tumor
activity, as has been determined in many cancer cell lines [5,7-12]. Moreover, the phenomenon of
the synergism of the anti-tumor activity of NK1R antagonists with an inhibitory effect on the cancer
cell growth of other agents has been confirmed [4]. It has been shown in vitro that the application
of microtubule destabilizing agents in combination with antagonists of NK1R possess synergism in
apoptotic effect in human glioblastoma, bladder, cervical and breast cancer cells [13]. More remarkable
cytotoxic synergism has been proven in a combination of aprepitant and ritonavir (an antiretroviral
agent) in the human glioblastoma GAMG cell line [14]. The application of these two drugs with
temozolomide, an alkylating chemotherapeutic used clinically to treat glioblastoma, gives an even
stronger synergistic effect.

Aprepitant (APT)

Figure 1. Structure of aprepitant with its key elements marked.

What is most relevant is that APT is a fairly safe drug with a known pharmacological profile,
with tolerability similar to placebo- and dose- related action. This could be shown by the fact that
aprepitant’s half-maximal inhibitory concentration (ICsy) value determined for the human embryonic
kidney (HEK) 293 cell line (a low expression NK1R control) is higher than the aprepitant IC;(g values
determined for numerous tumor cell lines overexpressing NK1R [15]. For the reasons described
above, APT’s structure is an interesting scaffold for creating conjugates for carrying radionuclides to
NK1R-positive tumors.

By looking at aprepitant in terms of molecular structure, it can be seen that the compound
(Figure 1) consists of a morpholine core decorated by three ‘arms,” which are:

(i) p-fluorophenyl,
(i) 3,5-bis-trifluoromethylphenyl suspended at an ether linker, and
(iii) a triazolinone moiety suspended at a methylene linker.

In the course of extensive structure-activity studies on NK1R antagonists [16-18], it has been
established that the first two features (in particular: the distance and mutual positioning of two
aromatic rings) are critical for high affinity and, therefore, for NK1R antagonism. On the other hand,
the third element, triazolinone ring, can be, at least in some cases, safely modified without a significant
loss of affinity [18]. This was exploited in attempts to improve the solubility of aprepitant derivatives,
resulting in the derivative L-760,735.

That this site tolerates some modifications is now well-understood in terms of protein-ligand
interactions. A recently reported X-ray structure of an NK1R-aprepitant complex [19] revealed that
the triazolinone ring is located relatively close to the extracellular end of the receptor binding pocket,
where it participates in hydrogen bonding to E193 and W184. However, E193A mutation has virtually
no effect on aprepitant’s affinity, thus suggesting that the interactions in this area are of less importance
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to high affinity binding. Therefore, it seemed the most rational that a convenient site for functionalizing
the APT structure is at this very ring. Nevertheless, the performed functionalization of the APT
molecule required confirmation that the obtained conjugate still had a sufficiently high affinity for
the receptor.

Based on that knowledge, we focused our efforts on the syntheses and in vitro evaluation
of newly designed radioconjugates of aprepitant with gallium-68 or lutetium-177 radionuclides.
For this purpose, we have proposed two functionalization routes of the APT molecule, followed by
conjugation of different macrocyclic chelators DOTA, Bn-DOTA, and Bn-DOTAGA, as well as acrylic
chelator DTPA dedicated to ®®Ga and '”Lu. For conjugates showing full stability in human serum,
molecular modelling studies for human NK1R and preliminary in vitro examination were performed.
These reported findings indicate new perspectives of aprepitant applications in the form of selective
theranostic-like concept radiopharmaceuticals for NK1R-positive tumors.

2. Results and Discussion
2.1. Syntheses of Aprepitant-Based Radioconjugates

2.1.1. Syntheses of Aprepitant Derivatives

The first stage of synthesis concerned the modification of the APT structure in order to introduce
a primary amine group. This was realized according to synthetic pathways presented below by using
one of selected alkyl linkers (Scheme 1) or acetamide linkers (Scheme 2) so as to receive APT-alkylamine
(2A-C) or APT-acetamide derivatives (4D,E).

F F F F e F FoE
F F F F F F
o
\ H,NNH,
- <

/[ N\)
O L
7 ONH N7 “NH

N\/ NH / N\
\
s, QQ”* o=

Aprepitant (APT) o
for n=2 APT-ethylphthalimide 1A for n=2 APT-ethylamine 2A
for n=3 APT-propylphthalimide 1B for n=3 APT-propylamine 2B
for n=4 APT-butylphthalimide 1C for n=4 APT-butylamine 2C

Scheme 1. Synthetic route of aprepitant derivatives with aminoalkyl linkers; where n = {2; 3; 4}.

NH Q N
o o
HoN NH
Aprepitant (APT) (Cij
ethyl APT-acetate 3 for k=0 APT-acethydrazide 4D

for k=2 N-aminoetyl APT-acetamide 4E

Scheme 2. Synthetic route of aprepitant derivatives with acetamide linkers; where k = {0; 2}.
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2.1.2. Syntheses of Aprepitant Conjugates

The coupling reactions of APT-ethylamine, 2A, with different bifunctional chelating agents, were as
follows: DOTA-NHS ester, p-SCN-Bn-DOTA, p-SCN-Bn-DOTAGA, or DTPA dianhydride, as presented
in Scheme 3. The use of different chelators allowed for the evaluation of the effect of the chelating
moiety on the physicochemical properties of later radioconjugates. Based on the stability results
obtained for these radioconjugates (presented in a section below), all other obtained APT derivatives
(2B, 2C, 4D, and 4E) were only conjugated with selected macrocyclic chelator DOTA. The application
of different linkers allowed for the evaluation of their influence on the physicochemical properties of
later radioconjugates.

APT-Et-Bn-DOTAGA 7A

p-SCN-Bn-DOTAGA
EtN

F. F
X?X : ’
O F o}
>/\ I/\ pSCN Bn-DOTA DOTA NHS
N OH o (o]
N
kel g A S &
N

N\) ﬁ( N,
3 /j oo [
\/K\Q\ N%[NH H?;\EN\)& "{ NH

)/\NH’\/N \ HZN/\/N \ NH/\/N‘<\O

HO

APT-Et-Bn-DOTA  6A APT-ethylamine  2A APT-Et-DOTA 5A

‘ DTPA anhydride

e F For i s F. F
F F F F F F
| F
a Q

N7 “NH HN SN N
© N NN \ / NN N~<
o o NHN N <\ N NH PN NHTN S
Ho Z \H 0 o RN
HO OH HO OH
APT-Et-DTPA  B8A APT-Et-DTPA-Et-APT  9A

Scheme 3. Synthetic routes of conjugations of selected chelators to aprepitant-ethylamine 2A.

2.1.3. Preparation of Radioconjugates

All APT conjugates with DOTA, Bn-DOTA, and Bn-DOTAGA were radiolabeled with ®®Ga and
177Lu, while APT conjugates with DTPA were only radiolabeled with ®Ga. Synthesized radioconjugates
were purified using the solid phase extraction (SPE) method before HPLC identification (Figures 2 and 3)
and further analyses.
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Figure 2. Radiochromatograms of aprepitant (APT)-ethylamine 2A conjugates with DOTA, Bn-DOTA,
Bn-DOTAGA or DTPA radiolabeled with gallium-68 (upper two) or with lutetium-177 (bottom).
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Figure 3. Radiochromatograms of DOTA conjugates with all APT derivatives radiolabeled with
gallium-68 (upper two) or with lutetium-177 (bottom two).

As a result of the performed radiosyntheses, all radioconjugates were successfully obtained,
except for [®®Ga]Ga-DTPA-(Et-APT), ([®®GalGa-9A), which proved to be immediately unstable.
Moreovet, in the radiochromatogram of ['77Lu]Lu-DOTA-Bn-Et-APT (['7”Lu]Lu-6A) one can see a small
additional signal (about 19.3 min) that is recognized as an early by-product of an interaction with solvent
(EtOH) from the purification process. To verify the identity of all synthesized [®®Ga]Ga-radioconjugates
in a non-carrier added scale, the non-radioactive stable gallium reference compounds (Ga-5A-Ga-9A
and Ga-5A-Ga-5E) were synthesized and characterized by mass spectrometry. The retention time
values of the [®®Ga]Ga-radioconjugates and stable references presented below (Tables 1 and 2)
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overlapped, and the differences between them resulted from the serial connection of UV-Vis and
gamma detectors only.

Table 1. Retention times (Ry) of stable gallium conjugates and [*®Ga]Ga-radioconjugates of
aprepitant-ethylamine 2A.

Stable Ga-Conjugate Rt [%¥GalGa-Radioconjugate Rt
Ga-DOTA-Et-APT, Ga-5A 17.4 min [68GalGa-DOTA-Et-APT, [*8GalGa-5A 17.7 min
Ga-DOTA-Bn-Et-APT, Ga-6A 18.5 min [63GalGa-DOTA-Bn-Et-APT, [*8GalGa-6A 18.9 min
Ga-DOTAGA-Bn-Et-APT, Ga-7A 17.7 min [68GalGa-DOTAGA-Bn-Et-APT, [$8GalGa-7A 18.1 min
Ga-DTPA-Et-APT, Ga-8A 17.6 min [68GalGa-DTPA-Et-APT, [3GalGa-8A 17.9 min
Ga-DTPA-(Et-APT);, Ga-9A 23.6 min [*8GalGa-DTPA-(Et-APT),, [3GalGa-9A 23.9 min

Table 2. Ry of stable gallium conjugates and [*®Ga]Ga-radioconjugates of all aprepitant derivatives.

Stable Ga-Conjugate Rt [8GalGa-Radioconjugate Rt
Ga-DOTA-Et-APT, Ga-5A 17.4 min [#3Ga]Ga-DOTA-Et-APT, [*8Ga]Ga-5A 17.7 min
Ga-DOTA-Pr-APT, Ga-5B 16.8 min [#3Ga]Ga-DOTA-Pr-APT, [*4GalGa-5B 17.0 min
Ga-DOTA-Bu-APT, Ga-5C 16.9 min [#3Ga]Ga-DOTA-Bu-APT, [*8Ga]Ga-5C 17.3 min

Ga-DOTA-HN-NH-Ac-APT, Ga-5D 15.8 min [#3Ga]Ga-DOTA-HN-NH-Ac-APT, [*4GalGa-5D 16.3 min
Ga-DOTA-Et-Ac-APT, Ga-5E 16.1 min [#3GalGa-DOTA-Et-Ac-APT, [*¥GalGa-5E 16.5 min

2.2. Physiochemical Evaluation of Radioconjugates

2.2.1. Stability Study

The sine qua non condition of a radionuclide’s application in vivo is its radiopharmaceutical
stability in biological fluids like serum or cerebrospinal fluid. For this purpose, each isolated and
solvent-free radioconjugate was incubated at 37 °C in human serum (HS). At specific time points,
small samples of radioconjugate mixture were analyzed by the HPLC method for the assessment of the
radioconjugate condition. The collected data presented on the charts below (Figure 4) point out that
only the DOTA radioconjugates remained stable in the biological fluid; thus, these radioconjugates
were selected for further analyses.
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100% g====-=-=-----==--==--- e o | [100% ¢ - - - B e TR .
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80% Y
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Figure 4. Percentage of intact [*® Ga]Ga-radioconjugates (left) and [/ Lu]Lu-radioconjugates (right)
determined at specific time points during incubation in 37 °C human serum.

We concluded that for the demand of designed aprepitant radioconjugates, the acyclic chelator
DTPA showed a poor radionuclide chelating ability during incubation in human serum. DOTA and its
analogues presented a satisfactory radionuclide complex stability, however, for the overall stability
of the radioconjugate results from the type of the formed chemical bond with the amine terminated
aprepitant derivative and the presence of a negative charge on the chelator-metal complex moiety.
The amide bond created by the DOTA-NHS ester and uncharged complex in the conjugates remained
stable throughout the whole stability study, while the thiourea bonds and negatively charged
complexes created by both p-SCN-Bn-DOTA and p-SCN-Bn-DOTAGA were found to gradually
decompose in time. This phenomenon of instability in HS has been observed previously in various
radiopharmaceuticals [20].
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2.2.2. Lipophilicity Study

Drug distribution in vivo is highly related to both the lipophilicity and charge of a drug.
The optimal radiotracer lipophilicity value for blood-brain barrier crossing lies within the range
from 2.0 to 3.5 [21]. Non-peptide NKIR antagonists, like aprepitant, are characterized by a high
lipophilicity (logD 4.8) [22], while the DOTA chelator is a highly hydrophilic moiety. In seeking to keep
in lipophilicity of radioconjugates in a desired range, the choice of a proper linker (primary aprepitant
modification) seems essential for distribution and pharmacokinetic aspects.

In the course of the lipophilicity study, each isolated DOTA radioconjugate (determined as fully
stable in HS) was examined for distribution in the system of n-octanol and a phosphate-buffered saline
(PBS) buffer (pH = 7.4) to estimate the lipophilicity of the radiocomplex. The lipophilicity of each
radioconjugate (logD), defined as the logarithm of the distribution coefficient (D) is based on the ratio
of the radioactivity of the organic phase to the radioactivity of the aqueous phase. The stability of the
studied radioconjugate was verified simultaneously during the experiment through the HPLC analysis
of the aqueous phase. LogD values of [®*Ga]lGa-5A-[*8GalGa-5E and [\’ Lu]Lu-5A—['"’Lu]Lu-5E are
listed below in Table 3.

Table 3. LogD values of human serum stable radioconjugates determined in n-octanol/PBS buffer system.

Radioconjugate logD
68Ga- 177 u-
APT-Et-DOTA, 5A 0.141 + 0.019 0.708 + 0.021
APT-Pr-DOTA, 5B 0.058 + 0.016 0.654 + 0.022
APT-Bu-DOTA, 5C 0.290 + 0.018 0.777 £ 0.021
APT-Ac-HN-NH-DOTA, 5D -1.012 + 0.017 —0.401 + 0.015
APT-Ac-Et-DOTA, 5E -0.231 £ 0.015 0.500 + 0.017

The APT-alkylamine derivative-based radioconjugates showed similar lipophilicity values that
were higher than those of the APT-acetamide derivative-based radioconjugates. The complexes with
lutetium were more lipophilic by (on average) 0.6 logD units. However, the logD values for all
radioconjugates significantly decreased in comparison to aprepitant, indicating possible divergences
in the pharmacokinetic fate of the radioconjugates and the parent drug.

2.3. Binding Affinity

An important consideration in the search of conjugate vectors for radionuclides is whether the
functionalization of a high affinity ligand would not reduce the binding strength for a desired receptor.
For the preliminary addressing of this issue in the case of our conjugates, we measured the affinity of
compounds 5A-E (uncomplexed precursors) for the rat neurokinin-1 receptor. The human (hNK1R)
and the rat (rNK1R) neurokinin 1 receptors differ in their sequences and pharmacology. It has been
established that many (but not all) high affinity NK1R antagonists have a significantly lower affinity
for the rat receptor than for that of human origin [23,24]. Still, the results presented below give some
tentative insight into the affinity changes caused by the functionalization of the aprepitant structure at
the triazolinone ring.

The results of the binding affinity determinations are given in Table 4. The parent compound,
aprepitant, was found to exhibit ICsy = 128.4 nM. This value was roughly consistent with the reported
potency of aprepitant in a functional assay. The compound was found to inhibit Substance P-evoked
increases in intracellular Ca?* mobilization in the cells expressing rNK1R with a pKp reading 7.3 [25].
Note that in the assays with cells expressing hNKIR, aprepitant was significantly more potent
(pKp = 8.7), and the reported binding affinities for the human receptor were of the subnanomolar order
(e.g., IC5p = 0.09 nM [17]).
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Table 4. Binding affinity of aprepitant and compounds 5A-E for the rat neurokinin 1 receptor.

Compound ICs9 = SEM 2 [uM] Ratio to APT
Aprepitant 0.13 + 0.06 1.0
APT-Et-DOTA, 5A 6.2+26 48.2
APT-Pr-DOTA, 5B 0.69 + 0.07 5.3
APT-Bu-DOTA, 5C 1.8+0.7 14.3
APT-Ac-HN-NH-DOTA, 5D 25+0.7 19.1
APT-Ac-Et-DOTA, 5E 25+05 19.7

2 ICsp + SEM: the half-maximal inhibitory concentration with the standard error of the mean of three independent
experiments done in duplicate.

