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Preface

Pharmaceuticals—Special Issue on Radiopharmaceutical
Chemistry between Imaging and Endoradiotherapy

Klaus Kopka

Reprinted from Pharmaceuticals. Cite as: Kopka, K. Pharmaceuticals—Special Issue on
Radiopharmaceutical Chemistry between Imaging and Endoradiotherapy. Pharmaceuticals
2014, 7, 839-849.

The fields of molecular biology, immunology and genetics have generated many important
developments that advance the understanding of the induction and progression of oncological,
cardiological and neurological diseases as well as the identification of disease-associated
molecules and drugs that specifically target diseased cells during therapy. These insights have
triggered the development of targeted radiopharmaceuticals which open up a new dimension of
radiopharmaceutical sciences in nuclear medicine. Radiopharmaceuticals, also called
radiotracers, are radiolabelled molecules, bearing a “radioactive lantern”, and used as
molecular probes to address clinically relevant biological targets such as receptors, enzymes,
transport systems and others. Positron emission tomography (PET) and single photon emission
computed tomography (SPECT) realised in the en-vogue hybrid technologies PET/CT,
SPECT/CT and PET/MRI represent the state-of-the-art diagnostic imaging technologies in
nuclear medicine which are used to follow the trace of the administered radiopharmaceutical
noninvasively thereby in vivo visualising and assessing biological processes at the subcellular
and molecular level in a highly sensitive manner. In this connexion novel radiopharmaceuticals
for the noninvasive molecular imaging of early disease states and monitoring of treatment
responses in vivo by means of PET/CT, SPECT/CT and PET/MRI are indispensable
prerequisites to further advance and strengthen the unique competence of radiopharmaceutical
sciences. In the era of personalised medicine the diagnostic potential of radiopharmaceuticals
is directly linked to a subsequent individual therapeutic approach called endoradiotherapy.
Depending on the “radioactive lantern” (gamma or particle emitter) used for radiolabelling of
the respective tracer molecule, the field of Radiopharmaceutical Chemistry can contribute to
the set-up of an “in vivo theranostic” approach especially in tumour patients by offering
tailor-made (radio)chemical entities labelled either with a diagnostic or a therapeutic
radionuclide.

Early-stage noninvasive molecular imaging enables to look at the biodistribution of
molecular probes in vivo and facilitates to predict and monitor successful therapy strategies.
The definition of “molecular probe imaging” is highlighted in detail in this special issue
(Figure 1) [1]. Indeed the here presented special issue entitled Radiopharmaceutical Chemistry
between Imaging and Endoradiotherapy intends to reflect many aspects of the general field of
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Radiopharmaceutical Sciences. The intention of the field radiopharmaceutical sciences is
briefly summarised on the homepage of the Society of Radiopharmaceutical Sciences (SRS):
“At the heart of all nuclear imaging, radiopharmaceutical science is the design, synthesis and
evaluation of compounds containing suitable radionuclides that can be used in vivo to trace
(follow) a particular physiological or biochemical phenomena” [2].

Figure 1. Schematic design of a molecular probe and its interaction with the target
site. Data from [1].

% -: ”". \ 4 e \
Signal moiety linker vehicle molecule target

(e.g. radionuclide,
paramagnetic group)

In fact, according to reports of the United Nations Scientific Committee on the Effects of
Atomic Radiation (UNSCEAR) more than 33 million diagnostic nuclear medicine
examinations are performed annually worldwide. The annual frequency of diagnostic nuclear
medicine examinations and of nuclear medicine treatments in health-care level I countries have
thus increased tremendously, from 11 per 1,000 population in 1970-1979 to 19 per 1,000 in
1997-2007 and for therapeutic nuclear medicine procedures from 0.17 per 1,000 population in
1991-1996 to 0.47 per 1,000 in 1997-2007 [3]. These data are consistent with the trend
towards the increasing relevance of diagnostic and therapeutic applications using
corresponding radiopharmaceuticals in the respective health care systems. These numbers also
illustrate the high demand to develop new diagnostic and therapeutic radiopharmaceuticals in
translational projects in order to invest in modern personalised patient-centered health care
using nuclear medicine technologies.

To succeed in the design of targeted high-affinity radiopharmaceuticals that can measure the
alteration of a respective biological target several aspects need to be considered:

(i) reasonable pharmacokinetic behaviour adjusted to the physical half-life of the used
radionuclide,

(i) ability to penetrate and cross biological membranes and permeability barriers,

(iii) usage of chemical as well as biological amplification strategies (e.g., pretargeting,
biological trapping of converted ligands, change of the physicochemical behaviour of the
radiopharmaceutical after target interaction and combination with biotransporters),

(iv) availability of radiopharmaceuticals with high specific activities and in vivo stability.

Two approaches are presented in this special issue that aim at reaching neurologically
relevant receptors in the central nervous system which are confronted with the penetration of
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the blood-brain barrier, the key example of a selective permeability barrier, formed by capillary
endothelial cells connected by tight junctions. Mu L ef al. have started a project on targeting the
cannabinoid receptor subtype 2 (CB2) with a promising '' C-labelled 2-oxoquinoline derivative
[''C]KP23. The CB2 receptor has been shown to be up-regulated in activated microglia and
therefore plays an important role in neuroinflammatory and neurodegenerative diseases such as
multiple sclerosis, amyotrophic lateral sclerosis and Alzheimer’s disease (Figure 2) [4].
Holl K et al. synthesised new enantiomers of '“F-labelled 4-substituted spirocyclic
2-benzopyrans and investigated their affinity towards o receptors. PET tracers, which are able
to label selectively ol receptors, are of high interest for the diagnosis of diseases such as
Alzheimer’s Disease, neuropathic pain, schizophrenia and major depression in which the ol
receptor obviously is involved (Scheme 1) [5].

Figure 2. PET/CT images of [''C]KP23 in the spleen-liver region in rat. (A)
Coronal section and maximal intensity projection (MIP) averaged from 6 to 15 min
p.i. (B) TACs of [''C]KP23 in spleen, liver and flank. Data from [4].
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An example of how a radiotracer could be entrapped after binding to the chosen receptor is
given by Fischer CA et al. with the contribution A Bombesin-Shepherdin Radioconjugate
Designed for Combined Extra- and Intracellular Targeting. Unfortunately, while the specificity
of the radioconjugates towards the gastrin-releasing peptide receptor (GRPr) could be
confirmed, the cellular externalisation of the radioactivity was not improved (Scheme 2) [6].
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Scheme 1. Radiosynthesis of ['*F]-(R)-20. Data from [5].
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Reagents and Conditions: (a) p-TosCl, NEt;, 4-DMAP, CH,Cl,, RT, overnight, 46%; (S)-21 was
obtained in 32% yield starting with (S)-19. (b) K['*F]F, Kryptofix K222, acetonitrile, 82 °C, 20

min.

Ideally, the molecular structure of the tailor-made precursor compound designed for
radiolabelling should allow attaching either gamma emitters (e.g., iodine-123) and positron
emitters (e.g., iodine-124) or particle emitters (e.g., iodine-131), respectively. This results either
in diagnostic radiopharmaceuticals for SPECT/CT (‘*I-labelled radiotracers), PET/CT and
PET/MRI ('*I-labelled radiotracers, respectively), or in a therapeutic radiopharmaceutical (then
labelled with '*'T) for targeted systemic radionuclide therapy (endoradiotherapy) with identical
chemical structure. Similarly to the high efficiency of the combination of radiological
diagnostics and radiation therapy, this combined in vivo theranostic approach with targeted
radiotracers provide the potential to significantly improve the management of many diseases
and the application of individually adapted therapy strategies. One contribution at the current
basic research front on Folate Receptor Targeted o-Therapy using Terbium-149 addresses the
mentioned in vivo theranostic approach and is described by Miiller C et al. who discuss the
potential matching pairs of diagnostic and therapeutic folate receptor (FR)-targeted
radiotracers bearing different radioisotopes of terbium (Figure 3) [7].