The aprepitant-based conjugates exhibited a diversified range of affinities. The strongest ligand in
the set was the compound bearing a propylamine linker, 5B. It was found to have an ICsg of 0.69 pM.
This value was about five times worse than that of the parent compound. Interestingly, decreasing (5A)
or increasing (5C) the linker length by one methylene unit was associated with much lower affinity of
the micromolar order. The shorter 5A exhibited the lowest binding in the set, with an ICsy of 6.2 pM.
The analogue with the butylamine linker (5C) had an ICsj of 1.8 uM. Similar affinities (IC59~2.5 uM)
were found for the conjugates with the acylhydrazine (5D) or N-aminoethylacetamide (5E) linkers.

2.4. Molecular Modelling Study

In order to get insight into possible interactions between the aprepitant-DOTA conjugates reported
herein and the NKI1R, the complexes thereof were modelled by molecular docking. The applied
procedure consisted in building the appropriate linker-DOTA fragments into the aprepitant structure
crystallized with the receptor (Protein Data Bank (PDB) accession code: 6HLO [19]), followed by local
search docking executed in AutoDock 4.2.6 [26].

According to this procedure, the presence of a linker-DOTA moiety in the aprepitant-based
conjugates did not have a major impact on the interactions between the core of the molecule and
the receptor. Only a slight repositioning of the morpholine core, 3,5-bis-trifluoromethylphenyl,
or p-fluorophenyl moieties was observed compared to the 6HLO crystal structure (Figure 5A).
Thus, the conjugates were predicted to bind with the 3,5-bis-trifluoromethylphenyl fragment located at
the bottom of the ligand-binding pocket and the DOTA moiety closer to the extracellular side of the
receptor (Figure 5A).

In the part that was common to all studied derivatives (and the parent aprepitant), the complexes
were stabilized by (Figure 5B):

(i) hydrogen bonding between Q165 and the ether oxygen,

(ii) hydrophobic contacts of the morpholine ring and F268 and 1182,

(iii) hydrophobic contacts with side chains of N109, P112, and 1113,

(iv) hydrophobic contacts of the 3,5-bis-trifluoromethylphenyl with W261 and F264,

(v) hydrophobic contacts of the p-fluorophenyl ring and H197, V200, T201, 1204, and H265.

These interactions were identical to those found for the parent aprepitant in 6HLO structure.

On the other hand, the presence of the linker-DOTA fragment was predicted to weaken the
contacts that the triazolinone ring of the parent aprepitant had with the receptor in the crystal structure
6HLO [19]. In the optimized complexes for all the conjugates, this ring was displaced compared to the
parent structure (Figure 6A,B), so hydrogen bonding to W184 was not possible. On the other hand, a
better positioning of this ring for m—m stacking with H197 was predicted for the conjugates.
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LINKER
+DOTA

Figure 5. Binding mode of the reported conjugates in the neurokinin 1 receptor (NK1R) binding
site. (A) A generalized view on the binding mode. The receptor is displayed as a yellow surface,
with transmembrane helices (TMs) 2 and 6 shown as cylinders. The extracellular loop 2 (ECL2) is
shown as a yellow ribbon. The conjugates are represented as colored sticks. (B) A view focused on the
interactions of the part common to aprepitant and the conjugates. The conjugate shown is compound
5A (pale blue sticks). Only several residues of the receptor are shown (yellow sticks).

Figure 6. (A) Interactions of aprepitant’s triazolinone ring with W184, E193, and H197 side-chains.
(B) positioning of the triazolinone ring of the conjugates in the same projection as in (A). (C-E) Relative
position of the DOTA moiety in conjugates 5A (C), 5B-D (D), and 5E (E). The receptor helices are
shown as yellow cylinders.

Regarding the positioning of the linker-DOTA part, in the case of 5A, this fragment docked closely
(Figure 6C) to the extracellular loop 2 (ECL2) and the extracellular terminus of the transmembrane
helix 5 (TM5). One of the DOTA'’s carboxylate oxygens interacted with the side-chain of K190. For the
analogues 5B-D, the DOTA moiety was predicted to be located between the extracellular tips of TM5
and TM6 (Figure 6D). Its contacts included residues K194, K190, and P271. In the case of the longest
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derivative, 5E, the docking placed the DOTA moiety close to TM5 and ECL2 (Figure 6E). Here, it could
interact with K190 and M181.

Since in the crystal structures 6HLO, 6HLL, and 6HLP [19], several residues by the extracellular
end of the receptor were found to adopt different rotamers upon the binding of different ligands, we
wanted to see if the flexibility of these residues could affect the docking results. Therefore, the local
docking procedure with the enabled flexibility of E193 and H197 was performed. It yielded similar
results with only minor adjustments of the side chain rotamers. Its results (in terms of interactions and
binding poses) are not discussed herein since they are almost perfectly accounted for by the description
of the docking procedure with the rigid receptor.

Regarding the quantitative evaluation (Table 5), AutoDock scoring function predicted that
aprepitant would bind with the free energy of —10.43 kcal/mol. For the conjugates, the estimated
energy varied between —9.64 kcal/mol (5D) and —13.74 kcal/mol (5E). The predicted energies did not
correlate with the experimental data. This was perhaps due to the problems with estimating the
entropic contribution because the conjugates differed with respect to the number of the rotatable bonds.

Table 5. Scoring results from molecular docking. The values are the estimated free energy of binding

(kcal/mol).
Rigid Receptor Enabled Flexibility of E193 and H197
Compound Lowest ? Mean P Lowest ? Mean ©
APT-Et-DOTA, 5A -11.26 -11.26 -12.37 -10.24
APT-Pr-DOTA, 5B -10.84 -9.86 -10.74 -9.27
APT-Bu-DOTA, 5C -12.26 -11.90 -12.21 -11.83
APT-Ac-HN-NH-DOTA, 5D —9.64 -9.07 -9.19 —-8.68
APT-Ac-Et-DOTA, 5E -13.74 -13.16 —-14.31 -13.60
Aprepitant (APT) -10.43 -10.31 -10.57 -10.40

2 Jowest energy in the best scored cluster; ® mean energy in the best scored cluster.

Other sources of significant error may have been the way the DOTA moiety was modelled (aimed at
mimicking the presence of the cation in a simplified manner) and the fact that the experimentally
evaluated conjugates were uncomplexed.

3. Materials and Methods

Aprepitant (Santa Cruz Biotechnology Inc.,, Dallas, TX, USA), the DOTA-NHS
ester (1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid mono-N-hydroxysuccinimide ester),
p-SCN-Bn-DOTAGA (2,2/,2"’-(10-(1-carboxy-4-((4-isothiocyanatobenzyl)amino)-4-oxobutyl)-1,4,7,10-
tetraaza-cyclododecane-1,4,7-triyl)triacetic acid) (CheMatech, Dijon, France), p-SCN-Bn-DOTA
(5-2-(4-isothiocyanatobenzyl)-1,4,7,10-tetraazacyclododecane tetraacetic acid) (Macrocyclics, Plano,
TX, USA), DTPA dianhydride (diethylenetriaminepentaacetic dianhydride), and other substances and
solvents (Sigma Aldrich/Merck, Darmstadt, Germany) were commercially available, defined as reagent
grade, and applied without further purification. ®®GaCl; was eluted from the commercially available
68Ge/8Ga generator (Eckert & Ziegler, Berlin, Germany). The 177LuCl; solution in 0.04 M HCl was
purchased at Radioisotope Centre POLATOM, National Centre for Nuclear Research, Otwock-Swierk,
Poland. Sep—Pack® Classic Short C18 Cartridges were purchased from WATERS, Milford, MA, USA.
Human serum was isolated and purified at the Centre of Radiobiology and Biological Dosimetry, INCT
Warsaw, Poland.

The HPLC conditions and gradient were as follows: a semi-preparative Phenomenex Jupiter
Proteo column, 4 um, 90 A, 250 x 10 mm, with UV/Vis (220 nm) or/and radio y-detection at gradient
elution: 0-20 min 20 to 80% solvent B; 20-30 min 80% solvent B; 2 mL/min; solvent A: 0.1% (v/v)
trifluoroacetic acid (TFA) in water; and solvent B: 0.1% (v/v) TFA in acetonitrile.

Mass spectra were measured on a Bruker 3000 Esquire mass spectrometer equipped with
electrospray ionization (ESI) (Bruker, Billerica, MA, USA).
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3.1. Syntheses of Aprepitant Derivatives and Aprepitant-Based Conjugates

3.1.1. General Procedure of Syntheses of Aprepitant Derivatives with Alkyl Linker, 2A-C

The slight molar excess of the selected n-(terminal-bromoalkyl) phthalimide was added into an
equimolar mixture of APT and sodium carbonate in dimethylformamide (DMF). The reaction mixture
was vigorously stirred in about 50 °C for 12-18 h. Then, the triple molar excess of hydrazine was
added into the reaction mixture for an additional 3 h. The progress of the reaction was monitored by
HPLC. The crude reaction mixture was evaporated, dissolved in the HPLC mobile phase, purified by
the HPLC method, and lyophilized. The isolated main product was identified as a mono-substituted
APT-alkylamine derivative (2A-C, ~75% reaction yield) by MS analysis confirmation.

MS: Calculated monoisotopic mass for APT-Et-NHj, 2A, C5HysF7N503: 577.19; found: 578.27 m/z
M+ H"]

MS: Calculated monoisotopic mass for APT-Pr-NHy, 2B, CpsHpgF7N505: 591.21; found: 592.12 m/z
M+ H"]

MS: Calculated monoisotopic mass for APT-Bu-NHy, 2C, Cy7H30FyN5O3: 605.22; found: 606.38 m/z
M+ H*]

3.1.2. General Procedure of Syntheses of Aprepitant Derivatives with Acetamide Linker, 4D and 4E

The slight molar excess of ethyl 2-bromoacetate was added into an equimolar mixture of APT
and sodium carbonate in DMF. The reaction mixture was vigorously stirred in about 50 °C for 24 h.
Then, the triple molar excess of hydrazine or ethylenediamine was added into the reaction mixture for
an additional 3 h. The progress of the reaction was monitored by HPLC. The crude reaction mixture
was evaporated, dissolved in the HPLC mobile phase, purified by the HPLC method, and lyophilized.
The isolated main product was identified as a mono-substituted amino-terminated APT-acetamide
derivative (4D and 4E, 65-70% reaction yield) by MS analysis confirmation.

MS: Calculated monoisotopic mass for APT-Ac-HN-NH;, 4D, Cy5H,5F;NgOy: 606.19; found: 608.07
mjz [M + H*]

MS: Calculated monoisotopic mass for APT-Ac-Et-NHj, 4E, Co7Hp9F7NgOy: 634.21; found: 635.31 m/z
[M + H*]

3.1.3. General Procedure of Syntheses of Aprepitant Conjugates with DOTA, 5A-E

The obtained APT derivative (2A-C, 4D, and 4E) and the DOTA-NHS ester in similar molar ratios
were dissolved in DMF purged from oxygen with technical nitrogen and supplemented with a triple
molar excess of triethylamine. The reaction mixture was vigorously stirred in about 50 °C for 24 h.
The progress of the reaction was monitored by HPLC. The crude reaction mixture was evaporated,
dissolved in the HPLC mobile phase, purified by the HPLC method, and lyophilized. The isolated
main product was identified as a DOTA conjugate with an APT derivative (5A-E, >90% reaction yield)
by MS analysis confirmation.

MS: Calculated monoisotopic mass for APT-Et-DOTA, 5A, C41Hs,F7NgOj¢: 963.37; found: 964.27 m/z
[M + H]

MS: Calculated monoisotopic mass for APT-Pr-DOTA, 5B, C4pHs54F7NoO1g: 977.39; found: 978.42 m/z
[M+H*]

MS: Calculated monoisotopic mass for APT-Bu-DOTA, 5C, C43Hs6F,NgO1p: 991.40; found: 992.41 m/z
[M+ H™*]

MS: Calculated monoisotopic mass for APT-Ac-HN-NH-DOTA, 5D, C41H51F7N19O11: 992.36; found:
993.17 m/z [M + H*]

MS: Calculated monoisotopic mass for APT-Ac-Et-DOTA, 5E, C43Hs55F;N19O;1: 1020.39; found:
1021.43 m/z [M + H*]
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3.1.4. Procedure of Syntheses of Aprepitant-Ethylamine Conjugates with p-SCN-Bn-DOTA and
p-SCN-Bn-DOTAGA, 6A and 7A

The APT-ethylamine (2A) and bifunctional chelating agent in similar molar ratios were dissolved
in DMF and supplemented with a 5-fold molar excess of triethylamine. The reaction mixture was
vigorously stirred in about 50 °C for 24 h. The progress of the reaction was monitored by HPLC.
The crude reaction mixture was evaporated, dissolved in the HPLC mobile phase, purified by the HPLC
method, and lyophilized. The isolated main product was identified as a DOTA-Bn or DOTAGA-Bn
conjugate with an APT derivative (6A and 7A, > 90% reaction yield) by MS analysis confirmation.

MS: Calculated monoisotopic mass for APT-Et-Bn-DOTA, 6A, C49Hs9F7N19011S: 1128.40; found:
1129.55 m/z [M + H*]
MS: Calculated monoisotopic mass for APT-Et-Bn-DOTAGA, 7A, Cs;HgsF7N11012S: 1199.43; found:
1200.66 m/z [M + H*]

3.1.5. Procedure of Syntheses of Aprepitant-Ethylamine Conjugates with DTPA Anhydride, 8A, 9A

The APT-ethylamine (2A) and DTPA anhydride in a 3:2 molar ratio were dissolved in DMF
purged from oxygen with technical nitrogen. The reaction mixture was vigorously stirred in room
temperature for 2 h. The progress of the reaction was monitored by HPLC. The crude reaction mixture
was evaporated, dissolved in the HPLC mobile phase, purified by the HPLC method, and lyophilized.
Two isolated main products were identified as DTPA conjugated with one or two molecules of the APT
derivative (8A and 9A with ~45% and ~40% reaction yields, respectively) by MS analysis confirmation.

MS: Calculated for monoisotopic mass APT-Et-DTPA, 8A, C39H7F;NgO1p: 952.32; found: 953.40 m/z
[M+ H*]

MS: Calculated for monoisotopic mass APT-Et-DTPA-Et-APT, 9A, Cg4H71F14N13014: 1511.50; found:
1512.64 m/z [M + H*]

3.2. Preparation of Radioconjugates

3.2.1. %Ga Radiolabeling

The %8Ga radiolabeling of the DOTA, Bn-DOTA, and Bn-DOTAGA conjugates of APT was
performed according to the following procedure: 145 pL of a concentrated solution of [®*Ga]GaCl3
in 0.1 M HCl from the ®Ge/®®Ga generator (4.9 + 7.2 MBq) was added into the solution of 25 nmol
of the selected conjugate in 200 uL of a 0.2 M acetate buffer (pH = 4.5) and heated for 5-10 min
at 95 °C. After this time, each radioconjugate was purified using Sep-Pack® Classic Short C18
Cartridges according to producer recommendations, thereby obtaining an easily vaporized ethanolic
solution of each radioconjugate. The effectiveness of the purification was monitored by HPLC.
DTPA radioconjugates were obtained via an analogical procedure in room temperature.

3.2.2. 77Lu Radiolabeling

The 77Lu radiolabeling of the DOTA, Bn-DOTA, and Bn-DOTAGA conjugates of APT was
performed according to the following procedure: 2.7 + 5.3 uL of a ['”/Lu]LuCl3 n.c.a. solution in 0.04 M
HCl (4.6 +~ 5.2 MBq) was added into the solution of 2.5 nmol of the selected conjugate in 200 uL of a 0.02M
acetate buffer (pH 4.5) and heated for 10 min at 95 °C. After this time, each radioconjugate was purified
using Sep-Pack® C18 Cartridges according to the producer recommendations, thereby obtaining an
easily vaporized ethanolic solution of each radioconjugate. The effectiveness of the purification was
monitored by HPLC.

3.2.3. Preparation of Non-Radioactive References

The non-radioactive Ga labelling of the DOTA, Bn-DOTA, and Bn-DOTAGA conjugates of APT
was performed according to the following procedure: 145 pL of a concentrated solution of 20 mM
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GaCl3 in 0.1 M HCl was added into the solution of 50 nmol of the selected conjugate in 200 uL of a 0.2 M
acetate buffer (pH = 4.5) and heated for 5-10 min at 95 °C. After this time, each reaction mixture was
purified by the HPLC method, lyophilized, and characterized by mass spectrometry. DTPA conjugates
were obtained via an analogical procedure in room temperature.

MS: Calculated for monoisotopic mass APT-Et-DOTA-Ga, 5A-Ga, C41H50F7NgO;9Ga: 1030.80 and
1032.28; found: 1030.40 and 1032.40 m/z [M*]

MS: Calculated for monoisotopic mass APT-Pr-DOTA-Ga, 5B-Ga, C4pHzF7NgO19Ga: 1044.30 and
1046.30; found: 1044.38 and 1046.39 m/z [M*]

MS: Calculated for monoisotopic mass APT-Bu-DOTA-Ga, 5C-Ga, C43H54F7NgO19Ga: 1058.31 and
1060.31; found: 1058.37 and 1060.40 m/z [M*]

MS: Calculated for monoisotopic mass APT-Ac-HN-NH-DOTA-Ga, 5D-Ga, C41Hy9F;N19O1;Ga:
1059.27 and 1061.27; found: 1059.31 and 1061.40 m/z [M*]

MS: Calculated for monoisotopic mass APT-Ac-Et-DOTA-Ga, 5E-Ga, C43Hs3F7N19O11Ga: 1087.30
and 1089.30; found: 1087.37 and 1089.44 m/z [M*]

MS: Calculated for monoisotopic mass APT-Et-Bn-DOTA-Ga, 6A-Ga, C49Hs5,F;,N190O115Ga: 1095.31
and 1097.31; found: 1195.54 and 1197.51 m/z [M*]

MS: Calculated for monoisotopic mass APT-Et-Bn-DOTAGA-Ga, 7A-Ga, C5;Hgp F7N1101,5ga: 1266.34
and 1268.34; found: 1266.47 and 1268.47 m/z [M*]

MS: Calculated for monoisotopic mass APT-Et-DTPA-Ga, 8A-Ga, C39Hy4F7NgO1,Ga: 1018.22 and
1020.22; found: 1019.35 and 1021.37 m/z [M + H*]

MS: Calculated for monoisotopic mass APT-Et-DTPA-(Ga)-Et-APT, 9A-Ga, Cg4HegF14N13014Ga:
1577.40 and 1579.40; found: 1578.64 and 1580.66 m/z [M + H*]

3.3. Physiochemical Evaluation of Radioconjugates

3.3.1. Stability Study

All obtained radioconjugates (isolated from the reaction mixtures using the SPE method and being
solvent-free) were examined in terms of stability in human serum using HPLC analyses. A solution of
each isolated selected radioconjugate in 100 puL of a 0.1M PBS buffer pH 7.40 was added to 900 pL of
human serum and incubated at 37 °C for 4 h (®3Ga radioconjugates) or 14 days (}””Lu radioconjugates).
At specific time points, 400 pL of the incubated mixture was added into 500 pL of ethanol, vigorously
stirred to precipitate serum proteins, and centrifuged (13,500 rpm for 5 min) to separate the supernatant
for HPLC analysis.

3.3.2. Lipophilicity Study

The lipophilicity values of the radioconjugates (logD), expressed as the logarithm of its D in
the n-octanol/PBS (pH 7.40) system, mimicking the physiological conditions (Product Properties Test
Guidelines of the Office of Prevention, Pesticides and Toxic Substances 830.7550, 1996), were determined
right after the SPE method purification and ethanol evaporation processes. A solution of isolated
selected radioconjugate in 500 L of a 0.1 M PBS buffer at pH 7.40 and 500 pL of n-octanol was vigorously
stirred and centrifuged (13,500 rpm for 5 min) to separate the immiscible phases. The radioactivities of
the aqueous and organic layers were determined using a well-type Nal(T1) detector. The distribution
coefficient was calculated as the ratio of the radioactivity of the radioconjugate in the organic phase to
thatin the aqueous phase. Each measurement was performed in triplicate and averaged. Simultaneously,
the aqueous phases were analyzed by HPLC to check whether the studied radioconjugate remained
intact during the experiment.
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3.4. Binding Affinity Determination

The binding affinity of aprepitant and compounds 5A-E for rNKIR was determined in a
competitive radioligand binding assay using rat brain homogenates, following a previously described
method [27]. In brief, the membrane preparations obtained from rat brains were incubated at 25 °C
for 60 min in the presence of a selective radioligand [®H]-[Sar? Met(O,)!]-Substance P obtained
from PerkinElmer, (Waltham, MA, USA) and the increasing concentrations of the tested compounds
(each concentration in duplicate). Non-specific binding was measured in the presence of 10 uM cold
Substance P. The assay buffer was composed of 50 mM Tris-HCl (pH 7.4), 5 mM MnCl,, bovine serum
albumin (BSA) (0.1 mg/mL), bacitracin (100 ug/mL), bestatin (30 uM), phenylmethylsulfonyl fluoride
(30 ng/mL), and captopril (10 pM). The reaction total volume was 1 mL. With the incubation having
been terminated, a rapid filtration through GF/B Whatman glass fiber strips was done with a M-24 Cell
Harvester (Brandel, Gaithersburg, MD, USA). The filters were pre-soaked overnight with 0.5%
polyethyleneimine so that the extent of non-specific binding could be minimized. After the filtration,
the strips were dried, the filter discs were placed separately in 24-well plates, and a Betaplate Scint
scintillation solution (PerkinElmer, Waltham, MA, USA) was added to each well. Radioactivity
was measured with a MicroBeta LS scintillation counter, Trilux (PerkinElmer, Waltham, MA, USA).
The data came from three independent experiments done in duplicate. The results are presented as
ICsy with SEM.

3.5. Docking

In order to obtain the probable structures of the complexes of the neurokinin 1 receptor with
the conjugates 5A-E, the following modelling procedure was performed. The aprepitant structure
(with neutral charge) in the complex with the receptor (PDB accession code: 6HLO [19]) was expanded
by attaching to the triazolinone ring the appropriate linkers and the DOTA moiety. Such initial
complexes were subjected to local search docking in AutoDock 4.2.6 [26].

The DOTA geometry was set based on the NOJYIU entry [28] of The Cambridge Structural
Database [29]. This structure is a DOTA complex with Lu3* (diaqua-lutetium(Ill)-sodium trihydrate).
For the purposes of our modelling, DOTA carboxylate arms were protonated and frozen in the
conformation found in the crystal structure of lutetium (III) chelate of DOTA (after removing the Lu®*
cation, Na* cations and waters). The rationale behind this gambit was the fact that the carboxylates
would be primarily engaged in the interactions with a cation; therefore, they might have been expected
to retain the conformation they had in the solid state structure. This approach could also give a rough
approximation of the DOTA’s steric influence on the binding of the conjugates despite a lack of properly
scaled and validated parameters for modelling and scoring the complexes with the cations of interest.

The used receptor structure was a refined one (as provided by the GPCRdDb service [30]) in order
to have the mutated residues replaced with the native ones and to supply the side chains missing in
the original PDB structure. The structure was pre-processed in AutoDock Tools [26]. The box was set
around the experimental position of aprepitant in 6HLO and extended towards the extracellular part
of the receptor so as to cover the expected length of the expanded conjugate. The grids were calculated
with AutoGrid 4 [26]. We considered two variants of docking with respect to the flexibility of the
receptor structure. In the first variant, all receptor residues were rigid. In the second variant, E193 and
H197 side-chains were set to be flexible.

The docking procedure was the local search with the following parameters: 500 individuals in
population, 500 iterations of the Solis-Wets local search, the sw_rho parameter of the local search space
set to 20.0, and 1000 local search runs. The structures resulting from the local search were clustered,
and the representative models of the lowest scored (on average) cluster were taken for further analysis.
For the qualitative assessment of the binding energy, both the lowest and the mean energy of the
clusters were collected. The molecular graphics were prepared in PyMol [31].

For comparative and validation purposes, the very same procedure of local docking (with and
without the flexibility of the mentioned two residues) was performed for the parent aprepitant.
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4. Conclusions

The presented paper describes the evaluation of aprepitant functionalization in order to provide
an application of this NK1R antagonist in nuclear medicine.

Out of the corresponding 8Ga/!”” Lu radioconjugates of APT-ethylamine 2A with DOTA, Bn-DOTA,
Bn-DOTAGA, and DTPA, only the DOTA amide conjugates showed satisfactory stability in human
serum throughout the whole incubation time. The evaluation of the linker effect on radioconjugate
lipophilicity indicated APT-alkylamine derivatives as more promising biovectors with features closer
to parent aprepitant. The physicochemical properties of obtained APT-alkylamine-DOTA derivatives
labelled with ®Ga ([*8GalGa-5A-[* Ga]Ga-5C) can be compared with those of [’ Ga]Ga-NOTA-NKI1R
radioligands based on another NK1R antagonist—L-733,060 [32]. The %/%¥Ga-radioligands based
on these two high affinity NKI1R antagonists turned out to be very similar, as evidenced by the
following parameters:

(i) they were labelled using macrocyclic chelators (DOTA and NOTA) incorporated in the same ‘arm’
of the antagonist molecule core,

(ii) the radioconjugates had similar molecular weights (about 1000),

(iii) they had comparable logD values (about 0.15 and 0.6 for the APT-radioligands and the
L-733,060-radioligands, respectively),

(iv) all were fully stable in human serum examinations.

Regarding the affinity studies of the 5A-E conjugates, on the assumption that the human NK1R
affinities for aprepitant derivatives were generally much higher than the rat NKIR affinities and
that structure-affinity trends were parallel in both species, all the synthesized compounds might be
considered to retain reasonable NK1R affinity compared to their parent. In particular, the analogue
5B (which only suffered a few-times decrease in affinity compared to APT) seems to be especially
interesting for further development. Obtained results suggest that the functionalizing of the aprepitant
structure via the triazolinone ring is the right strategy.

Itis also worth mentioning that, in general, radiopharmaceuticals based on small non-peptide molecules
(e.g., aprepitant and L-733,060) have many advantages over peptide-based radiopharmaceuticals [2].
They usually have lower molecular weights, higher lipophilicity values, and, hence, different
pharmacokinetics; they are stable in vivo, but, more importantly, their radiosyntheses can be carried out at
higher temperatures and in a wider pH range. Moreover, according to the literature, radiopharmaceuticals
based on non-peptide antagonists interact with a receptor through more binding sites and accumulate better
and for a longer time period in cancer cells [33,34]. Even though the further evaluation of aprepitant-based
radiopharmaceuticals is still needed, the findings reported herein provide insight on the perspectives of
their application in the theranostics paradigm.
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Abbreviations

6HLO, 6HLL, 6HLP accession codes of co-ordinates and structure factors in PDB
APT aprepitant

BBB Blood-brain barrier

Bn benzyl moiety

BSA bovine serum albumin

DMF dimethylformamide

DOTA 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid
DOTAGA 1,4,7,10-tetraazacyclododecane, 1 glutaric acid - 4,7,10-acetic acid
DTPA diethylenetriaminepentaacetic acid

ECL extracellular loop

ESI electrospray ionization

GAMG human glioblastoma cell line

HEK 293 human embryonic kidney 293 cell line

hNK1R human neurokinin 1 receptor

HS human serum

ICy00 maximal inhibitory concentration

ICsg half-maximal inhibitory concentration

logD logarithm of distribution coefficient

MS mass spectrometry

n.c.a. non-carrier added

NHS N-hydroxysuccinimide moiety

NK1R neurokinin 1 receptor, tachykinin 1 receptor

PBS phosphate-buffered saline

PDB Protein Data Bank

pKs negative logarithm of Boltzmann constant

p-SCN para-isocyanate group

rNKIR rat neurokinin 1 receptor

Rt retention time

SEM standard error of the means

SP Substance P

SPE solid phase extraction

TFA trifluoroacetic acid

™ transmembrane helix
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Abstract: Hypopharyngeal cancer (HPC) accounts for the lowest survival rate among all types of
head and neck cancers (HNSCC). However, the therapeutic approach for HPC still needs to be
investigated. In this study, a theranostic 88Re-liposome was prepared to treat orthotopic HPC
tumors and analyze the deregulated microRNA expressive profiles. The therapeutic efficacy of
188Re-liposome on HPC tumors was evaluated using bioluminescent imaging followed by next
generation sequencing (NGS) analysis, in order to address the deregulated microRNAs and associated
signaling pathways. The differentially expressed microRNAs were also confirmed using clinical
HNSCC samples and clinical information from The Cancer Genome Atlas (TCGA) database. Repeated
doses of 8Re-liposome were administrated to tumor-bearing mice, and the tumor growth was
apparently suppressed after treatment. For NGS analysis, 13 and 9 microRNAs were respectively
up-regulated and down-regulated when the cutoffs of fold change were set to 5. Additionally,
miR-206-3p and miR-142-5p represented the highest fold of up-regulation and down-regulation by
188Re-liposome, respectively. According to Differentially Expressed MiRNAs in human Cancers
(dbDEMC) analysis, most of 8 Re-liposome up-regulated microRNAs were categorized as tumor
suppressors, while down-regulated microRNAs were oncogenic. The KEGG pathway analysis
showed that cancer-related pathways and olfactory and taste transduction accounted for the top
pathways affected by 18 Re-liposome. 8 Re-liposome down-regulated microRNAs, including miR-143,
miR-6723, miR-944, and miR-136 were associated with lower survival rates at a high expressive level.
188Re-liposome could suppress the HPC tumors in vivo, and the therapeutic efficacy was associated
with the deregulation of microRNAs that could be considered as a prognostic factor.
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1. Introduction

Hypopharyngeal cancer (HPC) represents malignant growth in the hypopharynx region and
accounts for about 5% of all head and neck cancers (HNSCC) [1]. As HPC is a rare cancer type
with a late occurrence of symptoms and tumor spreading, it is not uncommon for it to be detected
at advanced stages with a high mortality rate and poor prognosis [2]. HPC can be treated by
conventional surgery, radiotherapy and chemotherapy, while radiotherapy alone is usually used at
an early stage [3]. On the other hand, a combination of different therapeutic modalities can improve
the five-year survival of this disease [4]. Several lines of evidence have claimed that a combination of
radiotherapy and chemotherapy would provide better control of locoregional recurrence compared
to surgical procedures [4,5]. A radiopharmaceutical named *™Tc-MIBI (methoxy-isobutyl-isonitrile)
has been reported to detect HPC with up to a 95% sensitivity using single photon emission computed
tomography (SPECT) [6]. However, nuclear medicine has not been reported to have assessed or
monitored the efficacy of HPC therapy as mentioned above.

Radiopharmaceuticals are not only used for diagnostic purposes but also therapeutic purposes,
so-called radiotheranostics [7]. Rhenium-188 (1¥¥Re) belongs to this type of radionuclide as it emits 85%
high-energy 3-particles (2.12MeV) and 15% y-rays (155keV) [8]. The average soft tissue penetration
distance of B-particles is only around 3.8mm, suggesting that 88Re is suitable for tumor ablation and
will not have significant side effects on distant normal tissues [9,10]. 188Re has been conjugated to
hydroxyethylidene diphosphonate (HEDP) for bone pain palliation [11,12]. The antibody conjugated
188Re has also been reported to treat different cancers [13]. Additionally, low immunogenic peptides
such as somatostatin derivative conjugated '®Re, have been investigated in clinics for patients
with advanced pulmonary cancer [14]. 88Re-labeled lipiodol and microspheres were used for the
treatment of hepatocellular carcinoma [15-17]. 188Re-labelled radiocolloids have also been developed
to treat skin cancers within a brachytherapy device [18]. 8 Re-loaded lipid nanocapsules, also called
188Re-liposome, have been demonstrated to be biocompatible and subjected to a phase 0 clinical study
for patients with metastatic tumors [19]. 188Re-liposome has shown a theranostic efficacy in various
human cancers, including colorectal cancer, glioblastomas, lung cancer, ovarian cancer, esophageal
cancer and head and neck cancer using xenograft tumor models [20-26]. The molecular mechanisms
of rhenium-188 labelled radiopharmaceuticals are of interest for investigation aimed at interpreting the
potent therapeutic efficacy.

Radiogenomics is defined as connecting radiomics and genetic profiles to apply the feature of
medical imaging in radiation-mediated molecular responses [27]. The purpose of this discipline is
to predict the association between gene expression and the radiotherapy-induced toxic effects of
tumors [28]. Next-generation sequencing (NGS) analysis is the most cutting-edge technology that can
decipher dramatic amounts of gene expressive alterations in tumors, with or without therapies [29,30].
NGS applications include RNA sequencing (RNA-Seq) that can analyze the expression of various
RNA populations (mRNA, microRNA, long non-coding RNA, etc.) and their modification forms
generated from alternative splicing, mutations or gene fusion [31]. Compared to the conventional
cDNA expression microarray, RNA-Seq has a broader spectrum for finding novel and unidentified
transcripts [32]. This method is important for providing more detailed and quantitative data for
bioinformatics analysis of genetic profiling in novel drug development and predicting the signaling
pathways of toxicity and therapeutic effects [33]. As a radioactive compound, %Re-liposome is
believed to influence the genetic profile of tumors. However, related studies have rarely been reported.