The neurotensin receptor (NTS1) is an attractive biological target for the molecular imaging
and endoradiotherapy of NTS-positive tumours owing to the overexpression in a range of
malignancies. One contribution shows an example of a '""Lu-labelled NTS1 radioligand for
endoradiotherapy of a preclinical colon tumour model and subsequent imaging of successful
therapy by uPET using [*®Ga]Ga-DOTA-RGD as a specific radiotracer for imaging
angiogenesis (Figure 4) [8]. Another attractive receptor which is important for the progression
of cancer represents the epidermal growth factor receptor (EGFR). In immunotherapy the
anti-EGFR-antibody Cetuximab (Erbitux”) is used for the treatment of different tumours.
EGFR can thus be considered as an ideal biological target for combinatorial diagnostic and
therapeutic approaches using corresponding radiolabelled cetuximab conjugates. Here Sihver W
et al. summarises the hitherto developed radiolabelled cetuximab conjugates for
EGFR-targeted diagnosis and therapy (Figure 5) [9].
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Scheme 2. Synthesis of peptides and assembly of (radio)metal-labeled,
multifunctional conjugates. Data from [6].
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Figure 3. (A) The a-particle-emitting '**Tb as one of four medically interesting
terbium isotopes which belong to the series of chemical elements called
lanthanides (15 elements from La to Lu); (B) Chemical structure of the
radiolabeled DOTA-folate conjugate (cm09) with an albumin binding entity
(speculative coordination sphere of the Tb-DOTA-complex). Data from [7].
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The highly sensitive visualisation of prostate cancer by PET/CT imaging of the
prostate-specific membrane antigen (PSMA) has gained highest clinical impact during recent
years. The new PET radioligand [**Ga]Ga-PSMA-HBED-CC was developed at the DKFZ and
is the most promising PET tracer for the imaging of prostate cancer to date and clinical trials
are currently going to be initiated. Therefore, novel important preclinical data of
[**Ga]Ga-PSMA-HBED-CC and relevant aspects of its radiopharmaceutical good
manufacturing practice (GMP)-compliant production are presented in this special issue (Figure
6) [11]. One additional representative PSMA inhibitor, CHX-A"-DTPA-DUPA-Pep,
potentially applicable both as diagnostic and therapeutic radiopharmaceutical was
radiolabelled with the PET radionuclide gallium-68 (**Ga) as well as with the beta-minus
particle emitters yttrium-90 (°°Y) and lutetium-177 (‘"’Lu) which are clinically relevant for
systemic radionuclide therapy (i.e., endoradiotherapy) (Scheme 3) [12].

The GMP-compliant production and quality control of radiopharmaceuticals have to
conform to all aspects of the relevant EU-GMP regulations and radiation protection rules.
Specific guidance on current good radiopharmacy practice (cGRPP) for the small-scale
preparation of radiopharmaceuticals has been recently published by the EANM radiopharmacy
committee [13]. One representative contribution in this special issue deals with the necessary
quality control equipment on-site and highlights an improved example of how the analysis of
residual contaminations (here: phase transfer catalysts) in radiopharmaceutical formulations
can be simply realised by a rapid thin layer chromatography (TLC) spot test which is adapted to
the current monographs of the EU and US Pharmacopoeia (Figure 7) [14].

Finally, one contribution gives an overview of radiolabelled nanoparticles and polymers for
PET imaging. Nanomedicine has attracted high interest over the last decades as nanoparticles
(NPs) have been designed and used for various purposes, such as magnetic resonance imaging
(MRI), computed tomography (CT) and optical imaging (OI) or simply for improved drug
delivery. The question is: What is the ideal nanodimensional architecture usable as drug
delivery system or for multimodality imaging by means of PET/CT and PET/MRI? In detail
the review article of Stockhofe ez al. provides information about radiolabelling procedures of
NPs or polymers intended for PET imaging and their potential use as drug delivery systems
(Figure 8) [15]. A complementary editorial recently published elsewhere tries to give some
answers where to use nanotechnology implemented in radiopharmaceuticals [16].



XX

Figure 4. Chemical structures of [*Ga]DOTA-RGD [10] (top) and ['Lu]NT127

(bottom). Data from [8].
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Figure 5. Bifunctional chelators (BFC) wused in cetuximab conjugates:
succinylated desferoxamine (N-sucDf, 1a), desferoxamine-p-SCN (Df-Bz-NCS,
1b), p-SCN-Bn-DTPA (2a), CHX-A"-DTPA (2b), DOTA-NHS-ester (3a),
p-SCN-Bn-DOTA (3b), p-SCN-Bn-NOTA (4). Data from [9].
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Figure 6. (A) LNCaP-cell binding and  internalisation  of
[®*Ga]Ga-PSMA-HBED-CC labelled at RT or 95 °C, respectively. Specific cell
uptake was determined by competitive blockade with 500 uM of the PSMA
inhibitor 2-PMPA. Values are expressed as percentage of applied radioactivity
bound to 10° cells [%IA/10° cells]. Data are expressed as mean = SD (n = 3); (B)
Determination of binding affinity of [**Ga]Ga-PSMA-HBED-CC to LNCaP cells
as a function of the labelling temperature. The cells (10° per well) were incubated
with the radioligand (**Ga-labelled Glu-urea-Lys(Ahx)-HBED-CC) in the presence of
different concentrations of "'Ga-analyte (0-5000 nM, 100 pL/well). Data from [11].
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In summary this comprehensive special issue Radiopharmaceutical Chemistry Between
Imaging and Endoradiotherapy covers a broad spectrum of representative internationally
recognized research and development projects and nicely shows the complexity of the
multidisciplinary field radiopharmaceutical sciences located in between nuclear chemistry,
radiochemistry, organic chemistry, bioorganic and -inorganic chemistry, labelling chemistry,
medicinal chemistry, radiopharmacology and nuclear medicine. The special issue published in
Pharmaceuticals intends to reach and attract rather extended readership including students,
PhD students and young scientists and talents from medicinal disciplines such as nuclear
medicine, radiology and radiation therapy, but especially from natural sciences such as
chemistry, pharmacy, biotechnology, technical engineering and physics who are looking for
highly innovative translational research conceptions in radiopharmaceutical sciences.
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Scheme 3. Synthesis of cyclohexyldiethylenetriamine pentaacetic acid
(55,85,228,265)-1-amino-5,8-dibenzyl-4,7,10,19,24-pentaoxo-3,6,9,18,23,25-hex
aazaoctacosane-22,26,28-tri-carboxylic acid trifluoroacetate
(CHX-A"-DTPA-DUPA-Pep). Data from [12].
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Figure 7. Validation of the TLC spot test for Kry in ['*F]FDG: (a) Test for
specificity. TLC plate after iodine staining, samples (n = 3) are without Kry. 1.
TOW: [IXF]FDG solution; 2. row: citrate matrix buffer (pH 5.0); 3. row: citrate
matrix buffer (pH 6.0); (b) Test for Specificity. Samples (n = 3) of 100 mg/L Kry in
either ["*F]FDG solution (1. row) or citrate buffer matrix (pH 6.0; 2. row); (¢) Test
for specificity and detection limit. Samples of Kry standard solutions with
concentrations of 3.13, 6.25, 12.5, 25, 50, 75, 100 and 125 mg/L in buffer matrix
(from left to right; 1. row: pH 5.0; 2. row: pH 6.0; n = 3; one example shown); (d)
Test for Accuracy. Comparison of samples (# = 3) of 100 mg/L Kry in matrix (pH
5.0; 1. row); ["*FJFDG solution and 100 mg/L Kry added (pH 5.0; 2. row) and pure
["®*F]FDG solution (3. row). Data from [14].
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Figure 8. Illustration of the Enhanced Permeation and Retention (EPR) effect of
macromolecular structures as drug delivery systems in malignant tissue. Data from

[15].
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Chapter 1: Definitions






Imaging Biomarkers or Biomarker Imaging?
Markus Mitterhauser and Wolfgang Wadsak

Abstract: Since biomarker imaging is traditionally understood as imaging of molecular probes, we
highly recommend to avoid any confusion with the previously defined term “imaging biomarkers”
and, therefore, only use “molecular probe imaging (MPI)” in that context. Molecular probes (MPs)
comprise all kinds of molecules administered to an organism which inherently carry a signalling
moiety. This review highlights the basic concepts and differences of molecular probe imaging using
specific biomarkers. In particular, PET radiopharmaceuticals are discussed in more detail. Specific
radiochemical and radiopharmacological aspects as well as some legal issues are presented.

Reprinted from Pharmaceuticals. Cite as: Mitterhauser, M.; Wadsak, W. Imaging Biomarkers or
Biomarker Imaging? Pharmaceuticals 2014, 7, 765-778.

1. Introduction

The terms “imaging biomarker” and biomarker imaging” are currently used in a variety of
different contexts. Therefore, a clear definition of these terms is pivotal. “Biomarker” has already
been defined by the National Institutes of Health (NIH, Bethesda, MD, USA) director’s initiative on
biomarkers and surrogate endpoints to be “a characteristic, that is objectively measured and evaluated
as an indicator of normal biological processes, pathogenic processes, or pharmacologic responses to
a therapeutic intervention” [1]. But this definition still gives room for a wide range of interpretations.
On the one hand, it is evident that a biomarker has to be objectively measurable; on the other hand,
it provides no information regarding the very nature of this measurable characteristic. From the given
definition, a biomarker can be nearly every value associated with any process in any organism, even
such trivial things as blood pressure, urinary pH or visual faculty. Going a bit further, a biomarker
can be a molecular probe such as the calcium-score or levels of prostate specific antigen (PSA), or a
functional indicator like extent of myocardial perfusion or renal clearance. Consequently, imaging
biomarkers are all those biomarkers, which are determined by imaging techniques. Since there is no
exclusivity to that term, examples are found in all methods: e.g., Nuchal translucency screening
(ultrasound), sizing of adrenocortical incidentalomas (X-ray), BOLD-signal (magnetic resonance
imaging—MRI), renal clearance (single photon emission computed tomography—SPECT).