In this study, we investigated the effects of 13Re-liposome on the miRNA expressive profiles of
HPC derived xenograft tumors using RNA-Seq technology. The changed miRNA profiles were analyzed
using the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway database and Ingenuity Pathway
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Analysis (IPA). The total expressive amount of miRNA from '8 Re-liposome-treated tumors was about
10% lower than that of untreated tumor. The changed miRNA profile led to 4498 differentially expressed
genes (DEGs) that influenced 30 molecular pathways, including olfactory transduction, the cancer
pathway, and taste transduction, which accounted for the top three pathways. We also found that
188Re-liposome up-regulated several tumor suppressor microRNAs, such as miR-34-5p, miR-193a-5p,
miR-125b-5p, miR-133a-5p, and miR-133b-5p. Concomitantly, several oncomirs, including miR-21-5p,
miR-32-5p and miR-205-5p were down-regulated by '®Re-liposome. An online Kaplan-Meier (K-M)
plotter with The Cancer Genome Atlas (TCGA) database was also used to compare the expression of
these miRNA and the survival of head and neck cancer patients. The results of '33Re-liposome-induced
miRNA dysregulation detected by RN A-Seq were discussed.

2. Results

2.1. Effects of 88 Re-Liposome on HPC Derived Orthotopic Tumors Using the Repeated Dose Regime

A flowchart of 188Re-liposomal manufacturing and the chemical structures of the 1%Re-perrhenate
precursor and BMEDA chelator are illustrated in Figure 1. The timeline was schemed for
the establishment of HPC tumor-bearing mice using FaDu-3R cells (Supplementary Figure S2),
the administration of Re-liposome, the optical imaging of tumor responses, tumor resection for
RNA extraction, and NGS analysis (Figure 2A). The growth of orthotopic tumors was significantly
suppressed by 8 Re-liposome but not saline as detected using bioluminescent imaging (Figure 2B,C).
The size of resected tumors also exhibited obvious differences between the saline control and
188Re-liposome-treated mice after 30 days of initial implantation (Figure 2D). The body weights
of tumor-bearing mice were not significantly affected by ®Re-liposome (Figure 2E). Furthermore,
we showed that DNA damage marker y-H2AX was significantly up-regulated by 18Re-liposome
treatment (Figure 2F,G). These data suggest that the regime of '88Re-liposome treatment with repeated
doses exhibited therapeutic efficacy, with little systemic toxicity.

2.2. Use of NGS Analysis to Investigate the microRNA Expressive Profile of HPC Tumor Treated with
188 Re-Liposome

The resected FaDu HPC tumors treated with saline or repeated doses of ®Re-liposome
were subjected to RNA extraction to obtain a high quality of total RNA for RNA-seq analysis
(Supplementary Figure S3). The quality of raw data obtained by this analysis was determined by the
GC content, by which the raw data quality of the saline control and '88Re-liposome-treated tumor was
shown to be similar (Supplementary Figure S4). To confirm the expressive change in microRNA in
tumors treated with or without 188Re—liposome, the reads number of small RNA (15-55 mers) was
extracted and counted using a Small RNA Analysis tool (see Materials and Methods). The average
lengths of small RNA after extraction were 32.9 and 32 mers for the control and '88Re-liposome treated
tumor, respectively. Under this condition, the total reads number of the control and '®8Re-liposome
treated tumor was 10,612,998 and 9,844,775, respectively. The reads were then subjected to the miRBase
database (release 21) for the annotation of small RNA using the Annotate and Merge Count of Small
RNA Analysis software. The annotated small RNAs of saline-treated tumors and 88Re-liposome
treated tumors were 639 and 572, respectively. The differentially expressed microRNAs were clustered
in a heatmap for a comparison of saline-treated and 33Re-liposome treated HPC tumor models
(Supplementary Figure S5). Furthermore, we set the cutoff at five-fold change (log) of microRNA and
showed that 13 microRNA and 9 microRNA with mature forms were up-regulated and down-regulated
by 188Re-liposome normalized to the saline control, respectively (Table 1). The 13 up-regulated
microRNAs ranked from highest to lowest fold change were miR-206-3p, mir668-3p, mit-485-3p,
miR-382-5p, miR-1268b-5p, miR-193a-5p, miR-7-1-5p, miR-378a-5p, miR-1266-5p, miR-4510-5p,
miR-370-3p, miR-34a-5p, and miR-342-5p. The nine down-regulated microRNAs ranked from
highest to lowest fold change were miR-142-5p, miR-6723-5p, miR-944-3p, miR-142-3p, miR-136-3p,
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miR-151b-3p, miR-194-2-5p, miR-143-5p, and miR-3960-3p. According to the online analysis
naturally down-regulated in
HNSCC and were predicted as tumor suppressors (Table 2). MiR-193a, miR-7-1-5p and miR-342-5p
were up-regulated in HNSCC, but could still be tumor suppressors in different types of cancer
(see references in Table 2). For the nine 188Re—liposome down-regulated microRNAs, only four
of them (miR-136-3p, miR-142-3p, miR-944-3p, and miR-142-5p) were reported in the HNSCC of
dbDEMC database. Interestingly, three out of these four microRNAs were found to be up-regulated in
HNSCC and predicted as oncogenes (Table 3). However, most of the 8Re-liposome-down-regulated
microRNAs contain oncogenic properties (see references in Table 3). These results suggested that the
therapeutic efficacy of 18Re-liposome was associated with the deregulation of tumor-suppressive

of dbDEMC, !88Re-liposome-up-regulated microRNAs were mostly

and/or oncogenic microRNAs.

(
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Figure 2. Comparison of PEGylated 8Re-liposomal accumulation in orthotopic hypopharyngeal
cancer (HPC) tumors after repeated injections. (A) The experimental scheme for '88Re-liposome
treatment and analysis. (B) Reporter gene imaging of tumor growth responding to repeated doses of
188Re—liposome, and the saline-treated control. (C) Quantification of bioluminescent imaging (BLI)
signals. *: p < 0.05. (D) Representative photos of excised orthotropic tumors with or without the
treatment of '88Re-liposomes. (E) Caliper measurement of tumor volumes. Data are represented as
means + S.D. **: p < 0.01. (F) Measurement of body weights of mice. (G) Comparison of the y-H2AX
protein expression in tumors with or without the treatment of 38Re-liposomes. (H) Densitometric

quantification of Western blots. *: p < 0.05.
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Table 1. Expression of microRNAs in human hypopharyngeal tumor model treated
with 188Re-liposome.

MicroRNA Fold Change Ctrl. 188Re-lipo. Ctrl. 188Re-lipo.

(188Re-lipo./Ctrl.) 2 Norm. by TMM Norm.by TMM RPM ¢ RPM

Hsa-miR-206-3p 40.19 76.05 3056.53 2.92 90.71
Hsa-miR-668-3p 11.16 2.45 27.38 0.09 0.81
Hsa-miR-485-3p 9.77 2.45 23.96 0.09 0.71
Hsa-miR-382-5p 9.15 22.08 201.94 0.85 5.99
Hsa-miR-1268b-5p 8.37 2.45 20.54 0.09 0.61
Hsa-miR-193a-5p 6.28 491 30.8 0.19 091
Hsa-miR-7-1-5p 6.28 9.81 61.61 0.38 1.83
Hsa-miR-378a-5p 5.78 51.52 297.78 1.98 8.84
Hsa-miR-1266-5p 5.58 245 13.69 0.09 0.41
Hsa-miR-4510-5p 5.58 2.45 13.69 0.09 0.41
Hsa-miR-370-3p 5.58 491 27.38 0.19 0.81
Hsa-miR-34a-5p 5.15 127.57 657.17 49 19.5
Hsa-miR-342-5p 5.12 7.36 37.65 0.28 1.12
Hsa-miR-3960-3p -5.73 117.76 20.54 4.52 0.61
Hsa-miR-143-5p -5.73 19.63 3.42 0.75 0.1
Hsa-miR-194-2-5p -5.73 19.63 3.42 0.75 0.1
Hsa-miR-151b-3p —6.45 22.08 3.42 0.85 0.1
Hsa-miR-136-3p =717 24.53 3.42 0.94 0.1
Hsa-miR-142-3p —-7.88 26.99 3.42 1.04 0.1
Hsa-miR-944-3p -9.32 31.89 3.42 1.22 0.1
Hsa-miR-6723-5p -10.03 34.35 3.42 1.32 0.1
Hsa-miR-142-5p -10.14 242.88 23.96 9.33 0.7

2—Fold change in microRNA over 5 or below -5 were selected. b_TMM: Trimmed mean of M values. “—RPM:
Reads of exon model per million mapped reads. (ExonMappedReads x 10%/TotalMapped Reads).

2.3. Validation of microRNA Identified in NGS Data Using qPCR

We next used qPCR to validate up-regulated and down-regulated microRNA in the FaDu HPC
tumor model treated with 88Re-liposome. We selected microRNAs that displayed over five-fold
deregulation with the highest RPM, including miR-206-3p, miR-382-5p, miR-378a-5p, miR-3960-3p,
and miR-142-5p to be validated. The results showed that the expressive patterns of these microRNAs
obtained by qPCR were consistent with the observations of NGS analysis (Figure 3).

2.4. Investigation of Differentially Expressed microRNAs in Clinical Samples

As 188Re-liposome could influence the expression of certain microRNAs that may correlate with
the tumor-suppressive effect of the HPC model, we were interested in examining the status of these
microRNAs in clinical HNSCC tumors. First, we obtained clinical HNSCC tissues from patients (n = 6)
to investigate the differential expression of microRNAs in tumor tissues and adjacent normal tissues
using qPCR analysis. We selected miR-206-3p, miR-378a-5p and miR-142-5p as they exhibited the
highest differential deregulation by 88 Re-liposome (Figure 3). The results showed that the expression of
miR-206-3p and miR-378a-5p was down-regulated (Figure 4A,B), while miR-142-5p was up-regulated
in tumors compared to normal tissues (Figure 4C). Additionally, we employed the clinical information
of HNSCC in the TCGA database to compare the differentially expressed microRNAs in HNSCC and
normal tissues. Because the number of cases of hypopharynx cancer was too low to be analyzed,
here we used clinical information on larynx cancer types instead. A heatmap was generated for the
microRNAs displaying over five-fold change caused by 88Re-liposome (Supplementary Figure S6).
Accordingly, we found that miR-206 (equivalent to miR-206-3p) and miR-378a-5p were significantly
down-regulated, while miR-143-5p, miR-142-3p, and miR-944 were significantly up-regulated in
tumors (Figure 4D). MiR-142-5p also exhibited a trend of up-regulation, although the significance was
marginal. This suggests that 1®¥Re-liposome can reverse the expression of the microRNAs that were
originally deregulated in HNSCC.
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Table 2. Functional prediction algorithm for microRNAs of human hypopharyngeal tumor model up-regulated by 88Re-liposome.

MiRNAs up-Regulated in HPC Original Change in HNSCC 2 Role Prediction Functional Importance GEOID References P

Weaks cell proliferation, migration,

Hsa-miR-206-3p down-regulation Tumor suppressor invasion, promotes S phase cell arrest. TCGA_HNSC [34,35]
Inhibits cell aggressiveness
. . Induces growth arrest and ¢
Hsa-miR-668-3p down-regulation Tumor suppressor - [36,37]
premature senescence
Hsa-miR-485-3p down-regulation Tumor suppressor Inhibits mitochondrial blogen.eSIS or GSE75630 [38—40]
promotes cancer growth and migration
Promotes lymph node metastasis and
Hsa-miR-382-5p down-regulation Tumor Suppressor TNM stage; inhibition of proliferation TCGA_HNSC [41,42]
and EMT in glioma cells
Hsa-miR-1268b-5p - Tumor suppressor Increases chemosensitivity - [43]
Hsa-miR-193a-5p up-regulation Tumor Suppressor Suppresses .the growth and the TCGA_HNSC [44,45]
metastasis of cancer cells
. . Inhibits proliferation, invasion and
Hsa-miR-7-1-5p up-regulation Tumor suppressor . .. TCGA_HNSC [46,47]
induces apoptosis in cancer cells
Hsa-miR-378a-5p down-regulation Tumor suppressor Inhibits cellular prOhf.eratlon and TCGA_HNSC [48,49]
colony formation.
Hsa-miR-1266-5p down-regulation Tumor suppressor Induces apop .tOSIS 'and TCGA_HNSC [50,51]
reduces proliferation
Hsa-miR-4510-5p } Tumor suppressor Down-regulan.on in recurrent cancer and . [52,53]
a potential cancer biomarker

Hsa-miR-370-3p down-regulation Tumor suppressor Potential cancer biomarker TCGA_HNSC [54]
Hsa-miR-34a-5p down-regulation Tumor suppressor Inhibits tumorigenesis and progression TCGA_HNSC [55,56]
Hsa-miR-342-5p up-regulation Tumor suppressor Reduces cell cycle progression TCGA_HNSC [57,58]

a__The change of microRNA was determined by the dbDEMC online databases. >—The selected references may be not HPC or HNSCC related. “—The tumor suppressive function was
concluded from clinical patients.
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Table 3. Target prediction algorithm for microRNAs of human hypopharyngeal tumor model down-regulated by 88Re-liposome.

MiRNAs Down-Regulated in HPC ~ Original Change in HNSCC Role Prediction Functional Importance GEOID Reference
Hsa-miR-3960-3p - - - - -
Hsa-miR-143-5p - Both cell viability, colony formation - [59,60]
Hsa-miR-194-2-5p - Oncogene cell proliferation, migration and invasion - [61,62]
Hsa-miR-151b-3p - Oncogene? @ Biomarker of sarcoma - [63]

Biomarker of bladder cancer, promote cancer

Hsa-miR-136-3p down-regulation Oncogene growth and migration TCGA-HNSC [64,65]

Hsa-miR-142-3p up-regulation Oncogene Over-expression in OSCC, association with TCGA-HNSC [66,67]
cancer growth and migration

Hsa-miR-944-3p up-regulation Oncogene A biomarker of poor prognosis/Regulation of TCGA-HNSC [68,69]

chemoresistance

Hsa-miR-6723-5p - - - - -

Deregulation of cell proliferation;

SMAD3/TGF- GSE31277 [70,71]

Hsa-miR-142-5p up-regulation Oncogene

2 No direct evidence, but just an implication.
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Figure 3. Validation of the next-generation sequencing (NGS) results of the HPC tumor model by
gPCR analysis. The results were each microRNA of 188Re—liposome—’crea’cecl HPC normalized to that of
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Figure 4. Comparison of the microRNA expression in clinical head and neck cancer (HNSCC) tissues
and adjacent normal tissues by qPCR analysis. (A) MiR-206-3p. (B) MiR-378a-5p (C) MiR-142-5p.
(D) Differentially expressed microRNA (DEmiRNA) in larynx tumor and normal tissues using the
clinical information of The Cancer Genome Atlas (TCGA). *: p < 0.05, **: p < 0.01. ***: p < 0.001.

2.5. Prediction of Genes Targeted by ' Re-Liposome-Deregulated microRNAs

We next examined the potent target genes that might be affected by 83Re-liposome deregulated
microRNAs. The miRDB online database was employed to rank the numbers of predicted genes targeted
by microRNAs that were deregulated by %Re-liposome (see Materials and Methods). The ranking
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of target numbers affected by 83Re-liposome up-regulated and down-regulated microRNAs was
obtained, respectively (Figure 5A,B). Furthermore, miR-34a, miR-206-3p and miR-4510-5p were
used to draw the Venn diagrams as their predicted target genes were ranked as the top three
in 188Re-liposome up-regulated microRNAs. Only one target, named SLC44A2 encoded choline
transporter-like protein 2 was co-regulated by these three microRNAs (Figure 5C). The same logic was
used for 8 Re-liposome down-regulated microRNAs, and an only one target, named U2SURP encoded
U2 snRNP-associated SURP motif-containing protein, was co-regulated by miR-142-5p, miR-194-5p
and miR-944-3p (Figure 5D). Therefore, these bioinformatics analyses suggest that microRNAs and
associated target genes of HPC tumors oppositely regulated by 18 Re-liposome are distinct.

(A) (8)

1409 132 g9

ells

in FaDu ct

Number of predicted genes
Number of predicted genes in FaDu cells

(8]

miR-206-3p

miR-194-5p

miR-4510-5p

miR-944-3p

Figure 5. Analysis of miRNA-target interactions. (A) The individual target number of microRNAs
up-regulated by 188Re—liposome. (B) The individual target number of microRNAs down-regulated
by 188Re-liposome. (C,D) The Venn diagram calculated and drawn by the three microRNAs with the
most targets.

2.6. Analysis of the Molecular Pathways Regulated by 188 Re-Liposome-Affected microRNA

We next used the pathview R package to investigate the genes influenced by microRNAs regulated
by 8 Re-liposome. MicroRNA samples exhibiting over two-fold change were selected, and the affected
target genes were subjected to the KEGG pathway database for determining the potent molecular
pathways disturbed by 88Re-liposome. We found that thirty pathways in resected HPC tumors were
significantly affected by '83Re-liposome (p < 0.05). The top three pathways with the lowest p values
were genes involved in olfactory transduction, pathways in cancer, and taste transduction (Table 4).
Additionally, '8 Re-liposome-influenced pathways could be categorized as cancer and carcinogenesis,
cell adhesion and cytoskeletal organization, drug metabolism via cytochrome P450, tumor suppression
and oncogenes. An integrated cancer pathway involved in the KEGG database was shown to
demonstrate the related genes that could be regulated by 88Re-liposome-induced or -suppressed
microRNA expression (Figure 5). This revealed that genes associated with cell cycle progression,
proliferation, and apoptosis were affected by %Re-liposome, including the down-regulation of cyclin
D, cyclin E, cyclin-dependent kinase (CDK) 4/6, E2F transcription factor, and bcl-2 anti-apoptotic
factor, and the up-regulation of p15, p16, and p27 cell cycle inhibitors and the Rb tumor suppressor
gene (Figure 6). This pathway analysis provides a potent profile of the molecular mechanism for
188Re-liposome regulated microRNA expression and tumor suppression of the HPC tumor model.
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Table 4. Thirty significant changed pathways after repeated doses of 18 Re-liposome treatment.

No. of DEGs with

Percentage of

No. of All Genes with

Percentage of All

Pathways Description Pat:‘::otated a ]‘zigstzietcll‘ Downé{e engeulated Up I:;ef:iated Regl{:;:t: (()l“glene Annotated Pathways ~ Genes with Annotated ~ p-Value ?
ys (4498) Pathways (4498) (6883) Pathways (6883)

Olfactory transduction 51 1.13% 14 33 4 415 6.03% 6.37 x 1074
Pathways in cancer 329 7.31% 95 184 50 397 5.77% 0.00127
Taste transduction 16 0.36% 2 1 3 52 0.76% 0.00373
HTLV-I infection 217 4.82% 61 117 39 258 3.75% 0.00623
Proteoglycans in cancer 176 3.91% 60 93 23 203 2.95% 0.00739
Neuroactive ligand-receptor interaction 139 3.09% 40 84 15 277 4.02% 0.00779
MicroRNAs in cancer 151 3.36% 41 89 21 297 4.31% 0.00885
Viral carcinogenesis 175 3.89% 47 90 38 205 2.98% 0.0103
Chemical carcinogenesis 32 0.71% 4 21 7 81 1.18% 0.01124
Hippo signaling pathway 135 3.00% 34 82 19 154 2.24% 0.01459
Focal adhesion 174 3.87% 55 90 29 207 3.01% 0.01626
MAPK signaling pathway 209 4.65% 53 128 28 255 3.70% 0.01732
Drug metabolism - cytochrome P450 27 0.60% 5 17 5 68 0.99% 0.01947
Metabolism of xenobiotics by cytochrome P450 30 0.67% 4 20 6 74 1.08% 0.01954
ErbB signaling pathway 82 1.82% 30 40 12 87 1.26% 0.02121
Signaling pathways regulating pluripotency of 124 2.76% 29 80 15 142 2.06% 0.02202

stem cells

Endocytosis 208 4.62% 65 116 27 258 3.75% 0.02587
FoxO signaling pathway 117 2.60% 32 75 10 134 1.95% 0.02612
Ras signaling pathway 185 411% 50 109 26 227 3.30% 0.0272
Neurotrophin signaling pathway 106 2.36% 28 64 14 120 1.74% 0.02764
Regulation of actin cytoskeleton 175 3.89% 49 98 28 214 3.11% 0.03031
Chronic myeloid leukemia 70 1.56% 22 40 8 73 1.06% 0.03053
Transcriptional misregulation in cancer 149 3.31% 43 80 26 179 2.60% 0.03365
Glioma 63 1.40% 23 30 10 65 0.94% 0.03554
Pancreatic cancer 64 1.42% 19 35 10 66 0.96% 0.03682
Colorectal cancer 60 1.33% 17 30 13 62 0.90% 0.03971
Acute myeloid leukemia 56 1.24% 17 28 11 57 0.83% 0.04123
Protein processing in endoplasmic reticulum 140 3.11% 40 78 22 169 2.46% 0.04447
Prostate cancer 80 1.78% 26 38 16 89 1.29% 0.04703
TGF-beta signaling pathway 76 1.69% 23 46 7 84 1.22% 0.04999

2 DEG: Differentially expressed genes. ® Only p < 0.05 was counted.
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2.7. Association of 188 Re-Liposome-Regulated microRNA and Patients’ Survival Rate

As 188Re-liposome could up-regulate tumor suppressive microRNA or down-regulate oncogenic
microRNA of the HPC tumor model, we considered whether these microRNAs could be considered as
prognostic factors for patients’ survival rates. The microRNAs deregulated by '®Re-liposome that
displayed over five-fold change were examined. Notably, the online dataset only includes precursor
forms of microRNAs for an analysis of patients’ survival. For 8Re-liposome up-regulated microRNAs
in the HPC model, only miR-342 and miR-378a potentially exhibited an increase in the survival
rate in HNSCC patients, with a marginal significance (Figure 7A,B). Interestingly, a high expression
of miR-342 was significantly associated with a better survival rate in female patients (HR = 0.61,
95% CI = 0.38-0.98, p = 0.038). On the other hand, 188Re-liposorne down-regulated microRNAs,
including miR-143, miR-6723, miR-944, and miR-136 were associated with a reduced survival rate in
HNSCC patients when they were highly expressed (Figure 7C-F). Additionally, miR-3960 was also
associated with reduced survival, yet the expression was too low for meaningful analysis (data not
shown). These data suggest that specific miRNAs affected by '88Re-liposome may be important for
perspective clinical evaluation.
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Figure 7. The association of '88Re-liposome deregulated microRNAs with the survival rates of
HNSCC patients. Kaplan-Meier (K-M) plot (A) hsa-miR-342; (B) hsa-miR-378a; (C) hsa-miR-143;
(D) hsa-miR-6723; (E) hsa-miR-944; (F) hsa-miR-136.
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3. Discussion

HPC mostly originates from mucosal squamous cells with a low incident rate. Because of
unapparent early symptoms and a high metastatic ability, HPC accounts for the lowest survival rate
of all head and neck cancers [72]. The FaDu cell line is a squamous cell carcinoma of the human
hypopharynx commonly used for the study of molecular mechanisms of head and neck cancer
in vitro and in vivo [73]. We have previously established an orthotopic tumor model using this cell
line and found that let-7 microRNA was associated with the therapeutic efficacy of 88Re-liposome
nanoparticles [24,74]. In this study, we used NGS analysis and found additional microRNAs that might
be involved in the therapeutic efficacy of 13Re-liposome after repeated administration. The expressions
of the total RNA number and annotated small RNA were reduced in '%3Re-liposome treated tumors,
suggesting that '8 Re-liposome would suppress gene transcription and expression.

As 188Re is a high-energy B particles-emitter, it is expected to induce DNA damage.
Indeed, the DNA damage marker y H2AX was significantly induced by '8Re-liposome compared to
an untreated control. Interestingly, Yy H2AX has been reported to be a tumor suppressor because of its
role in the maintenance of genomic stability [75]. In our study, we found that 88Re-liposome induced y
H2AX in HPC tumors. In the RNA-seq dataset, we also found that miR-138-2-5p, a potent inhibitor of
H2AX [76], was down-regulated by over two-fold by '88Re-liposome treatment. Together, these results
are partially consistent with previous reports that might account for the therapeutic mechanisms of
188Re-liposome from the viewpoint of y-H2AX-mediated DNA damage responses.

According to the results of RNA-seq, '88Re-liposome induced more than 200 microRNA to change
their levels. To raise the selective criteria, we focused on the microRNA species exhibiting over
five-fold up-regulation or down-regulation induced by 13¥Re-liposome by comparing them to the
untreated controls. The top three up-regulated microRNAs (miR-206-3p, miR-668-3p, and miR-485-3p)
and down-regulated microRNAs (miR-142-5p, miR-944-3p, and miR-142-3p) displaying fold-change
were categorized as tumor suppressors and oncogenes, respectively (Tables 2 and 3). Although
miR-6723-5p was also highly suppressed by 88 Re-liposome, its role in cancer has not been interpreted
in the dbDEMC database or microRINA Cancer association database (miRCancer) [77]. Most of the
microRNAs deregulated by 188Re-liposome were expressed oppositely in HNSCC, and they were
reported to be potent tumor suppressors or oncogenes in different types of cancers. However, there were
no available data for miR-4510-5p, miR-1268b-5p miR-6723-5p, miR-151b-3p, miR-143-5p, miR-194-2-5p
and miR3960-3p in the database. As NGS is prominently used to find unknown genes that can be
induced by treatment agents, the uncharacterized microRNAs shown to be significantly influenced by
188Re-liposome treatment would be of interest for investigating their roles in the future.

The NGS analysis identified highly differentially expressed microRNAs that were also validated
using FaDu tumors with or without % Re-liposome treatment, and clinical HNSCC samples using
gPCR. The expression of analyzed micrtoRNAs was consistent in these two different resources, although
the case number of clinical samples was limited. The clinical information of the TCGA database
could only be employed to analyze larynx cancer because the number of cases of HPC was too low
to have normal tissues for analysis. Even so, we still found several microRNAs (e.g., miR-206-3p,
miR-378-5p, and miR-142-5p) that were consistent with the results of NGS analysis and our clinical
samples (Figure 4). In addition to 188Re, 177Lu is also a radionuclide that can emit 86% of (-particles
and 14% of photons with a lower energy but longer half-life period. ”’Lu-octreotate has been
reported to differentially regulate 57 specific microRNAs in mouse renal cortical tissue identified by
the Mouse miRNA Oligo chip 4plex [78]. However, little mictoRNA was overlapped between their
results and ours. Besides different types of radionuclides, the different animal models and microRNA
mining methods may also account for the distinct observations in these two studies. Therefore,
the differentially expressed microRNAs in the HPC model could be considered as specific prognostic
factors for 18 Re-liposome treatment.

The predicted genes targeted by microRNAs were also analyzed by the miRDB public database.
For the 188Re-liposome up-regulated and down-regulated top three microRNAs, the SLC44A2 gene
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and U2SURP gene were the targets recognized by these oppositely regulated microRNAs, respectively.
Hence, it is expected that SLC44A2 would exhibit an oncogenic property and U2SURP should be
a tumor suppressor gene. SLC44A2, first discovered in the inner ear, is a member of the choline
transporter-like protein family of membrane transporter proteins [79,80]. U2SURP is involved in RNA
splicing as it is part of spliceosomes [81]. However, little is known about the association of these two
genes with human cancers. It would be an interesting target gene to investigate for its role in mediating
the efficacy of '8 Re-liposome.

Using the KEGG pathway database, we found that 30 pathways in orthotopic HPC tumors
were significantly influenced by 188Re-liposome treatment. Although the cancer-suppression-related
pathways were expected to be regulated by 8 Re-liposome, most of the affected genes in the annotated
pathway displayed olfactory transduction. Radiation therapy has been reported to cause olfactory
loss in head and neck cancer patients [82]. However, the conclusion is that radiation can damage
olfactory cells. The position of hypopharyngeal cancer was not in the olfactory tract, yet FaDu cells
were orthotopically injected into the buccal position of the mouse. This operation was based on the
fact that FaDu cells are also buccal carcinoma cells [83]. Whether the microenvironmental difference
influences the gene regulatory pathway of tumors is unclear. We believed that the excised tumor should
not be contaminated by olfactory cells because the human tumor was very small after '83Re-liposome
treatment, that is, the tumor size was not big enough to reach the olfactory tract.

An assessment of the correlation between the gene expression and survival rate of patients
is important for evaluating the clinical relevance of preclinical study for novel genes and drugs.
Here we used the Kaplan—-Meier plotter online tool that includes the datasets of TCGA program,
the Gene Expression Omnibus (GEO) and the European Genome-Phenome Archive (EGA) to find
the 188Re-liposome regulated primary microRNAs and their association with patients’ survival
rates [84]. Although several potent tumor suppressive or oncogenic microRNAs were influenced
by 88Re-liposome, only part of these microRNAs exhibited the expected association with patients’
survival probability in HNSCC. For instance, '3¥Re-liposome suppressed miR-142 exhibited higher
survival probabilities in HNSCC when they were expressed at higher levels, although they were
expected to be oncogenic microRNAs [85]. A potent limitation is the sample size (523 cases) of HNSCC
patients, which may be too small to draw conclusions on the role of microRNAs in patients’ survival
rates. Besides, the online K-M plotter only analyzes the effects of precursor microRNA on patients’
survival rate. The association of mature miRNAs with the survival rate remains unknown. Whether
different forms of the same microRNAs will differentially influence the results of the survival rate
remains to be addressed.

In summary, current data suggest that the de-regulation of microRNAs correlates with the
therapeutic efficacy of ¥ Re-liposome on human HPC tumors. Using NGS, we also found several
microRNAs that have not been fully characterized for their roles in cancer development and therapy.
Whether these microRNAs are important for mediating the efficacy of 38Re-liposome would be
interesting to further investigate. Additionally, the KEGG pathway analysis showed that not only
cancer pathways but also olfactory and taste transduction were significantly changed in HPC tumors
after they were treated by '8Re-liposome. Although no clinical evidence showing that patients
treated with '8 Re-liposome will lose olfactory and gustatory sensation, olfactory sensory dysfunction
and gustatory impairment often occur after patients are treated with radiotherapy in the head
and neck area [82,86-89]. To the best of our knowledge, this is the first study uncovering the
therapeutic mechanisms of '88Re-liposome by an investigation of the pan-expression of microRNA.
As 18Re-liposome has entered the clinical trial stage, these data may further extend the concept of
precise medicine using this radiotheranostic agent and allow the affected microRNAs to be prognostic
factors after cancer treatment.
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4. Materials and Methods

4.1. Cell Lines and Plasmid

Human FaDu HPC cells (American Type Culture Collection, Manassas, VA, USA) were
cultured in RPMI-1640 (Life Technologies Inc., Carlsbad, CA, USA) containing 10% fetal bovine
serum (FBS) (Thermo Fisher Scientific Inc., Waltham, MA, USA), 1% penicillin (Sigma-Aldrich Co.,
St. Louis, MO, USA), and 1% L-glutamine (Sigma-Aldrich Co., St. Louis, MO, USA). FaDu-3R cells
harboring multiple reporter genes were used and cultured as reported previously [24]. Cells were
incubated at 37°C in a humidified incubator with 5% CO; and passaged every two days.

4.2. Preparation of 18 Re-Liposome

The procedure of '88Re-liposomal preparation has been reported before [23]. In brief, !83Re was
milked from the 188W/188Re generator system (Institute National des Radioelements, Fleurus,
Belgium) and conjugated with sodium perrhenate. Moreover, ®Re was conjugated with
N,N-bis(2-mercapatoethly)-N’,N’-diethylenediamine (BMEDA, ABX GmbH, Radeberg, Germany),
and the quality of 1®Re-BMEDA was validated by using the instant thin-layer chromatography (iTLC)
followed by a radioactive scanner (Bioscan AR2000; Bioscan, TriFoil Imaging Inc., Chatsworth, CA, USA).
Furthermore, PEGylated liposome (NanoX; Taiwan Liposome Co. Ltd., Taipei, Taiwan) was used to
encapsulate '8Re-BMEDA and eluted using the PD-10 column (GE Health BioSciences, Pittsburgh,
PA, USA) (Supplementary Figure S1). The average molecular weight of polyethylene glycol (PEG)
was 2000. The particle size (84.6 + 4.12 nm) and surface charge (1.1 + 1.9 mV) were measured by the
dynamic light scattering apparatus (Zetasizer Nano ZS90, Malvern Panalytical Ltd., Malvern, UK).
The in vitro stabilities of '8 Re-liposome in normal saline and rat plasma were, respectively, over 92%
and 82% in 72 h as reported before [20].