Moreover, “imaging” is also a term with widespread use demanding for closer characterisation;
coming from the Latin word imago meaning “picture”. Hence, imaging is a tool enabling the operator
to obtain a picture of the organism. It can enable the assessment of the biological basis of the body,
including changes due to disease, response to therapeutic intervention. Nowadays, imaging is mostly
used as a synonym for visualisation (derived from the Latin word video meaning “to see”), although
visualising processes and conditions are only part of imaging these things. The aspect that distinguishes
imaging from mere visualisation is quantitation. This brings us back to the definition of biomarker
being a measurable signal. For that reason, a visualisation biomarker could not exist! Imaging (and
therefore imaging biomarkers) can be characterised as structural, functional and molecular,




respectively. Hence, one should distinguish truly molecular information from rather functional or
even structural measurements and restrain from thoughtlessly terming everything “molecular
imaging”. So what makes imaging become molecular? The answer is simple: the visualisation and
quantification of a molecular interaction between a molecular probe and a molecular target.

Recently, Lucignani strengthened the term “imaging biomarkers” and pointed out that they allow
identifying measurable variables that are otherwise undetectable [2]. Furthermore, he stated that
“moving the definition of an imaging biomarker from that of a technical probe to that of a biological
variable” results in the recognition “that the use of imaging biomarkers transforms the role of
molecular and anatomic imaging from technical to a fully clinical”. Bringing this to a synopsis, an
imaging biomarker is “not a tool or a method but a measureable variable”.

Now, that we have defined imaging biomarkers can we simply rearrange these terms and
consequently derive a definition of biomarker imaging as well? Unfortunately, it is not that simple
and thus requires further reflection. Since biomarker imaging traditionally is understood as imaging
of molecular probes, we highly recommend to avoid any confusion with the previously defined
term “imaging biomarkers” and, therefore, only use “molecular probe imaging (MPI)” in that
context. Molecular probes (MPs) comprise all kinds of molecules administered to an organism
which inherently carry a signalling moiety. This moiety can for example be a radionuclide,
a fluorescent chromophore, a paramagnetic core or a gas-filled or gas-producing nanostructure.
The resulting signal has to be visualised and quantified by dedicated imaging procedures and
technologies [3—8]. Hence, MPI always leads to an imaging biomarker; but imaging biomarkers do
not necessarily require MPI! However, imaging biomarkers require a molecular imaging
modality/technique in order to measure them (e.g., magnetic resonance spectroscopy doesn’t use
molecular probes but can detect imaging biomarkers and is considered a molecular imaging technique).

2. PET & MRI: Selected Examples

The blood-oxygen-level dependent (BOLD) signal is an indirect measure for the local oxygenation
level in tissue [9]. It is quantifiable and derives from the application of MR imaging. Therefore, it
follows the definition of an IB. But it’s definitely not MPI: no MP is administered to achieve the
resulting information.

Inorganic gadolinium (Gd) compounds as contrast enhancers for MRI are MPs [10]. Depending
on physiological or pathophysiological status or changes in perfusion, these MPs can be quantified
using MR technology. Thus, the imaging biomarker in that case is the extent of perfusion of the tissue
measured through the Gd signal.

["*F]FMISO (['®F]fluoromisonidazole) is an example of an MP used in positron emission
tomography (PET) for the assessment of hypoxia [11,12]. It is taken up by tissue and, in hypoxic
cells, subsequently chemically changed and trapped. In this case, the biomarker is the extent of
hypoxia in the investigated tissue indirectly measured through the uptake of ['*FJFMISO. Comparing
these complementary techniques to assess information on oxygen levels, it is evident that the quality
and depth of the information is different.

[®FIFDG (2-deoxy-2-['®F]fluoro-D-glucose) is a radiolabelled analogue of glucose. Like its
parent compound it is transported through the blood stream and taken up by cells through specific



glucose transporters (GLUT). GLUT is expressed by cells in correlation to its energy demand.
Therefore, tumour cells, inflammatory tissue or myocytes as well as neurons exhibit up-regulated
GLUT. After being taken up by the cell, the fate of ['*F]JFDG and native glucose is different: due to
the substitution of a hydroxyl moiety by the '*F-label in the molecule the biochemical catabolism is
altered. In the first step of glycolysis, both glucose and ['®F]FDG are phosphorylated by hexokinase
enzyme. Subsequently, the glucose molecule is rearranged by an isomerase enzyme which is not able
to use ['*F]FDG as substrate. The '*F-substituent is hindering this transformation. Since hexokinase
activity is the “driving force” in the cell to gain energy out of sugar molecules, it is—more or
less—unidirectional allowing for almost no back-reaction. Hence, ['*F]FDG is trapped within the cell
and its uptake correlates to the energy demand of the tissue [13—15]. In this case, the MP is ['*F]FDG;
and the IB is a combination of hexokinase activity and GLUT expression, both representing a surrogate
for energy demand.

8Ga-DOTANOC (i.e., *Ga-labelled L-cysteinamide, N-[[4,7,10-tris(carboxymethyl)-1,4,7,10-
tetraazacyclododec-1-yl]acetyl]-D-phenylalanyl-L-cysteinyl-3-(1-naphthalenyl)-L-alanyl-D-
tryptophyl-L-lysyl-L-threonyl-N-[(1R,2R)-2-hydroxy-1-(hydroxymethyl)propyl]-,cyclic(2-7)-disulfide),
a radiolabelled peptide from the octreotide family, selectively targets somatostatin receptors [16,17].
In contrast to the endoligand, somatostatin (15 amino acids), ®*Ga-DOTANOC represents only
the active binding sequence of 8 amino acids connected to a DOTA chelator which enables
the complexation of radiometals such as *Ga. In contrast to “traditional” PET radionuclides (i.e.,
8F, 11C, N,) that are produced in a cyclotron, ®*Ga is produced in a **Ge/*®*Ga-radionuclide
generator [ 18]. The somatostatin receptors are over-expressed in a variety of neuroendocrine tumours
(NETs) and, therefore, represent an interesting and important target for clinical diagnosis and
treatment [19,20]. Binding of ®*Ga-DOTANOC to these receptors enables visualisation and
quantification of their extent of expression. Since the expression rate of somatostatin receptors
can help to assess the dignity of the tissue and peripheral tissue involvement (staging) it represents
a prospective surrogate marker for clinical outcome in many cases. Thus, in this case
%8Ga-DOTANOC is the MP; and the IB is the somatostatin receptor expression rate.

From these selected examples, it is obvious that MPs allow for more streamlined information.
Since this information derives from a distinct interaction of the MP with a molecular structure or
mechanism it represents—and should therefore be called—“molecular imaging”. Of course,
molecular imaging is not restricted to the field of nuclear medicine methods. Several new approaches
(e.g., multi-modal nanoparticles, optical nano-tubes, functionalizes micro-bubbles) also fulfil the
definition of a molecular signal; and of course, fluorescent, bioluminescent, ultrasound-,
photoacoustic-, and MRI-compatible molecular imaging probes are also available.

Currently, there is great enthusiasm for the simultaneous acquisition of different modalities [21].
The combination of PET and CT entered clinical routine some years back [22] and is nowadays a
common state-of-the-art technique. New PET scanners are not available without a CT any more.
Lately, PET/MRI hybrid technology was pushed both by researchers and companies and has entered
the commercial market within the last 2 years. Especially, the combination of PET and MRI techniques
is very promising since the different types of quantitative information or contrasts from MR Imaging
and spectroscopy, respectively [23], can be fused with those deriving from the tracer specific PET



signal. Bringing these IBs together may lead to a better description—or even understanding—of
(patho-)physiological processes on a molecular level. This could be the basis for true prospective and
personalized diagnostics.

3. The Role of Radiopharmaceuticals in PET and PET/MRI

Essentially, molecular probes consist of two functional entities: (1) a chemical backbone which is
responsible for the in vivo interactions within the organism and (2) a signalling functionality which
enables the accurate detection from outside of the organism with dedicated instrumentation that
subsequently allows the visualisation and quantification for MPI [24]. The signalling moiety can be
a radionuclide, a paramagnetic functionality or any other group that evinces a detectable and
quantifiable signal. For a connection between the signalling core and the vehicle part of the molecule,
a linker may be necessary for (chemical) stabilisation. An illustrative scheme is presented in Figure 1.

Figure 1. Schematic design of a molecular probe and its interaction with the target site.
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A radiopharmaceutical is a special MP bearing a radionuclide as signalling moiety. In the case of
PET, the radionuclide has to belong to the class of positron emitters—examples are given in Table 1.

The history of radiopharmaceuticals is rather short, since radioactivity was not detected before
the end of the 19th century. The first nuclear medical examinations of the thyroid were conducted in
the 1940s and in 1958 the first clinical application of a positron emitting nuclide (i.e., O-15) was
described [25]. But only after considerable improvements in the instrumentation were implemented,
PET became of interest as a diagnostic technique for the community. Ido et al. presented the first
synthesis of FDG in 1978 [26] but only the significant improvements made by Hamacher and Coenen
at the research centre Juelich (Germany) [27] led to the unrivalled success of this compound. Even
today, FDG is the by far most important PET radiopharmaceutical accounting for approximately 90%
of all clinical PET examinations worldwide [28]. In recent years, more specific and selective tracers
have been developed, labelled with different PET nuclides, providing further insight in oncological,
cardiac and neurological relationships. Radiopharmaceuticals are by definition radiolabelled drugs for
in vivo application. They have been referred to as drugs as early as in 1960 [29].