4.3. Establishment of HPC Orthotopic Tumor Model for Evaluating the Therapeutic Efficacy of 183 Re-Liposome

Six-week-old male BALB/c nude mice (N = 5 for each experimental group) were purchased from
National Laboratory Animal Center, Taipei, Taiwan and used for the establishment of orthotopic HPC
tumor model. FaDu-3R cells (1 x 10°) were resuspended in 50 pL of OPTI-MEM (Sigma-Aldrich,
St. Louis, MO, USA) and then injected into the buccal position of each mouse at right side using a
27 G insulin needle. For intravenous injection of '%Re-liposome, 23.68 MBq (640 uCi) corresponding
to 80% maximum tolerated dose (MTD), as we mentioned before [23]. To evaluate the therapeutic
efficacy, the tumor viability and growth rate were measured using the luciferase reporter gene
imaging and caliper measurement. The luminescent signals were acquired by the In Vivo Imaging
System (Optima, Biospace Lab Inc., Paris, France). The tumor volume was calculated by the formula:
(width? x length)/2 after caliper measurement every three days [90]. The animal experiments were
approved by the Institutional Animal Care and Utilization Committee IACUC) of National Yang-Ming
University (No. 1061010).

4.4. Tumor Collection and Next-Generation Sequencing (NGS)

Tumors were harvested from tumor-bearing mice after four weeks of 1¥Re-liposome treatment.
Total RNA of both saline control and 8 Re-liposome treated group were extracted using the QIAGEN
RNA mini kit (Thermo Fisher Scientific Inc., Waltham, MA, USA) according to manufacturer’s
instructions. Furthermore, the quality of RNA was detected using the Nanodrop spectrophotometer
(Nanodrop Technologies LLC, Wilmington, DE, USA). The integrity and concentration of RNA samples
were determined using the Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA)
with RNA 6000 nano kit (Agilent Technologies, Santa Clara, CA, USA). The TruSeq Small RNA Library
kit (Illumina, Inc., San Diego, CA, USA) was then used to ligate RNA with adapters followed by the
reverse transcription-PCR to generate cDNA library. The library was then sequenced by the HiSeq
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4000 Sequencing System (2 X 150 bp paired-end Sequencing) and the results were processed with the
[lumina software (Illumina, Inc., San Diego, CA, USA). To qualify the results of small RNA sequencing,
the sequences were applied to the CLC Genomics Workbench v10 to obtain the qualified reads [91].
CLC Genomics Workbench counts different types of small RNAs in the data and compares them to
databases of microRNAs or other small RNAs [92].

4.5. MicroRNA Expression Analysis

The ‘miRBase’ online source was used for the annotation of small RNA [93]. In the next step, all of
the miRNAs were normalized by TMM (trimmed mean of M values) method using edgeR (R package:
v.3.10.5) (Bioconductor, New York City, NY, USA) [94]. For a two-group experiment, we used the ‘Fold
Change’ to tell how many times bigger the mean expression value in '8 Re-liposome group is relative
to that of saline-only group. If the mean expression value in 88Re-liposome group is small than that in
saline-only group, the value will present negative sign, and vice versa. The criteria for microRNAs
selection were fold change >5.

4.6. Western Blot Analysis

Tumors were collected from the tumor-bearing mice after 4 weeks of !3Re-liposome treatment,
and lysed in T-PER™ Tissue Protein Extraction Reagent (Thermo Fisher Scientific, Waltham, MA, USA)
containing 1% protease inhibitor cocktail (Sigma-Aldrich Co., St. Louis, MO, USA). Protein lysates
(50 ng) were run on 8-12% SDS-PAGE, electro-transferred to nitrocellulose membrane, blocking and
incubated with antibody as reported previously [95]. The primary antibodies were anti-yH2AX
(GTX628789, GeneTex Inc., Irvine, CA, USA), and anti-glyceraldehyde3-phosphate dehydrogenase
(GAPDH) (MA5-15738, Invitrogen Inc., Carlsbad, CA, USA).

4.7. Validation of microRNA Expression Using gPCR

To validate miRNA levels before and after HPC tumor treated with ®Re-liposome and to compare
normal tissue to HNSCC tissues using clinical samples, quantitative PCR (qPCR) of targeted miRNA
was performed. Briefly, complementary DNA (cDNA) was generated from 2 pg total RNA using
SuperScript II reverse transcriptase (Life-Technologies Co., Carlsbad, CA, USA). Then, the cDNA
products were mixed with the Fast SYBR Green Master Mix (Life-Technologies Co., Carlsbad, CA, USA)
and subjected to the StepOnePlus Real-time PCR System (Life-Technologies Co., Carlsbad, CA, USA)
following the manufacturer’s instructions. The sequences of stem loop primers, forward primers
and universal primer used for miR-206-3p, miR-382-5p, miR-378a-5p, miR-3960-3p, and miR-142-5p
amplification were summarized in Table 5. Use of human tissue samples was approved by the
Institutional Review Board (No. 2019-01-010BC).

4.8. Heatmap Analysis of NGS Data

To gain the heatmap of total microRNAs’ expression, ‘TreeView’ (v1.1.6r4) was used [96].
The heatmap analysis was based on the small RNA that has twice difference between individuals with
or without the treatment of '83Re-liposome, and then took Log2 value to draw out.

4.9. Analysis of microRNA Using the Cancer Genome Atlas (TCGA)

The expression levels of miRNAs and clinical information for TCGA Head-Neck Squamous Cell
Carcinoma (HNSC) were downloaded from Broad GDAC Firehose [97]. The miRNA expression values
for samples having anatomic subdivision labeled as normal larynx tissue (12 cases), larynx cancers
(117 cases) or hypopharynx cancers (10 cases) were used. In house R scripts were used to parse and
generate heatmap and boxplots [98]. The difference between normal and tumor samples were tested
with Wilcoxon signed-rank test.
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Table 5. Thelist of stem loop primers, forward primers, and reverse primer used for gPCR of microRNAs.

MicroRNA Stem Loop Primer Sequence
miR-206-3 5-GTCGTATCCAGTGCAGGGTCCGAG
P GTATTCGCACTGGATACGACCCACAC-3’
miR-382-5 5-GTCGTATCCAGTGCAGGGTCCGA
P GGTATTCGCACTGGATACGACCGAATC-3’
miR-378a-5 5-GTCGTATCCAGTGCAGGGTCCGAG
P GTATTCGCACTGGATACGACACACAG-3
miR-3960-3 5-GTCGTATCCAGTGCAGGGTCCGAG
P GTATTCGCACTGGATACGACCCCCCG-3
miR-142-5 5-GTCGTATCCAGTGCAGGGTCCGAG
P GTATTCGCACTGGATACGACAGTAGT-3’
MicroRNA Forward Primer Sequence
miR-206-3p 5-CACGCATGGAATGTAAGGAAGT-3’
miR-382-5p 5-CACGCAGAAGTTGTTCGTGGTG-3’
miR-378a-5p 5-TGATTACTCCTGACTCCAGGTC-3’
miR-3960-3p 5-TAATTATGGCGGCGGCGGAG-3’
miR-142-5p 5-CACGCGCATAAAGTAGAAAGCA-3’
MicroRNA Reverse Primer Sequence
Universal reverse primer 5-CCAGTGCAGGGTCCGAGGT-3’

4.10. Characterization of miRNAs

The miRNA of interests were subjected to a Database of Differentially Expressed MiRNAs in
human Cancer 2.0 (dbDEMC v2.0) that collects the data sets of Gene Expression Omnibus (GEO)
and The Cancer Genome Atlas (TCGA) to exhibit differentially expressed miRNAs in human cancers
detected by high throughput method [99]. The roles of miRNAs belonging to tumor suppressor genes
or oncogenes were predicted accordingly. The miRDB online database for prediction of miRNA targets
by a MirTarget bioinformatics tool was used to analyze putative downstream genes influenced by the
miRNAs of interests [100,101]. Each microRNA was selected for target expression analysis for FaDu
cells, and the targets expression level over 20 was counted as they were most relevant to FaDu cells.
Target expression level was determined by RNA-Seq using the RPKM method (Reads Per Kilobase
of transcript, per Million mapped reads). An online Venn diagrams drawing tool was exploited to
calculate the intersections of list of miRNA targets [102].

4.11. The Pathway Analysis

The ‘pathview’ (R package: v1.4.2) software (Bioconductor, New York City, NY, USA) was used to
draw pathways and find significant gene change (Fold change > 2) with the Kyoto Encyclopedia of
Genes and Genomes (KEGG) [103,104]. Moreover, the pathways would be regarded significant if the
p-value < 0.05.

4.12. Statistical Analysis

Statistical analysis was performed using GraphPad Prism 6.0 (GraphPad Software,
San Diego, CA, USA). All data were represented as the means + standard deviation (SD) with
independent experiments. The Student’s t-test was used for statistical analysis. Two-way Analysis of
Variance (ANOVA) was used to compare the tumor growth curves. The Kaplan-Meier method with
the log-rank test was used to analyze the association of miRNAs and patients’ survival rates using the
online K-M plotter with public datasets [84].
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Supplementary Materials: The following are available online, Figure S1: Measurement of the combined efficiency

between 88Re and BMEDA chelator for embedding into liposome. Figure S2: Demonstration of reporter genes
expression in FaDu-3R cells. Figure S3: Qualification of total RNA for NGS analysis. Figure S4: GC content
analysis and sequencing qualification of RNA-Seq. Figure S5: A heatmap of differentially expressed microRNAs
with or without 88 Re-liposomal treatment. Figure S6: A heatmap of selected differentially expressed microRNAs
in normal tissues and larynx cancer tissues using the clinical information of TCGA.
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Abstract: The need for increasingly personalized medicine solutions (precision medicine) and
quality medical treatments, has led to a growing demand and research for image-guided therapeutic
solutions. Positron emission tomography (PET) is a powerful imaging technique that can be
established using complementary imaging systems and selective imaging agents—chemical probes
or radiotracers—which are drugs labeled with a radionuclide, also called radiopharmaceuticals.
PET has two complementary purposes: selective imaging for diagnosis and monitoring of disease
progression and response to treatment. The development of selective imaging agents is a growing
research area, with a high number of diverse drugs, labeled with different radionuclides, being
reported nowadays. This review article is focused on the use of pyrazoles as suitable scaffolds for the
development of '8F-labeled radiotracers for PET imaging. A brief introduction to PET and pyrazoles,
as key scaffolds in medicinal chemistry, is presented, followed by a description of the most important
['®F]pyrazole-derived radiotracers (PET tracers) that have been developed in the last 20 years for
selective PET imaging, grouped according to their specific targets.

Keywords: positron emission tomography (PET); pyrazoles; fluorine-18; radionuclides; PET probes;
imaging pharmaceuticals

1. Introduction

Positron emission tomography (PET) is a nuclear medicine functional imaging technique that uses
gamma rays (formed as a result of the annihilation of the emitted positrons) to provide three-dimensional
images that give information about the functioning of a person’s specific organs. PET is based
on the detection of tiny amounts (picomolar) of a biological substance labeled with a short-lived
positron-emitting radionuclide (PET tracer) without disturbing the biological system and has the
advantage of being a noninvasive, functional and highly sensitive technique which provides a great
wealth of information [1]. The PET tracers are drugs or biomolecules labeled with radionuclides such
as 11C, BN, 150, 18F, 64Cy, 98Ga, 89Zr and 12*1. Since radionuclides can replace the stable analogues,
the PET probes have the same chemical structure as the drugs and biomolecules without altering
their biological activity. The choice of the PET radionuclide must follow some criteria: (i) physical
and chemical characteristics, (ii) availability and (iii) timescale of the biological process in the study.
For different biological processes, some radionuclides are better than others. If the biological process in
the study gives results hours or days after the injection of PET probe, ®*Cu, 8Zr or 1?41 can be used,
because these three radionuclides have a long half-life time (12.8 h, 78.4 h and 4.17 days, respectively).
On the contrary, radionuclides as !'C or 8F are used for labeling small organic compounds for faster
biological processes [1]. To avoid unnecessary radiation, it is important to choose a radionuclide
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with a half-life that enable the reaction of the radionuclide with the carrier molecule and matches the
timescale of the biological process in the study. '8F is the ideal radionuclide for routine PET imaging,
because it has a short half-life (109.8 min) but enough to allow all the process of synthesis, transport
and imaging. Furthermore, it is a 97% positron-emitter, and the low positron energy of 18F leads to a
high resolution of PET imaging [1,2].

In the last three decades, the interest in PET has been growing, and nowadays, this technique
is used in several areas of medicine, such as oncology [3], cardiology [4], neurology [5] and also
in drug development and evaluation [6]. Besides the aforementioned advantages of PET, there are
also some limitations; pregnant women should not undergo in PET imaging; the radioactivity of
PET tracers limits the number of times one patient can undergo PET scans and is a very expensive
treatment [7]. Moreover, the potential of PET strongly depends on the availability of suitable PET
radiotracers. For instance, 2—[18F]ﬂuoro—Z—deoxyglucose (['8F]FDG) is one of the most used radiotracers
for the clinical diagnosis and evaluation of cancer. However, it has inherent drawbacks, namely its
high accumulation in inflamed and infected tissues giving false-positive results and its low uptake in
tumors that grow slowly, which can lead to false-negative results [8]. Finally, the development of new
PET-imaging probes is not trivial, and radiochemistry is a major limiting factor for this field. Hence,
the research and development of new PET tracers is a challenging issue of major importance within
the scientific community.

Following our interest in the synthesis and biological evaluation of pyrazole-type compounds
envisaging their use in medicine [9-14] and considering their huge potential for application in PET
field, herein we present an overview of pyrazole-derived PET radiotracers developed in the last
20 years. Pyrazoles labeled with ®F radionuclide will be the focus of this review article, given the
aforementioned advantages of this radionuclide for routine PET imaging.

2. Pyrazoles

This family of compounds is characterized by a simple heteroaromatic five-membered ring
containing three carbon and two nitrogen atoms in adjacent positions [15]. The occurrence of the
pyrazole core in nature is rare, probably due to the difficulty of living organisms to make a N-N
bound [16]. Until now, there are only approximately 20 natural compounds with a pyrazole core on
their structures [17]. Although scarce in nature, pyrazole (1H-pyrazole (1), Figure 1) and its reduced
derivatives (pyrazolines 24, Figure 1) are considered privileged structures in medicinal chemistry.
Pyrazole scaffold is present in several synthetic drugs, being celecoxib (Celebrex®), sildenafil (Viagra®),
rimonabant, fomepizole, penthiopyrad and sulfaphenazole the most notorious [15].

N, — Ov— N, = Ch—
—~—— N —~— “, P ——— . —~— SINS
H 1 H H
1 2 3 4

Figure 1. Chemical structures and numbering of pyrazole (1) and dihydropyrazole (pyrazoline)
tautomers 2—4 [18].

Pyrazole derivatives act on diverse and relevant biological targets, which make them attractive
for the development of PET tracers, and possess a wide range of pharmaceutical activities.
Abdel-Maksoud et al. have demonstrated antitumoral activity of several compounds with a pyrazole
and sulfonamide moieties [19]; antibacterial and antifungal activity of pyrazole was demonstrated
by Chowdary et al. [20]. Pyrazoles also showed good activity as monoamine oxidase inhibitors,
antidepressant and anticonvulsant agents [21], as BRAF inhibitors [22] and DNA gyrase inhibitors [23]
and present antileishmanial, anti-inflammatory, analgesic, antidiabetic and cannabinoid activity;
cyclin-dependent kinase and tissue-nonspecific alkaline phosphatase inhibitory activity and moderate
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antihepatotoxic activity, among others [9,11,24-29]. In 2013, Prabhu et. al. reported the antioxidant
activity of pyrazole [30]. They demonstrated that pyrazole (1,2-diazole) can be used to prevent
nephrotoxicity caused by cisplatin, a drug used to treat several cancers. Cisplatin provokes renal
damage because of its toxicity to proximal tubule cells and can reduce glomerular filtration, resulting in
renal failure. One of the reasons of nephrotoxicity induced by cisplatin is the decreasing concentration
of glutathione (GSH). Pyrazole prevents nephrotoxicity induced by cisplatin by counteracting this
effect, increasing the concentration of this enzyme [30]. Recently, Silva et al. reported the antioxidant
activity of around three hundred pyrazoles [18].

2.1. Pyrazoles as Probes for PET Imaging

The labeling of pyrazole-type compounds with '8F for PET imaging is a research issue that has
been growing significantly, as evidenced by the number of papers and citations in the last years,
according to our search on Web of Science using the keywords (pyrazole) and (positron emission
tomography) and (®F) (Figure 2). In this section are described the most important ['®F]-labeled
pyrazoles developed for use as PET radiotracers. The compounds are presented according to their
specific targets, which are indicated by alphabetical order and not by their relevance in the PET field.
Whenever possible, the most promising applications of these compounds in this field are discussed.

Papers published per year Citations per year

Number of papers
Citations

Figure 2. Number of papers published and citations per year found using the keywords “pyrazoles”
and “positron emission tomography” and “!8F” in Web of Science in the period 2000-2020.

2.1.1. Adenosine Receptors Ligands

Adenosine, an endogenous-signaling substance, is a purine ribonucleoside composed of adenine
(purine base) and ribose (sugar molecule), which is produced in response to metabolic stress
and cell damage. It induces several physiopathological effects, regulating the central nervous,
cardiovascular, peripheral, and immune systems due to the rapid generation of adenosine from
cellular metabolism and the widespread distribution of its receptor subtypes in almost all organs and
tissues [31]. There are four types of adenosine receptors: Aj, Apa, Ayp and Az. ApaR are abundant
in dopamine-rich regions of the brain, being the striatum the region with a higher concentration
of AypR [31]. In preclinical studies, ApsR antagonists showed potential benefits in the treatment
of some neurodegenerative diseases like Alzheimer’s disease (AD) and Parkinson’s disease (PD),
neuroinflammation, ischemia, spinal cord injury, drug addiction and other conditions [31]. Khanapur et
al. developed a pyrazolo[4,3-¢]-1,2,4-triazolo[1,5-c]pyrimidine labeled with carbon-11, [M1C]SCH442416
(5) and its [18F]ﬂuoroethyl and [18F]ﬂuoropropyl derivatives ([\8F]JFESCH (6) and ['®F]FPSCH (7),
respectively) (Figure 3), and both radioligands showed a distribution in the rat brain corresponding to
the regional ApsR densities, as evidenced by in vitro autoradiography (ARG) experiments and binding
assays [32]. These two tracers showed a similar ratio specific/nonspecific binding, using the striatum
as the specific binding and cerebellum as the nonspecific binding (4.6 at 25 and 37 min after injection,
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respectively) and reversible binding in rat brains, although their kinetics were slightly different [32].
Recently, the same authors studied the full kinetics of radioligands 6 and 7 in rat brains. On the basis
of the Akaike information criterion, they have found that 1TCM was the most appropriate model for
describing [\8F]FPSCH kinetics, whereas 2TCM was the most suitable model for [\8FJFESCH kinetics.
Using dynamic PET imaging, under baseline and full blocking conditions, they proved that 6 is the
most suitable PET radioligand for quantifying AssR receptor expression in the rat brain. However,
before starting the clinical use of 6, it will be necessary to reevaluate the brain uptake in humans due to
possible interspecies differences in tracer kinetics and metabolisms [33].
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Figure 3. Adenosine receptor (ApaR) radioantagonists 5-7 for PET imaging [32,33].
2.1.2. Cannabinoid Receptors Ligands

Products derived from Cannabis sativa are some of the oldest and widely used drugs in the
world. These products are known as natural cannabinoids, but several synthetic cannabinoids have
been developed as well. Cannabinoids have been used as analgesics for more than 100 years [34].
Additionally, they have been used as antiemetic agents to prevent chemotherapy-induced nausea
and vomiting, because they can bind to opiate receptors in the forebrain, blocking the vomiting
center in the medulla [35]. In 1998, Williams and Kirkham have demonstrated that anandamide, an
endogenous cannabinoid, provokes hyperphagia in satiated rats [36]. Cannabinoid-type compounds
bind to cannabinoid receptors, which can be divided in two groups—cannabinoid receptor type 1
(CBy), predominantly found in the brain, and the peripheral cannabinoid receptor type 2 (CB;), mainly
expressed in immune tissues, and both are G-protein-coupled membrane receptors [37].

The imaging of the CB; receptor is of great importance for studying its role in neuropsychiatric
disorders, including depression, and in obesity, drug or alcohol addiction, and is an active
target for invivo imaging development [38]. The first selective CB; receptor antagonist was
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[N-(piperidin-1-yl)-5-(4-chlorophenyl)-1-(2,4-dichlorophenyl)-4-methyl-1H-pyrazole-3-carboxamide]
SR141716 (8), known as rimonabant (Figure 4) [39]. This compound was approved in Europe, in 2006,
to treat obesity by reducing the patient’s appetite. Two years later, the European Medicines Agency
(EMA) withdrew rimonabant from sale due to its evident secondary effects. Some studies demonstrated
that SR141716 induced anxiety, depression, agitation, eating disorders, irritability, aggression and
insomnia. Rimonabant was not approved in the USA by the Food and Drug Administration (FDA) [40].
However, some analogs of SR141716 (8) have been labeled with radionuclides for PET imaging.
['8F]SR144385 (9) and ['®F]SR147963 (10) [37,41], [\*F]NIDA-42033 (11) and its related ester derivative
(12) [42], ['®F]O-1302 (13) [43] and ['8F]AM5144 (14) [44] are some examples of PET tracers labeled
with 18F (Figure 4), while ['2*T]JAM251 (15) and [2*I]AM281 (16) [44] are two examples of PET tracers
labeled with '2°T (Figure 5).

NSV IR G VSRS S
: N : _N N
A I\ N < N ~
! N . N N
: N : N N
S 1 ; Cl Cl
SR141716 (Rimonabant) ['8F]SR144385 ['8FISR147963
8 9 10
w9 O
R _N
A
N
N

H,CO @/C' H,CO

11 "
e L 1
_N
Y N Y N
18F N’ N,
Cl Br :: Cl
Cl Cl
['®F10-1302 ['8F1AM5144
13 14

Figure 4. Structure of rimonabant (8) and structurally related [18F]pyrazole PET tracers 9-14 [37,39,41-44].
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Figure 5. Pyrazole-derived PET tracers 15 and 16 labeled with 1237 144)].

Studies were performed to evaluate the specificity of cannabinoids ['®F]SR144385 (9) and
['8F]SR147963 (10) (Figure 4) for CB; receptors [37]. After 15 min of injection in male CD-1 mice
(25-30 g), compound 10 showed a higher brain uptake compared to compound 9 (5.70% ID/g and
3.06% ID/g, respectively). The hippocampus was the brain region that exhibited the highest uptake
of both tracers, followed by the striatum, cerebellum, frontal cortex, cortex, olfactory tubercles and
hypothalamus. Both the brain stem and thalamus showed low uptakes of the tracers, and the thalamus
showed the fastest decrease of %ID/g. These results are in accordance with the knowledge of CB;
receptors’ brain density in rats, which was found to be lower in the thalamus region. For evaluation of
the target to nontarget ratio, the thalamus was used as indicator of nonspecific binding. Compounds 9
and 10 showed differences in the post-injection time they reached the maximum target to nontarget
ratio (90 min for compound 9 with a ratio of 2.50 and 60 min for compound 10 with a ratio of 1.69) [37].
In vivo selectivity and specificity studies of ['8F]SR144385 (9) showed that significant blocking of this
tracer uptake was achieved when a 1-mg/kg dose of the structurally similar blocking agent SR141716
(8) was given 30 min prior to the radiotracer. Likewise, the uptake of ['®F]SR147963 (10) at either 30
or 60 min post-injection was also blocked by a 1-mg/kg dose of SR141716 (8) given 30 min before
the radiotracer.

In 2005, Li et al. synthetized the radioactive pyrazole ['®FJAM5144 (14) (Figure 4) as a PET
radioligand candidate for cannabinoid CB; receptors. Using baboons, they demonstrated that the
highest radioactivity concentration of compound 14 was found on the cerebellum, and the lowest
concentration was found in the thalamus. They concluded that there was a poor brain uptake of 14 and
of other related ['®F]pyrazoles because of their high lipophilicity, although this property is not the key
factor in brain uptake. This study proved that there is no close relationship between the clogP value and
brain uptake, indicating that there are other uptake key factors [44]. Despite the high in vitro-binding
affinity and moderate lipophilicity of ['8F]0-1302 (13) (Figure 4), it is not suitable for imaging the CB;
receptor in the brain due to poor brain entry and high levels of nonspecific binding [43]. Although
radiotracer uptake in the brain is often considered a function of the log P that peaks between a log P of
2 and 3, the investigation of the factors that affect brain uptake beyond lipophilicity is crucial to a better
comprehension of this process. Some studies highlighted that there may be large species differences
in brain penetration for a given PET radiotracer; for example, the brain uptake of ['2*IJAM251 (15)
(Figure 5) is very different comparing mice and monkeys, being higher for mice [44,45].

Chang et al. observed that ['8F]DBPR211 (17) (Figure 6) was distributed in the brain, liver, heart,
thigh muscle and kidney when intravenously injected in mice. In the brain, it was found in a very
low percentage (less than 1%) over 90-min scans. This result is evidence of its action as a peripherally
restricted CB; antagonist [46]. Taking into account these observations, this radiotracer can be seen as a
promising tool to study metabolic processes associated with peripheral CB; receptors.
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Figure 6. ['8F]pyrazole-derived peripheral CB; antagonist 17 [46].

2.1.3. Cyclooxygenase Inhibitors

Cyclooxygenase-2 (COX-2) is an enzyme with high-level expressions at sites of inflammation
and cancer and is also a promising target for neuroinflammation imaging [47,48]. The development
of agents capable of monitoring COX-2 levels is highly desirable for cancer prevention and therapy:.
To achieve this goal, Uddin et al. synthetized several indomethacin and celecoxib derivatives and
evaluated their ICs; values for the inhibition of COX-2 in vivo and in intact cells [49]. Indomethacin
derivatives were effective COX-2 inhibitors in intact cells (0.09-0.26 pmol/L), but the synthesis of
the respective radiotracer has some drawbacks, because the p-chlorobenzoyl group is not stable in
the conditions of radiochemical synthesis. Among celecoxib derivatives, the more effective COX-2
inhibitor was compound 18 with an ICs value of 0.16 umol/L. After the synthesis of '8F-18 (Figure 7),
in vivo biodistribution was studied in the inflamed and contralateral footpad of male Sprague Dawley
rats. The major advantage of this inflammation model is the possibility to image the inflamed footpad
in comparison with the noninflamed contralateral footpad. Compound 18 had a higher accumulation
in the inflamed footpad in comparison with the noninflamed. The selective binding between 18
and COX-2 was proved with an assay using celecoxib to block COX-2 before the injection of 18.
To confirm the COX-2 specificity of 18, COX-2-null mice were injected with carrageenan to promote
inflammation. COX-2-null feet demonstrated a 1.08 + 0.09 ratio of inflamed/noninflamed feet. On other
hand, the wild-type mice group, used as the control, had an uptake ratio of 1.48 + 0.04. The ability
of 18 to target COX-2 in human tumor xenografts was also demonstrated using 1483 HNSCC cells
and HCT116 cells injected in the left and right hip of female nude mice. In the COX-2-null HCT116
tumor cells, the uptake of 18 was minimal, while, in the 1483 HNSCC cells, a significative uptake of the
radiotracer was observed. Once again, to prove that the difference in the uptake of 18 was related with
the expression of COX-2, mice bearing 1483 xenografts were pretreated with celecoxib to block the
active site of COX-2. There was a significative lower uptake of 18 for mice pretreated with celecoxib
when compared with the control group [49].

Lebedev et al. developed a new, high-affinity ¥ F-COX-2 inhibitor 19 (Figure 7) that is radiolabeled
directly on a heteroaromatic ring with the purpose to increase biodistribution and metabolic stability [50].
In vitro studies demonstrated a clear correlation between COX-2 expression and uptake of this
radiotracer. Moreover, pharmacokinetic studies in healthy mice revealed no bone retention or
defluorination within 2 h of injection, significant blood clearance, since the molecule is excreted
from blood within an hour mainly through the hepatobiliary excretion pathway, crossing of blood-brain
barrier (BBB) and no significant metabolites in major organs. Although these properties make this probe
ideal for PET imaging, some aspects related to radiochemical synthesis severely limit the application of
this compound as a probe. In fact, the use of Et;NF*4HF has limited the specific activity to 3 Ci/mmol,
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and the current decay-corrected radiochemical yield of 2%, although enough for preclinical studies
and the production of a single patient dose, need further improvement to achieve the successful use of
this compound as a PET tracer.
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Figure 7. ['8F]-labeled COX-2 inhibitors 18 and 19 [49,50].

Aiming to develop selective probes for the two COX enzyme subtypes, COX-1 and COX-2,
McCharty et al. have prepared ['®F]SC63217 (20) and ['®F]SC58125 (21) (Figure 8), starting from
the corresponding nonradioactive COX-1 and COX-2 selective inhibitors, SC63217 and SC58125,
respectively [51]. Both compounds are structurally similar, presenting only a different substituent
on only one aromatic ring. In vitro binding studies of both compounds, using ]774 macrophages,
revealed that compound 20 is a potential probe for COX-2, while 21 was not a good marker of COX-1
due to high nonspecific binding. In vivo studies showed that, for each tracer, rat biodistribution was
well-matched with the known distribution of these enzymes [51].

18F
18F
CF
@\/}/CFS O\@/ g
N—N N—N
MeO S

O/’ \Me
['8F]SC63217 ['8F]SC58125
20 21

Figure 8. ['8F]-labeled pyrazoles as probes for COX-1 20 and COX-2 21 [51].
2.1.4. Dopamine Receptors Ligands

The subfamily of D,-like dopamine receptors includes the D,-, D3- and Dy-receptor subtypes and
mediates the action of dopamine in the brain by the inhibition of adenylate cyclase activity. While
the distribution of D,- and Dj3- receptors is well-known, there are still some uncertainties regarding
Dy-receptor (D4R) expression. If D4R selective radioligands are available, PET can be suited to gain
deeper knowledge into the distribution and pathophysiological role of D4R in humans.

In 2008, the pyrazolo[l,5-a]pyridine derivatives, FAUC 113 (22) and FAUC 213 (23)
(Figure 9), bearing a (4-chlorophenyl)piperazinylmethyl moiety in the 3 and 2 positions of the
pyrazolo[1,5-a]pyridine core, were synthetized. After an evaluation of their binding affinities for Dy-like
dopamine receptors, 22 and 23 were chosen as lead compounds for the development of ['8F]-labeled
PET tracers. A novel compound with a fluoroethoxyphenyl substituent in the para-position of the
phenylpiperazinyl moiety showed the highest specificity to the Dy receptor. Due to these results, the
next step was radiochemical synthesis to prepare the same labeled derivative, ['*F]JFAUC F41 (24)
(Figure 9). Using coronal rat brains, in vivo AGR studies were performed to evaluate the specific
binding of 24 to D4R. An increased uptake of this compound was detected in the hippocampus,
hypothalamus, cortex, medial habenular nucleus and central medial thalamic nucleus. The observed
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binding pattern was mainly consistent with the known D4R distribution in the rat brains. The log P
value for this compound was found to be 2.9, which may indicate adequate BBB penetration. Moreover,
this ligand revealed high stability in human serum, even after long-term incubation for up to 90 min [52].
These results demonstrate that ['*FJFAUC F41 (24) represents a potential radioligand for studying the
D4R in vivo by PET imaging.
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Figure 9. ['8F]-labeled high-affinity dopamine receptor (D4R) tracers 22-24 [52].

With the aim to develop a radiotracer with high selectivity and favorable lipophilicity for imaging
of the Ds-receptor in the brain, Stofpel et al. have synthetized compound 26 as the radioactive
['8F]-labeled analogue of the D3 ligand FAUC 329 (25) (Figure 10) [53]. In vitro AGR studies showed
that 26 successfully visualized D3-rich brain regions, including the islands of Calleja. However, in vivo
PET imaging revealed that it does not significantly accumulate in the CNS structures of rat brains,
probably due to a low BBB penetration. Instead, a significant uptake occurred in the brain ventricular
system, due to a significant penetration of this compound in the blood-liquor barrier and, more
noticeable, in the pituitary gland, outside the BBB [53]. The results of PET studies also suggest that the
main mode of action of FAUC 329, in vivo, could be due to binding to the dopamine receptors in the
pituitary gland.
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Figure 10. Radiotracer 26 derived from the dopamine D3 receptor ligand FAUC 329 (25) [53].

2.1.5. Glucocorticoid Receptor Ligands

In 1998, Hoyte et al. reported a series of aryl-pyrazolo steroids similar to the potent glucocorticoid
cortivazol 27 and evaluated the affinity of these compounds for glucocorticoid receptors (GRs). Among
them, the fluoro analog 28, which showed good binding and was a very potent glucocorticoid, was
labeled with 18F to be used as a glucocorticoid receptor-mediated imaging agent for PET (Figure 11) [54].
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Figure 11. Cortivazol (27) and related ['8F]arylpyrazolo steroids 28-29 as potential glucocorticoid
receptor ligands for PET imaging [54,55].