Table 1. Important PET radionuclides and their common way of production.

Nuclide Production Half-Life
BF (F) B0(p,n)"*F 109.7 min
BE (Fy) Ne(d,a)'*F 109.7 min
e “N(p,o)''C 20.4 min
BN %O(p,a)"*N 10.0 min
50 “N(d,n)"0 2.0 min
®Cu #Ni(p,n)*Cu 12.7h
oy 8Sr(p,n)*Y 14.7h
"Br "Se(p,n)”*Br 16.0 h
%Ga 8Ge/*®*Ga generator 67.6 min
%2Rb 8281/*Rb-Generator 1.3 min
124 2Te(p,n)'*'1 4.2 days

The most widely used PET-nuclides are fluorine-18, gallium-68 and carbon-11. Since
gallium-68 can be produced through a radionuclide generator its application can be implemented in
radio-pharmacies without direct access to an on-site cyclotron facility. A radionuclide generator
requires only limited shielding and allows preparing Ga-labelled radiopharmaceuticals directly in
small facilities.

Due to its rather longer half-life, fluorine-18 can also be used in remote PET centres without their
own cyclotron unit after shipping (satellite principle). In this manner, both ready-to-use ‘*F-labelled
radiopharmaceuticals as well as the radionuclide solution itself for subsequent radiosyntheses can be
obtained. Therefore, the use of '*F-labelled PET tracers is not strictly limited to facilities with an on-
site cyclotron.

In contrast to that, Carbon-11 can only be used directly on site since its short half-life (20 min)
does not allow any shipping to remote PET imaging units even if they are close by. This restriction
derives from radiochemical yields and specific radioactivities which both decrease with time.
Nevertheless, Carbon-11 is of great importance because it enables the preparation of unchanged, so
called authentic, molecular probes.

Until now, the clinical application of other PET nuclides is limited to research and scientific
purposes and has not yet found its way into broad clinical routine. This fact can be explained either
by their short half-lives (¥?Rb, '*N, '30) or their complex way of production (‘>*I, "°Br, %Cu, °Y).
Nevertheless, some of these nuclides will gain importance in the future since they have an isotope
with suitable characteristics for therapeutic use (“theranostics”; e.g., "*I-131, 86Y-0Y, %Cu-*Cu) [30].
These theranostics enable the direct translation of a prospective diagnostic signal into a therapeutic
application. It may even become possible to discriminate prospectively patients responding to
nuclear medical treatment (curative and palliative) from non-responders. This concept is a clear
example for personalized (nuclear) medicine.

Since radioactive molecular probes are chemically indistinguishable from their stable (i.e.,
non-radioactive) parent compounds the organism is not able to differentiate between these two forms
of the same compound. But this is only true for the exact identical substances—one with a
radionuclide and the other with a non-radioactive isotope (belonging to the same element);



e.g., ['"*F]FDG vs. "°F-FDG, [''C]methionine vs. '*C-methionine. It should be of note that ['*F]JFDG
and glucose are not strictly the same chemical compound and therefore a distinct difference in their
biochemical behaviour is observed!

Essentially, three major disciplines have to interact and cooperate closely to enable a successful
application of MPs in PET, PET/CT and PET/MRI, respectively, to gain IBs in a clinical setting:
(medical) physics and technology, radiopharmaceutical sciences (radiochemistry and biomarker
development) and (clinical) molecular imaging (see Figure 2). All experts and scientists involved in
the whole process—regardless of their profession and provenience—have to invest in understanding
of the basic principles and comprehension of the different scientific languages used by the different
disciplines. Hence, understanding of radiopharmaceutical issues is as important as understanding of
medical physics or molecular imaging as such. Overall, the molecular imaging probe (e.g., the PET
tracer) plays THE central role in the whole process because it determines the achievable information
and, hence, the subsequent processing through modelling techniques and its scientific and clinical
interpretation. On the one hand, signal detection, resolution and computational processing are
based—although not exclusively—on the chosen radionuclide with its particular physical
characteristics: the selection of the PET radionuclide should focus on the following presumptions:

e Availability of the radionuclide;

e  Physical characteristics of the radionuclide;
e Radiochemical issues; and

e Radiopharmacological issues.

On the other hand, it is pivotal to comprehend the (bio-)chemical properties of the molecular
vehicle, especially for molecular modelling and dosimetry. Of particular interest is the deep
understanding of:

e Binding and/or uptake characteristics in terms of affinity, selectivity and unspecific binding;

e Pharmacokinetics yielding information on input function, elimination rate and principal fate
of the compound;

e  Metabolic issues with respect to formation of metabolites potentially interfering with the
original signal and stability considerations;

e Involvement in different (patho-)physiological processes such as parallel representation of
both vital tumour tissue and inflammation or combined information on perfusion and
hypoxia; and

e Pharmaceutical issues referring to interactions of molecular probes and co-medication
as well as influence of the pharmaceutical formulation of the molecular probe (pharmacokinetic
and pharmacodynamic considerations; nota bene: pharmacodynamic effects are in general of
no interest in molecular imaging using radiopharmaceuticals because of the minuscule mass of
compounds that is administered. Therefore, pharmacodynamics are not considered herein).

Even a basic understanding of radiochemical issues and preparation techniques is required for the
application of PET/MRI in a scientific or clinical setting (e.g., formation of potential side-products,
interaction patterns of both labelled and unlabelled compounds with the target structure, specific
radioactivity and its time dependence).



Figure 2. Necessary interplay of the three major disciplines involved in successful
application of PET/MRI—the central role of the molecular probe is highlighted.
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The molecular probe—and especially the targeting component—has to display a high degree of
specificity and selectivity towards the target site. Important targets are:

e Receptor systems and their subtypes;

e  Transporter proteins;

e Antigens;

e Specific intra- or extracellular enzymes;

e  Alterations in gene and protein expression;

e Changes in physiology and metabolism, such as hypoxia or differences in vascularisation
and perfusion;

e  Energy turnover.

The molecular probes either interact directly with the aforementioned targets and processes or
enable an indirect assessment of imaging biomarkers.

In a pathophysiological state, these targets and/or processes may be altered distinctively in
comparison to their baseline status. Hence, the quantifiable signal resulting from the interaction of
the MP with these molecular targets may also be changed considerably. For example, in many
tumours the expression rate of some receptors or transporters as well as enzymatic activity and
representation of antigens on the cell surface is modified and these changes may serve as a suitable
predictor for stage and allocation of these tumours (IB).

4. Specific Radiochemical Considerations

Radiopharmaceutical chemistry focuses on activation of the radionuclide, radiolabelling
procedures and purification and formulation of the product. Since the chemical form of the
radionuclide (coming from the cyclotron or a generator system) is normally not predisposed for direct
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labelling reactions, the first step in the labelling sequence is an activation reaction. For instance,
['®F]fluoride delivered from the target is received as an aqueous solution that is chemically
inactivated due to its shell of water molecules and therefore has to be removed from its aqueous
environment. This is achieved by azeotropic drying with acetonitrile in presence of an
aminopolyether as phase transfer catalyst. The next step is a coupling reaction directly with or
incorporation into the predesigned precursor compound. This substitution reaction generally demands
elevated temperature or other ways of chemical activation (e.g., microwave assistance [31,32],
microfluidic conversion [33,34], high pressures). Due to the very nature of these micro- or even
nano-scale reactions, dedicated equipment is required. In contrast to traditional chemistry, it is usual
to waive relative yields in favour of reduction of reaction time [24]. As a matter of fact, due to the
short-lived nature of the commonly used PET-radionuclides (cf. Table 1) increased relative reaction
yields are often outbalanced by the physical decay during longer reaction durations. Thus, the
absolute radiochemical yields (at the end of synthesis (EOS); measured in GBq) are usually higher
when using short reaction times (i.e., 1-20 min). This means that, in contrast to conventional organic
chemistry, the main aim is not a quantitative conversion but the maximum achievable total yield of
radioactivity (in GBq). It is therefore sometimes the better choice to sacrifice chemical conversion
output (in %). This is of particular interest for Carbon-11: if for example in a ''C-methylation reaction
the conversion yield is 15% after 1 min at room temperature (which is ridiculously low and an
unacceptable value for an organic chemist) and increases to 50% after 35 min under heating at 80 °C
(which means that for heating up and cooling down an other 5 min are required) the total achievable
yield is lower for the latter conditions! Other differences to conventional chemistry are:

e There is no stoichiometry between the reaction partners (i.e., the radionuclide and the precursor
molecule)! A huge excess of the precursor is present in the reaction solution compared to the
amount of radionuclide. An illustrative extrapolation reflecting this imbalance would be to react
a whole shipload of precursor material with as little as one single sugar cube of radionuclide!