Later, Wiirst et al. used the 2’-(4-fluorophenyl)-21-['8F]fluoro-20-oxo-11,17«-dihydroxypregn-
4-eno[3,2-c]pyrazole (29) (Figure 11) as a ligand for studying brain GRs. Biodistribution and
radiopharmacological studies with male Wistar rats revealed promising brain uptakes and low
in vivo radiodefluorinations in comparison with other PET radioligands for brain GRs [55].

2.1.6. Insulin-Like Growth Factor-1 Receptor Ligands

Insulin-like growth factor-1 receptor (IGF-1R) is a potential therapeutic target, because it is
overexpressed in many cancers, AD, traumatic brain injury, amyotrophic lateral sclerosis (ALS),
Friedreich ataxia and aging. In 2013, Majo et al. synthetized and evaluated in vitro ["* F]BMS-754807
(30) (Figure 12), a potent and reversible small molecule inhibitor of the IGF-1R/IR kinases’ family,
currently in phase II clinical trials. ARG studies using surgically removed and pathologically identified
grade IV glioblastoma, breast cancer and pancreatic tumors demonstrate that 30 binds to IGF-1R.
The selectivity over other kinases, the presence of metabolically stable fluorine in the 2-substituted
pyridine ring, which is amenable for radiolabeling by nucleophilic displacement with [®F]fluoride
and a calculated lipophilicity (clogP) of 3.5, make this ligand a potential PET-imaging agent for in vivo
monitoring of IGF-1R [56].
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Figure 12. Potential PET radiotracer 30 for IGF-IR imaging [56].
2.1.7. Phosphodiester-10A Enzyme Inhibitors

Phosphodiester-10A (PDE10A) is an enzyme that hydrolyzes adenosine and/or guanosine
3’,5"-cyclic monophosphates (cAMP and cGMP, respectively). In the medium spiny neurons of
the striatum, PDE10A messenger RNA and the corresponding protein are highly abundant. PDE10A
inhibitors are a potential target for the diagnosis of schizophrenia, Huntington’s disease, PD,
obsessive-compulsive disorder and addiction.
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In 2010, Tu et al. made a first attempt to visualize PDE10A using a !'C-radiolabeled PDE10A
inhibitor named papaverine (31) (Figure 13). In vitro 11C—papaverine showed selective PDE10A
binding, but in vivo failed because of rapid washout of the tracer [57]. To overcome this problem,
Celen et al. synthetized a specific and selective radioligand for PDE10A, the ¥F-quinoline-labeled
['8F]INJ-41510417 (32) (Figure 13). They used rats and PDE10A knockout mice to show that 32 binds
specifically and reversibly to PDE10A in the striatum, presenting high accumulation therein. This brain
region was the only to show an increase of tracer concentration after the injection (1.6 SUV after 2 min
vs. 2.6 SUV after 60 min). Other brain regions, the hippocampus, cortex and cerebellum showed a
washout of the radiotracer. These results are in accordance with the distribution of PDE10A. Despite
the [18F]JNJ-41510417 (32) good target specificity and signal-to-noise characteristics, slow brain kinetics
due to its high potency is a limitation [58].
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Figure 13. Radiotracers 31-33 for phosphodiester-10A (PDE10A) visualization in the brain by PET
imaging [57-62].

Then, Laere et al, in collaboration with Janssen Pharmaceuticals, synthetized
and studied the human biodistribution of another radioligand ['F]JNJ-42259152 (33)
[2-(4—(1-(2[18F]ﬂuoroethyl)—4—(4—pyridinyl)—1H—pyrazol—3—yl)phenoxy)methyl)—3,5-dimethylpyridine]
(Figure 13), which belongs to a series of structurally related analogues of MP10 in which the
2-quinolinyl heterocycle was replaced with substituted 2-pyridinyl moieties, resulting in a slightly
lower potency compared to ['8F]INJ-41510417 (32) [59,60]. Six healthy male Caucasians (23-69 years;
3 younger than 40 years and 3 older than 60 years) have been volunteers in the study managed by
Laere. Compound 33 showed a rapid uptake in the striatum, a few minutes after the injection, with a
high clearance rate consistent with specific binding in this target region. The results of this pilot study
are in accordance with the distribution of PDE10A in the human brain and show a promising kinetics
and biodistribution of [*®F]JNJ-42259152 (33) [60].

Laere et al. have demonstrated that PDE10A activity in the brain can be reliably quantified using
['8F]INJ-42259152 (33) [61]. A relatively fast kinetics for the striatal region was observed, followed
by a subsequent moderately fast washout. The regional in vivo distribution of this radiotracer was
in agreement with the known distribution of PDE10A, being found predominantly in the putamen
followed by the caudate nucleus, ventral striatum and substantia nigra. Compared with the activity in
the striatum, the cortical and cerebellar activity were more than 10-fold lower. Later, Ooms et al. have
investigated the effect of alterations in cAMP levels on [18F]JNJ-42259152 binding to PDE10A in the
striatum homogenates. Increased affinity of this radiotracer for PDE10A was observed in the presence
of cAMP, which seems to have an important role in the allosteric regulation of PDE10A [62].

Stepanov et al. described the synthesis of two ['8F]-labeled PET radioligands to target PDE10A,
the ['8F]FM-T-773-d, (34) and ['®F]FE-T-773-d; (35) (Figure 14), and their in vivo evaluation in
nonhuman primates [63]. High brain uptake was measured for both radioligands and a fast washout.
Specific binding reached the maximum after 30 min for ['8F]FM-T-773-d, (34) and after 45 min for
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["®F]FE-T-773-d, (35). On account of brain uptake specific binding and kinetics, ['F][FM-T-773-d; (34)
was considered the more promising PET radioligand for further clinical evaluation.
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Figure 14. PET radiotracers 34 and 35 for in vivo phosphodiester-10A (PDE10A) evaluation in
nonhuman primates’ brains [63].

2.1.8. Translocator Protein Receptor Ligands

The translocator protein (TSPO) receptor is an 18 kDa protein organized around five large
transmembrane «-helices and located on the mitochondrial outer membrane [2]. This protein has a
key role in the regulation of several cellular processes: steroid biosynthesis, cholesterol metabolism,
apoptosis and cellular metabolism [64]. TSPO is highly expressed in organs involved in steroid synthesis
as adrenal glands, testis, ovaries and pituitary glands [65]. In the central nervous system (CNS) and
liver, TSPO expression is modest. However, in the case of acute or neurodegenerative pathologies
associated with microglia or astrocytes, levels of TSPO in the brain are upregulated. The upregulation
of this protein is directly correlated with the degree of neuronal damage. For these reasons, TSPO is
considered a very promising target for the early imaging of neuroinflammation [66] and a possible
indirect marker of neuronal loss progression, multiple sclerosis and AD [66-68] and has high relevance
in neuroscience. The expression of this protein is also elevated in several cancers: colon, breast,
glioma, prostate, colorectal, liver and ovary cancer, relating TSPO with disease progression and
survival [2,64,65,69]. These evidences increased the interest in TSPO and led to the development of
several radiolabeled ligands for the evaluation of the expression of this protein and detection of some
of the aforementioned diseases by PET imaging.

Since the discovery of the first nonbenzodiazepine ligand for TSPO, the isoquinoline carboxamide
PK11195 (36) [70-72], several families of compounds were evaluated as TSPO ligands—among
them, [11C]DPA-713 (37), [\®F]DPA-714 (38), [\8F]DPA (39), [*®F]VUIIS1008 (40) and ['8F]DPA-716
(or ['8F]PBR146) (41), which are pyrazolo[1,5-a]pyrimidine acetamides (Figure 15) [72,73].

Chauveau et al. compared compound 38 with 36 and 37 using a rat model of acute
neuroinflammation. (R,S)-a-amino-3-hydroxy-5-methyl-4-isoxazolopropionic acid (AMPA) was
used to provoke neuroinflammation. Compounds 37 and 38 were specifically localized in the
neuroinflammatory site with a similar signal-to-noise ratio in vitro. However, the fluorine-labeled
tracer 38 achieved a higher bioavailability in the brain, higher uptake and higher binding potential
than the other radiotracers. In the reference zone (contralateral area), a lower uptake of 37 and 38 were
found when compared with 36. These results showed that 37 and 38 have lower nonspecific bindings
than 36 [74].
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Figure 15. ['!CJPK11195 (36) and pyrazolopyrimidine-derived radiotracers 37-41 for translocator
protein (TSPO) PET imaging [72-82].

Compound 38 was also used to monitor the TSPO levels after the injection of some antibiotic like
minocycline. This drug inhibits the activation of microglial cells [75]. Furthermore, the radiotracer 38
was used on studies of rodent models of excitotoxicity, herpes encephalitis [76], astrocytic activation,
excitotoxically lesioned nonhuman primate brains, abdominal aortic aneurysm [77], theumatoid
arthritis [78,79] and neuroinflammatory changes in the brain after morphine exposure [65,67].
It demonstrated a good uptake in the primate brain and an eight-fold higher uptake in the lesioned
striatum of a quinolinic acid-lesioned rat model of activated microglia. Both 37 and 38 showed better
imaging properties than 36 in the striatum of lesioned rats. A study using a rat model of herpes simplex
encephalitis (HSE) suggested that 38, as an agonist of TSPO, is potentially suitable for visualizing mild
neuroinflammation [76].

Kuszpit et al. demonstrated that ['8F]DPA-714 (38) is a sensitive tool for the detection of
neuroinflammation, induced by Zika virus (ZIKV) infection, using a mice model of ZIKV neurological
disease. Moreover, the evaluation of therapeutics being developed for the treatment of the disease is
also possible by ['8F]DPA-714 (38) imaging [80].

In 2017, Keller et al. compared the activity of 38 with its analogue ['®F]F-DPA (39) (Figure 15),
which presents the radionuclide directly linked to the phenyl ring. This study showed that compound
39 is metabolically more stable than its analogue 38 in rats’ brains, being regarded as a promising
TSPO radiotracer, because it shows a higher ratio between specific and nonspecific binding [81]. Later,
in 2018, the same author described the potential of ['8F]F-DPA 39 to visualize activated microglia at
an early stage of AD pathology. The in vivo PET imaging and ex vivo brain AGR data indicated and
increased uptake of this radiotracer 39 with age in the brains of transgenic animals (APP/PS1-21 mouse
models of AD) in comparison with wild-type animals [68].

In 2012, Tang et al. used glioma-bearing rats to study the feasibility of using ['®FIDPA-714 (38) for
the visualization of TSPO expressing in brain tumors. This PET tracer showed to be highly specific to
TSPO in glioma cell line homogenates. In vivo studies showed a higher uptake of 38 in tumor tissues
than in other brain regions, suggesting that this compound could be used as a novel predictive cancer
imaging tool [82]. In 2013, the same author carried out the synthesis and structure-activity relationship
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study of pyrazolopyrimidine-derived radioligands, presenting different substituents, namely at the
5, 6 and 7 positions, in order to find the more robust PET ligand. The best result was achieved with
compound ['8F]VUIIS1008 (40) (Figure 15), which showed a negligible binding in normal brains but a
much higher binding in tumor tissues [64]. This result demonstrated that this radiotracer is a promising
PET ligand for TSPO in tumors.

In 2014, Médran-Navarrete et al. evaluated a new '8F-labeled analogue of ['8F]DPA-714 (38), the
[18F]DPA-C5yne (42) (Figure 16), as a TSPO radioligand. In vitro studies revealed that 42 was stable in
plasma at 37 °C for at least 90 min. AGR studies, using slices of AMPA-lesioned rat brains, showed a
high specificity of binding and selectivity for TSPO, highlighting the potential of 42 as a radiotracer
for TSPO [83]. One year later, Damont et al. synthetized a series of novel pyrazolo[1,5-a]pyrimidines
and evaluated, in vitro, their affinity, lipophilicity and metabolism. Based on the results obtained, two
of the synthetized compounds were chosen for '8F-radiolabeling affording ligands ['F]DPA-C5yne
(42) and (43) an analogue of ['®F]DPA-714 (38), where the oxygen atom was replaced by a methylene
group (Figure 16). Neuroinflammation PET images, using anesthetized Wistar rats seven days after
AMPA-induced brain lesions in the right striatum, showed that both radiotracers 42 and 43 have a
high in vivo-specific binding for TSPO. Compound 43 presented an ipsilateral-to-contralateral ratio
of 3.57 + 0.48 comparable to 38 (3.71 + 0.39), and 42 showed an ipsilateral-to-contralateral ratio
of 4.62 + 0.44. These results suggest that both 42 and 43 are appropriate for neuroinflammation
imaging [72].

['8F]DPA-C5yne 43
42

['8F]VUIIS1018A
44

Figure 16. Pyrazolopyrimidine-derived radiotracers 42-45 for TSPO PET imaging [83-87].

Recently, Tang et al. synthetized a new TSPO PET tracer [\8F]VUIIS1018A (44), an analogue of
['8F]DPA-714 (38) where the 7-methyl group of the pyrazolopyrimidine ring was replaced by a n-butyl
group (Figure 16), and evaluated its behavior in a preclinical model of neuroinflammation. These
authors concluded that this structural modification increased the lipophilicity of 44 compared with
38 (3.7 vs. 2.4, respectively). After 60 min of injection of 44, more than 85% of this probe was intact,
indicating that it is very stable in the brain. It is noteworthy that, for 38, just 50% of the probe was
intact after 60 min of injection. In vivo blocking experiments and in vitro AGR assays confirmed a high
binding specificity of 44 for TSPO, showing that it can be a promising TSPO PET tracer [84]. Tang et al.
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developed a preclinical evaluation to image glioma. In this work, 44 exhibited a lower accumulation in
healthy brains, what was regarded as an advantage to distinguish lower-grade gliomas. Compared
with [8F]DPA-714 (38) and ['®F]VUIIS1008 (40), 44 had an improved tumor-to-background ratio,
a higher specific-to-nonspecific binding ratio and a higher tumor-binding potential. These results
showed that 44 is a promising candidate to detect tumors with modest TSPO expression [85].

A series of novel 2-phenylpyrazolo[1,5-a]pyrimidin-3-ylacetamides were synthesized, and their
in vitro binding affinities for TSPO and lipophilicity (log P75) were evaluated using [{*F]DPA-714
(38) as the control. Based on the results of these assays, the tosylated precursor was selected for
radiofluorination, affording 45 (Figure 16). Using LPS induced neuroinflammation rat models, a
dynamic micro-PET study was performed and demonstrated a higher uptake of 45 in the ipsilateral
region and a higher ratio of target-to-background than 38. These results suggest that 45 can be a
promising PET probe candidate for TSPO imaging [86].

In 2018, Verweij et al. measured the cellular response in patients after an acute coronary syndrome
by PET imaging using ['F]DPA-714 (38) as a probe. TSPO receptor is highly expressed in myeloid
cells. Using a PET tracer with a high affinity for the TSPO receptor as 38 was possible to determine the
hematopoietic activity. In the acute phase, the treatment with 38 revealed a higher uptake in the bone
marrow and the spleen. Three months after, the bone marrow uptake decreased to levels comparable
to the healthy control. On the other hand, the spleen uptake remained elevated [87].

3. Conclusions

Considering that '8F is the most suitable radionuclide for routine PET imaging and that pyrazoles
are a key motif in medicinal chemistry and drug design, we made a compilation of ['®F]pyrazole-derived
imaging probes that have been developed and evaluated in the last 20 years. Regarding the examples
presented herein, it is evident that pyrazoles are important scaffolds for the development of
radiotracers for the diagnosis of several pathologies. In fact, pyrazoles interact with remarkable
targets, namely with adenosine receptors, cannabinoid receptors, cyclooxygenase enzymes, dopamine
receptors, glucocorticoid receptor, insulin-like growth factor-1 receptor, phosphodiester-10A enzyme
and the translocator protein receptor. Among the probes presented herein, most are cannabinoid
ligands and dopamine ligands, with a huge potential for brain imaging and TSPO ligands, namely
pyrazolopyrimidine-derived radiotracers, that have shown important applications for the imaging of
neuroinflammation and cancer.

The successful use of the described pyrazoles-imaging probes in clinics may help to increase
the understanding of several diseases such as AD, PD, Huntington’s disease, atherosclerosis,
neuropsychiatric disorders, neuroinflammation, cardiovascular diseases and cancer, among others,
and to identify ways to improve therapy. In this sense, the pyrazoles described herein can be regarded
as potential theragnostic agents and as important templates for the development of novel radiotracers
with improved properties for PET imaging.
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