e Reactions that are unsuccessful under normal chemical circumstances are sometimes
successful in radiochemistry and vice versa.

e Due to the very low mass of reaction partners (often 1 mg precursor or less), the use of special
miniature equipment is demanded.

e  Working with high amounts of radioactivity (several tens of GBq) requires powerful
radiation protection devices. All radiolabelling procedures have to take place in a fully lead
shielded environment (dedicated hot cells) under remote control using special equipment for
manipulation like tele-tongs or robotic arms.

e  For the routine delivery of radiopharmaceuticals with maximum quality, the radiosyntheses
are performed in automated synthesis modules which can be remotely controlled from outside
the shielded hot cells (quality assurance). The production sequences are programmed in
advance based on optimization procedures and performed automatically with constant and
reproducible quality.
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Any carrier (stable isotope of the radionuclide taking part in the reactions) influences the
radiochemical conversion leading to a significant amount of indistinguishable, non-radioactive
product that “dilutes” the final radiopharmaceutical. This is followed by a significant change
in stoichiometry. This carrier also determines the maximum achievable specific radioactivity
which is a measure for the radioactivity per mass unit (e.g., GBg/umol or MBg/nmol) [35,36].
Such carrier is introduced into the radiosynthetic procedure either on purpose (due to
production obligations) or by unwanted “contamination” of reaction partners or solvents.
[36,37] In case of Carbon-11, even the '2C-CO: always present in air may contribute
significantly to a reduction in specific activity. In case of fluorine-18, the isotopically
enriched target material (water, >98% '®0) also contains traces of non-radioactive fluorine-
19 as dissolved fluoride anions. Typically, the content of '*F-fluoride is specified as <0.1
mg/L (=100 ppb) [38-40] and the total target volume usually is 2—5 mL. Hence, up to 0.2—
0.5 ng of ""F-fluoride are present—that equals 10-26 pmol. However, 100 GBq of
["®*F]fluoride equal only 30.0 pg (=1.6 pmol) Therefore, up to a 16-fold excess of non-
radioactive fluoride may be present in terms of amount of substance!

When working with solutions with high radioactivity concentrations, one has to consider
radiolysis as a major factor reducing product purity leading to formation of unwanted
by-products. Especially when dealing with batches that are to be shipped (e.g., ['*F]FDG and
['*F]fluoride for labelling) concentrations up to 35 GBg/mL (700 GBq in 20 mL) can be
reached [41]! In these cases, addition of stabilizers to the product matrix may be indicated.

Radiolysis may also occur during the production process (also for carbon-11), particularly when

applying excessive heating and evaporation to dryness under vacuo for product purification [42].

Hence, alternative methods under mild conditions are usually applied in radiopharmaceutical

chemistry, such as heating under microwave conditions or reduction of residual solvents by solid

phase extraction (SPE) techniques [43]. Overall, high starting activities (leading to satisfactory final

activities) and measures to suppress radiolysis have to be thoughtfully balanced.

5. Specific Radiopharmacological Considerations

With respect to the short-lived nature of the used radionuclides, also some distinct differences in

the (radio-)pharmacological behaviour of the MPs occur that have to be taken into consideration

when dealing with radiopharmaceuticals.

As already mentioned earlier in this review, the specific radioactivity is an essential parameter
for the quantification and visualisation of the MP’s signal—the imaging biomarker. In many
(patho-)physiological imaging procedures the actual number of target sites is limited and the
process of binding between the MP and the specific target (e.g., receptor subtype, transporter,
antigen binding pocket) is saturable. Then, the maximum available binding sites (Bmax)
determine the maximum achievable signal. Specific radioactivity (as the measure for the ratio
of non-radioactive to radioactive molecules with the identical structure and binding
characteristics) therefore allows predicting the amount of detectable signal, reflecting the ratio
of signal-evincing to signal-erasing binding. Consequently, the required specific radioactivity
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has to be higher when the density of the target sites is lower. Nota bene, the specific radioactivity
should be kept constant throughout a (quantified) clinical study and should always be included
as a co-variable in statistical analysis of the data (e.g., binding potential).

e The radionuclide as the signalling function of the MP only allows for the allocation and
quantification of the annihilation events. But it does not reflect the integrity of the MP. Thus, it
might occur that the radionuclide (or a small part of the molecule which includes the signalling
radionuclide) is cleaved from the intact parent molecule through active metabolism.
Subsequently, the measured signal would be wrongly assigned and quantification would be
systematically biased. Therefore, knowledge on and quantification of the metabolic stability of
the MP (both in target tissue and blood stream) are pivotal.

e  The availability of the desired radionuclide and the potential alterations in the in vivo behaviour
of the MP due to the insertion of this radionuclide unfortunately point into opposite directions.
(cf. Figure 3) For example, gallium-68 is readily available through a radionuclide-generator
system but, since it is a radiometal, has to be integrated into the MP’s backbone by addition of
a bulky chelating group and complexation. This leads to a drastic change in the molecular
structure and therefore the MP’s in vivo behaviour becomes unpredictable. This is true not only
for gallium-68 but for all radiometals and leads to probable changes in pharmacokinetics of the
so-labelled radiopharmaceuticals. As a consequence, there is—despite significant efforts
throughout many years—only one MP labelled with a radiometal targeting a receptor system in
the brain that found its way into clinical application, namely *™Tc-TRODAT [44,45]. Moreover,
interactions between radiometal and chelator within a complex are usually much weaker than
covalent binding. On the other hand, carbon-11 labelled radiotracers represent the authentic
(unchanged) molecule. carbon-11 is always bound covalently within the vehicle molecule, most
often as a [!'C]methyl group attached to an amine, hydroxyl or carboxyl moiety. No isotopic
effect can be observed and, consequently, organisms are not able to distinguish between the
original compound and its !'C-labelled analogue. Finally, fluorine-18 is also attached covalently
to the parent molecule. Since normally the target molecules do not bear a fluorine atom in their
chemical structure the label has to be added (and not substituted). Although the structural change
may appear small it can not be excluded that this will lead to pronounced changes in the MP’s
characteristics—both, in vitro and in vivo. This could be in both directions: it might lead to
reduced affinity, stability or selectivity but could also lead to ameliorated in vivo behaviour [24].

The choice of the used radionuclide (and MP) will therefore always be a compromise between
availability and economical considerations on the one hand, and physical properties, radiolabelling
possibilities and radiopharmacological issues on the other hand.
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Figure 3. The radiochemist’s dilemma: availability of radionuclides vs. potential
changes of in vivo behaviour. Usually, the better the availability of the radionuclide (e.g.,
Tc-99m > F-18 > C-11) the more pronounced the observed changes of the MP’s
properties regarding e.g., uptake, binding characteristics and pharmacokinetics.
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6. Regulatory Aspects and Quality Assessment

By law in most countries, PET-radiopharmaceuticals are drugs. Hence, a manifold of regulatory
aspects have to be addressed prior to release for human. Since the majority of radiopharmaceuticals
are administered intravenously, these parenteral drugs have to follow even stricter regulations. A
specific monograph in the European Pharmacopoiea has been established to generally cover
radiopharmaceutical preparations [46]. Furthermore, there are more than 50 specific monographs for
radiopharmaceuticals, with growing numbers with every new edition. These monographs provide
details on preparation, precursors, and tests of identity, purity, chemical purity, radionuclidic purity,
radiochemical purity, and measurement of radioactivity, residual solvents, sterility, endotoxines and even
labelling of the containers. The short half-life especially of PET radionuclides allows for
“parametric” release of the product under specific circumstances (=the final product may be released
by a radiopharmacist before completion of the whole QC procedure). This implicates that the
methods used for the preparation of the radiopharmaceutical have to be safe and robust and included
in a general quality management system.

Finally, the time for multi-modal molecular imaging probes has finally come and the simultaneous
gathering of molecular information on the basis of imaging biomarkers and hybrid systems has
already started, paving its way into personalized medical diagnosis and treatment.
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Novel Preclinical and Radiopharmaceutical Aspects of
[%¥Ga]Ga-PSMA-HBED-CC: A New PET Tracer for Imaging
of Prostate Cancer

Matthias Eder, Oliver Neels, Miriam Miiller, Ulrike Bauder-Wiist, Yvonne Remde,
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Abstract: The detection of prostate cancer lesions by PET imaging of the prostate-specific
membrane antigen (PSMA) has gained highest clinical impact during the last years. ®*Ga-labelled
Glu-urea-Lys(Ahx)-HBED-CC ([**Ga]Ga-PSMA-HBED-CC) represents a successful novel PSMA
inhibitor radiotracer which has recently demonstrated its suitability in individual first-in-man studies.
The radiometal chelator HBED-CC used in this molecule represents a rather rarely used acyclic
complexing agent with chemical characteristics favourably influencing the biological functionality
of the PSMA inhibitor. The simple replacement of HBED-CC by the prominent radiometal chelator
DOTA was shown to dramatically reduce the in vivo imaging quality of the respective **Ga-labelled
PSMA-targeted tracer proving that HBED-CC contributes intrinsically to the PSMA binding of the
Glu-urea-Lys(Ahx) pharmacophore. Owing to the obvious growing clinical impact, this work
aims to reflect the properties of HBED-CC as acyclic radiometal chelator and presents novel
preclinical data and relevant aspects of the radiopharmaceutical production process of
[®*Ga]Ga-PSMA-HBED-CC.
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Preclinical and Radiopharmaceutical Aspects of [*Ga]Ga-PSMA-HBED-CC: A New PET Tracer
for Imaging of Prostate Cancer. Pharmaceuticals 2014, 7, 779-796.

1. Introduction

Early detection of metastases or recurrent prostate cancer (PC) lesions is of utmost clinical
relevance in terms of clinical staging, prognosis and therapy management [1,2]. The high clinical
impact of targeting the prostate-specific membrane antigen (PSMA) was recently demonstrated in a
series of first-in-man examinations with either ®Ga- [3—5] or '*)I-labelled [6] PSMA inhibitors.
PSMA is a membrane-type zinc protease, also called glutamate carboxypeptidase II (GCPII), which
is expressed by nearly all prostate cancers. Enhanced expression levels were found in poorly
differentiated, metastatic and hormone-refractory carcinomas [7,8]. Since urea-based inhibitors of
PSMA clear rapidly from the circulation and since only low levels of physiological PSMA expression
were detected in a few organs like the brain, kidney, salivary gland and small intestine [7,9-11]
PSMA represents an ideal biological target for high quality PET imaging of prostate cancer [12—-17].

Initial clinical experiences with the ®®Ga-labelled PET tracer Glu-NH-CO-NH-Lys-(Ahx)-
[[®¥Ga]Ga(HBED-CC)] ([**Ga]Ga-PSMA-HBED-CC) suggest that this novel tracer detects PC
relapses and metastases with higher contrast as compared to '*F-choline. In a retrospective study, the
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images of 37 patients who received both '8F-choline PET/CT and ®®Ga-PSMA PET/CT were
analyzed [3]. Especially at low PSA values, PET/CT images obtained with [**Ga]Ga-PSMA-HBED-
CC showed more PC lesions as compared to '$F-choline. It was concluded that [**Ga]Ga-PSMA-HBED-
CC represents an attractive new imaging agent for the detection of recurrent prostate cancer and
metastatic spread.

The chelator HBED-CC (N,N-bis-[2-hydroxy-5-(carboxyethyl)benzyl]ethylenediamine-N,N'-
diacetic acid), represents a hitherto rarely used acyclic complexing agent especially allowing efficient
radiolabelling with %*Ga even at ambient temperature [18,19]. By combining HBED-CC with the
PSMA inhibitor Glu-urea-Lys, a favourable aromatic part is introduced into the radiotracer which
was found to be a necessary requirement for a sustainable interaction with the PSMA receptor,
putatively with the accessory hydrophobic pocket of the PSMA S1 binding site [15,20,21]. We have
indeed shown in a preclinical study that the replacement of HBED-CC by DOTA (1,4,7,10-
tetraazacyclododecane-N,N',N",N'"-tetraacetic acid) resulted in a molecule not able to image the
tumour at all [20]. Moreover, besides these biological advantages, HBED-CC represents a highly
effective chelator. Extraordinary high thermodynamic stability constants of >10°*° were determined
for the complexation of Ga with HBED [22]. As mentioned before the structure is acyclic
and demands rather low energy for complex formation which allows fast labelling at ambient
temperature [19,20]. Moreover, a high kinetic stability of the Ga-HBED-CC complex at physiological
pH was reported [23] resulting in a stable complex in vivo [24] and in human serum for at least
72 h [25]. Thus, HBED-CC represents a highly attractive radiogallium chelator for high-stability
labelling of radiopharmaceuticals. However, in contrast to other clinically well-established radiometal
chelators, HBED-CC forms three NMR-distinguishable diastereomers (RR, RS and SS configurations
at the amine nitrogens) during gallium complexation, whereas presumably the RR configuration is
thermodynamically favoured [24]. Besides the influence of the temperature the formation of the
diastereomers was reported to be pH- and concentration-dependent as well [23]. In a standard labelling
protocol, [*®Ga]Ga-PSMA-HBED-CC is incubated at a pH of ~4 and heated at 95 °C. The
thermodynamically favoured diastereomer is formed; however, a small fraction of one of the other
two diastereomers is still present in the labelling reaction and would be part of the final formulation
prepared for the patient. Thus, it is of utmost importance to analyze the two major diastereomers
according to their biological activity in cell-based assays. The aim of this study is to summarize
hitherto existing radiochemical experiences with HBED-CC conjugated low-molecular weight
compounds and to confirm that the configuration of Ga-HBED-CC does not influence the cell
binding properties of the resulting PSMA-targeted radioligand [*Ga]Ga-PSMA-HBED-CC,
especially since the chelator has high impact on the interaction with the aforementioned accessory
hydrophobic pocket of PSMA. Owing to the high and growing clinical impact, this work aims to
present novel important preclinical data of [**Ga]Ga-PSMA-HBED-CC and relevant aspects of its
radiopharmaceutical production. The fully automated radiosynthesis as well as the essential quality
control parameters according to current EU-GMP regulations for radiopharmaceuticals are given.
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2. Experimental Section
2.1. Reagents and Chemical Syntheses

The chemicals were of analytical grade and were used without further purification. Analysis of
the synthesised molecules was performed using reversed-phase high performance liquid
chromatography (RP-HPLC; Chromolith RP-18e, 100 mm % 4.6 mm; Merck, Darmstadt, Germany)
with a linear A-B gradient (0% B to 100% B in 6 min) at a flow rate of 4 mL/min (analysis) or
6 mL/min (purification). Solvent A consisted of 0.1% aqueous trifluoroacetic acid (TFA) and solvent
B was 0.1% TFA in acetonitrile. The HPLC system (L6200 A; Merck-Hitachi, Darmstadt, Germany)
was equipped with a UV and a gamma detector (Bioscan, Washington, DC, USA). UV absorbance
was measured at 214 nm and 254 nm. Mass spectrometry was performed with a MALDI-MS
Daltonics Microflex system (Bruker Daltonics, Bremen, Germany). The " Ga-labelled reference Glu-
urea-Lys(Ahx)-[Ga(HBED-CC)] (DKFZ-GaPSMA-11) was purchased from ABX Advanced
Biochemical Compounds (Radeberg, Germany) and dissolved in 40 pL CH3CN/H20 (1:1). 2.6 pg
were characterised at RT by mass spectrometry using an Agilent 1200 HPLC-MS system connected
to an Orbitrap Mass Spectrometer (Exactive, Thermo Fisher Scientific) on a Hypersil Gold C18
column (2.1 mm x 200 mm, 1.9 um; Thermo Scientific, Bremen, Germany) eluted with a linear
gradient (eluent A: 0.05% TFA in water; eluent B: 0.05% TFA in acetonitrile; 0%—-30% B in 30 min
at RT, flow rate: 0.2 mL/min, absorbance: A =214 nm). Full scan single mass spectra (positive mode)
were obtained by scanning from m/z = 200-4000.

The peptide c(RGDyK) was synthesised as described previously [26]. HBED-CC was conjugated
by reacting with 1.2 equivalents of HBED-CC-TFP-ester which was synthesised as previously
described [19]. The reaction mixture was supplemented with two equivalents of DIPEA in N,N-
dimethylformamide (DMF). After HPLC purification (vide supra) the product was treated
with TFA at room temperature for one hour resulting in the final compound. NOTA
(1,4,7-triazacyclononane-1,4,7-triacetic acid) conjugation was carried out by reacting the peptide with
3 equivalents of SCN-Bn-NOTA (purchased from Macrocyclics, Dallas, TX, USA) in 0.1 M sodium
carbonate buffer (pH 9.5) for 20 h at room temperature. The reaction mixture was purified by
semipreparative HPLC. Mass spectrometry was used to confirm the identity of the synthesised
compounds (m/z (NOTA-¢c(RGDyK) = 1071.3 (calc. for [M+H]" = 1071.2); m/z (HBED-CC-
¢(RGDyK) = 1035.2 (calc. for [M+H]" = 1035.2)).

2.2. Preclinical Radiolabelling and Radiochemical Stability
2.2.1. %Ga-Radiolabelling

8Ga (half-life 68 min; B~ 89%; Ep+ max. 1.9 MeV) was obtained from a ®*Ge/*®*Ga-generator based
on a pyrogallol resin support [27]. For radiolabelling, the conjugates (0.1-1 nmol in 0.1 M HEPES
buffer, pH = 7.5, 100 pL) were added to a mixture of 10 pL HEPES (2.1 M in H20) and
40 pL [*®Ga]Ga*" eluate. The pH of the labelling solution was adjusted using NaOH. The reaction
mixture was incubated at room temperature or 95 °C, respectively. The radiochemical yield (RCY)
was determined via analytical RP-HPLC and thin layer chromatography (ITLC, Pall, Crailsheim,
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Germany) with a mixture of 0.9% NaCl and methanol (5:1) as solvent. Free activity was complexed by
supplementing with 10 uL. 0.1 M EDTA. In case of non-conjugated chelators, 0.9% NaCl was used
as solvent.

2.2.2. "'Ga-Complexes

A 10 times molar excess of Ga(IIl)-nitrate (Sigma Aldrich, Munich, Germany) in 10 pL 0.1 N
HCIl was reacted with the conjugates (1 mM in 0.1 M HEPES buffer pH 7.5, 40 uL) in a mixture of
10 uL 2.1 M HEPES solution and 2 pL 1 N HCI for 2 min at room temperature or 95 °C, respectively.

2.2.3. Radiochemical Stability

The radiochemical stability of the ®*Ga-labelled compounds was determined by incubating in both
phosphate buffered saline (PBS) and human serum at 37 °C. An equal volume of acetonitrile was
added to the samples to precipitate serum proteins. Subsequently, the samples were centrifuged for 5 min
at 13,000 rpm (Heraeus Picofuge fresco, Thermo Fisher Scientific Germany, Schwerte, Germany).
An aliquot of the supernatant and the PBS sample was analysed by RP-HPLC. In addition, serum
samples were run on a Superdex 75 5/150 GL gel filtration column (GE Healthcare, Munich,
Germany) in order to analyse protein binding. To investigate the complex stability against human
transferrin, a 400 uL aliquot of the *Ga-labelled peptide was added to 250 pg apo-transferrin and
incubated at 37 °C in PBS at pH 7. The complex stability was determined using a Superdex 75 GL
5/150 short column with PBS (pH 7) as eluent.

2.3. In Vitro Testing
2.3.1. Cell Culture

LNCaP cells (metastatic lesion of human prostatic adenocarcinoma, ATCC CRL-1740) were
cultured in RPMI medium supplemented with 10% fetal calf serum and Glutamax (PAA, Pasching,
Austria). The cells were grown at 37 °C in an incubator with humidified air equilibrated with 5 %
COsz. The cells were harvested using trypsin-ethylenediaminetetraacetic acid (trypsin-EDTA; 0.25%
trypsin, 0.02% EDTA, all from PAA, Austria) and washed with PBS.

2.3.2. Cell Binding and Internalisation

The competitive cell binding assay and internalisation experiments were performed as described
previously [20]. Briefly, LNCaP cells (10° per well) were incubated with the radioligand [**Ga]
Ga-PSMA-HBED-CC in the presence of 12 different concentrations of analyte (0-5000 nM,
100 uL/well, ™Ga-labelled Glu-urea-Lys(Ahx)-HBED-CC prepared either by reaction at room
temperature (RT) or by reaction at 95 °C). After incubation, washing was performed using a
multiscreen vacuum manifold from Millipore (Billerica, MA, USA). Cell-bound radioactivity was
determined using a gamma counter (Packard Cobra II, GMI, Ramsey, MN, USA). The 50%
inhibitory concentration (IC50) was calculated using a nonlinear regression algorithm (GraphPad
Software, version 5.01, La Jolla, CA, USA). Experiments were performed in triplicate.
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The specific cell uptake and internalisation was determined in another cell-based assay.
Briefly, 10° cells per well were seeded in poly-L-lysine coated 24-well cell culture plates 24 h before
incubation. After washing, the cells were incubated with 25 nM of the radiolabelled compounds
(either labelled at RT or 95 °C) for 45 min at 37 °C and at 4°C, respectively. Specific cellular uptake
was determined by competitive blocking with the PSMA inhibitor 2-(phosphonomethyl)pentanedioic
acid (500 uM final concentration, 2-PMPA, Axxora, Loerrach, Germany). Cellular uptake was
terminated by washing 4 times with 1 mL of ice-cold PBS. Cells were subsequently incubated twice
with 0.5 mL glycine-HCl in PBS (50 mM, pH = 2.8) for 5 min to remove the surface-bound fraction.
The cells were washed with 1 mL of ice-cold PBS and lysed using 0.5 mL 0.3 N NaOH. The
radioactivity of the probes was measured in a gamma counter. The cell uptake was calculated as per
cent of the initially added radioactivity bound to 10° cells [%IA/10° cells].

2.4. Automated Synthesis

A fully automated synthesis module (Scintomics GRP, Fiirstenfeldbruck, Germany) and its
ControlCenter and GRP-Interface software were used to transfer the radiosynthesis of [**Ga]
Ga-PSMA-HBED-CC into an environment suitable for clinical application. The ®Ge/*®Ga-generator
used for radiopharmaceutical production was purchased from IDB-Holland BV (Baarle-Nassau, The
Netherlands). Disposable cassette kits and chemicals including the precursor PSMA-HBED-CC
(DKFZ-PSMA-11) in GMP-compliant grade used for the radiosynthesis were obtained from ABX
advanced biochemical compounds. A Dionex Ultimate 3000 HPLC system (Thermo Fisher Scientific,
Dreieich, Germany) equipped with a Chromolith Performance RP-18e column (100 mm x 4.6 mm,
Merck) and a Nal radiodetector (Raytest, Straubenhardt, Germany) was used to determine the
radiochemical purity. The mobile phase consisted of gradient mixtures of acetonitrile (A) and 0.1%
aqueous TFA (B); 0-0.5 min: 95% B; 0.5 to 10 min linear gradient to 80% A; flow rate 2 mL/min.
Residual solvents were determined using a 6850 Series gas chromatograph (Agilent Technologies,
Boblingen, Germany). Bacterial endotoxin testing was performed using the LAL test with an
Endosafe®-PTS device (Charles River Laboratories, Wilmington, DE, USA). The radionuclide was
identified by determination of the half-life (67.9 min) using a CRC-15R dose calibrator (Capintec,
Ramsey, NJ, USA). Radionuclidic purity of the final product solution and separation cartridges was
analysed using gamma spectrometry (HPGe Canberra GC 5020, Meriden, CT, USA). Sterility testing
was realised at the Department for Infectiology of the Heidelberg University Hospital.
1.9 pg (2 nmol) of PSMA-HBED-CC were dissolved in a mixture of 1.5 M acetate buffer pH 4.5
(1 mL) and 1 M ascorbic acid (10 pL) and the mixture was transferred into the reaction vessel. The
%8Ge/%*Ga-generator was eluted with 10 mL of 0.6 M HCI and the eluate diluted with 9 mL of
ultrapure water. The mixture was then transferred to a cation exchange cartridge (Macherey-Nagel
PS-H+, Size M, Diiren, Germany) and eluted with 5 M NaCl solution (1.2 mL) into the preheated
reaction vessel (100 °C). The reaction mixture was heated for 10 min. The crude reaction mixture
was then removed from the reaction vessel and transferred to a pre-conditioned (1. 10 mL EtOH/ 2.
10 mL ultrapure water) C18 cartridge (Waters Sep-Pak light, Eschborn, Germany). 9 mL ultrapure
water was used to rinse the reaction vessel and passed over the C18 cartridge. The C18 cartridge was
washed with another 5 mL of ultrapure water. The final product was eluted from the C18 cartridge
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with 2 mL of EtOH/H20 (1:1 v:v), sterile filtered (Millipore Cathivex-GV, 0.22 um) and diluted with
8 mL of PBS solution (according to Ph. Eur. 8.0 (4005000)). All quality control tests except those
for sterility and radionuclidic purity were determined prior release of the final product.

3. Results and Discussion
3.1. HBED-CC as Chelator for Highly Efficient Radiolabelling of Peptides

The acyclic radiometal chelator HBED-CC was reported to represent a highly effective ®Ga
complexing agent mainly suitable for gentle room temperature-radiolabelling of antibodies
and proteins [18,19,24]. However, less is known about labelling kinetics and stability issues of
%Ga-labelled HBED-CC-conjugated peptides. First insights in the quality of HBED-CC as labelling
moiety of low-molecular weight compounds were given in the context of HBED-CC-conjugated
PSMA inhibitors. We have recently reported that Glu-urea-Lys(Ahx)-HBED-CC can be labelled in
less than 2 min with 99% radiochemical yield (RCY) at room temperature [20,28]. Here we
summarise our PSMA-independent radiochemical experiences with the HBED-CC-conjugated
peptide c(RGDyK) compared to the NOTA-labelled counterpart.

Figure 1A shows a typical dependency of the radiochemical yield (RCY) over time demonstrating
the fast labelling kinetics of the examined HBED-CC-conjugated peptides at room temperature. A
direct comparison of the labelling kinetics of a NOTA-conjugate and a HBED-CC-conjugate on the
basis of proteins was already published previously [18] and is in good agreement with the herein
presented data. In comparison to NOTA, HBED-CC complexes [**Ga]Ga>" more efficiently at low
concentrations and low temperatures. A concentration of 1.7 uM was found to be sufficient to form
the ®*Ga-labelled peptide with high radiochemical yields in less than one minute at room temperature.
Clear differences were still observed after 20 min incubation of the reaction mixtures (Figure 1B).

The different labelling kinetics of HBED-CC and NOTA observed in these experiments
were also confirmed in a competition-for-chelation assay performed with the HBED-CC-
and NOTA-conjugated RGD-peptides. Equal concentrations of HBED-CC-c(RGDyK) and
NOTA-c(RGDyK) were incubated with [®®Ga]Ga®" at room temperature. Also under these
conditions, HBED-CC turned out to be the more potent chelator in direct challenging with NOTA,
as 16% of the activity was complexed by NOTA-c(RGDyK) whereas 84% of the activity was
incorporated in HBED-CC-c(RGDyK).

Labelling the free acid of HBED-CC was effective at pH values between 3.5 and 5 with no
significant reduction of RCY between pH 4 and 5 (Figure 2). This fact ensures a high reproducibility
and highly reliable radiopharmaceutical production process as a broad range of pH and an efficient
radiolabelling at low concentrations of precursor enhance the robustness of the synthesis.
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Figure 1. The radiochemical yields (RCY) of the HBED-CC- and NOTA-conjugated
model-peptide ¢(RGDyK) as a function of (A) peptide concentration (2 min reaction
time); and (B) reaction time (1.7 puM peptide concentration), respectively. The
compounds were incubated with the generator eluate at room temperature in HEPES
buffer (pH 4.2). The reaction was stopped by adding 10 pL of a 0.1 M EDTA solution
and the reaction mixture was subsequently analysed via radio-HPLC (n = 6).
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Another aspect which determines the quality and the clinical impact of a radiometal chelator is its
serum stability. As metal complexes of open chain ligands generally show a lower degree of kinetic
stability compared to cyclic chelators it is of importance to prove the long term stability of
Ga-HBED-CC as active pharmaceutical ingredient of a radiopharmaceutical before its clinical use.
The long term stability of radiogallium labelled HBED-CC-c(RGDyK) and NOTA-c(RGDyK) in
human serum was investigated using the longer living radionuclide ’Ga. Neither the NOTA-conjugate
nor the HBED-CC-conjugate showed non-complexed ®’Ga in ionic form after 48 h-incubation in
human serum at 37 °C. Remarkably, ~3% of the radioactivity was released from the NOTA-conjugate
after 1 week in PBS at room temperature while the HBED-CC conjugate remained unchanged (>99%
radiochemical purity (RCP)). This might be explained by a slight instability of the NOTA complex
which was also demonstrated by analysing the serum samples on gel filtration (Figure 3). About 13%
of the original peptide-bound radioactivity was eluted at about the same time as the serum proteins.
In order to specify the transfer of ’Ga to the serum proteins, the stability was further investigated by
incubating the ®*Ga-labelled peptides in the presence of an excess of apo-transferrin for 2 h at 37 °C.
However, no radiogallium was transchelated to apo-transferrin in both cases.

Taken together, HBED-CC represents an attractive acyclic alternative chelator for room
temperature radiolabelling of proteins and peptides. Due to its different chemical characteristics
compared to NOTA or DOTA such as the higher lipophilicity and the presence of aromatic residues,
HBED-CC might have a positive impact on the pharmacokinetics or binding properties of a molecule.
For [®Ga]Ga-PSMA-HBED-CC these chemical characteristics, obviously being a part of the
pharmacophore, were shown to be advantageous for the PSMA binding behaviour of the molecule,
presumably by interacting with the known accessory hydrophobic pocket of the PSMA S1 site [20].
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Figure 2. The pH dependence of the complexation reaction was determined by
incubating the free acid of (A) HBED-CC (10 uM) and (B) NOTA (10 uM), respectively,
at RT for 10 min. The radiochemical yield was determined by ITLC at the indicated time
points (n = 06).
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Figure 3. Superdex 75 5/150 GL runs of (A) ®’Ga-labelled HBED-CC-c(RGDyK); and
(B) %’Ga-labelled NOTA-c(RGDyK) after 48 h incubation in human serum at 37 °C.
Only the radiometric signal is shown. The UV trace showed a major peak at ~3.9 min
p-i.; (C) which corresponds with the elution time of serum proteins.
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3.2. The Influence of Diastereomers of HBED-CC on the Binding Properties

The active site of a PSMA inhibitor consists of two independent main binding sites, a
zinc-containing rigid site and an efferent tunnel with rather lipophilic characteristics [29,30]. The
classical binding motif of urea-based PSMA inhibitors typically interacts with its carboxylic groups
and the carbonylic oxygen. For efficient internalisation of a PSMA-directed radiotracer, however,
the interaction of the linker region of the molecule with the aforementioned rather hydrophobic
tunnel region seems of crucial importance. HBED-CC turned out to presumably interact with this
region as the replacement of DOTA by HBED-CC has shown a significant influence on the
internalisation efficiency of [**Ga]Ga-PSMA-HBED-CC [20]. Due to this specific interaction with
the hydrophobic binding pocket, slight chemical differences caused by the known formation of
different diastereomers of HBED-CC after Ga-complexation might influence the binding properties
of the whole molecule. The reaction temperature influences the proportional distribution of the three
diastereomers. Typically, the GMP-compliant synthesis is realised at 100 °C resulting in the
predominant formation of the thermodynamically more stable configuration of Ga-HBED-CC
whereby the composition proved to be stable for at least 3 h in the injection buffer (Figure 4C).
HPLC-MS measurements confirmed the identity of both diastereomers of the "Ga-labelled complex
(supporting information). If the reaction is carried out at RT, a fraction of about 50% of another
diastereomer is formed (Figure 4A). This diastereomer converts into the thermodynamically more
stable one quite rapidly in a few hours at pH 4 (Figure 4D). However, neutralising the reaction
mixture resulted in a much slower interconversion. As shown in Figure 4E the percentage
composition remains nearly unchanged for hours which is in agreement with the observation of
Schuhmacher et al., who reported that the interconversion into the most stable configuration at pH 7
took several days [23].

From the in vivo point of view, the distribution of the diastereomers might be of high impact if
one configuration of Ga-HBED-CC would not interact with the binding site and therefore would
hamper the overall functionality of the PSMA inhibitor. Since the quality of the PET/CT images
would be affected by the presence of a potentially non-functional diastereomer, it is important to
elucidate their influence on the PSMA binding characteristics. Therefore, the cell binding properties
of [*Ga]Ga-PSMA-HBED-CC labelled at ambient temperature and 95 °C, respectively, were
evaluated in cell-based assays. Figure 5A shows that the PSMA-specific cell surface binding and
internalisation of the mixture of diastereomers (RT labelling) and the thermodynamically most stable
diastereomer (95 °C labelling) were comparable. In addition, the affinity related ICso-values of the
reaction mixtures of both labelling conditions were determined on the PSMA expressing cell line
LNCaP (Figure 5B). Indeed, both the RT-labelled fraction and the 95 °C-labelled fraction bound
PSMA with identical affinities (ICso values: 27.4 £+ 1.3 nm and 24.8 + 1.2 nm, respectively). It has
to be concluded that the presence of a thermodynamically less stable diastereomer does not have any
negative influence on the PSMA-binding properties indicating a robust stereochemical independence
of the pharmacophore Glu-NH-CO-NH-Lys sidechain.



Figure 4. Radio-HPLC traces of RT (A) and 95 °C (B) labelled Glu-urea-Lys(Ahx)-
HBED-CC. The peaks correspond to (1), the thermodynamically more stable, and (2),
the thermodynamically less stable diastereomer, respectively. Graphs C—E show the
radiochromatograms after various storage and labelling conditions: 95 °C labelled
Glu-urea-Lys(Ahx)-HBED-CC stored for 3 h in injection buffer (C); RT labelled
Glu-urea-Lys(Ahx)-HBED-CC after 3 h incubation in labelling reaction buffer at
(D) pH 4, and (E) pH 7.
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Figure 5. (A) LNCaP-cell binding and internalisation of [**Ga]Ga-PSMA-HBED-CC
labelled at RT or 95 °C, respectively. Specific cell uptake was determined by competitive
blockade with 500 uM of the PSMA inhibitor 2-PMPA. Values are expressed as
percentage of applied radioactivity bound to 10° cells [%IA/10° cells]. Data are expressed
as mean = SD (n = 3); (B) Determination of binding affinity of ["Ga]Ga-PSMA-HBED-
CC to LNCaP cells as a function of the labelling temperature. The cells (10° per well)
were incubated with the radioligand (**Ga-labelled Glu-urea-Lys(Ahx)-HBED-CC) in
the presence of different concentrations of "Ga-analyte (0-5000 nM, 100 pL/well).
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This information is important with regard to the radiopharmaceutical production process as a
small fraction of one of the thermodynamically less stable diastereomers is still present in the
labelling reaction mixture even at 95 °C labelling condition (Figure 4B) and would be part of the
final formulation prepared for the patient. According to our results, a fraction of approx. 50% of the
thermodynamically less stable diastereomer does not reduce the PSMA-specific cellular uptake and
should therefore not have any negative influence on the quality of the PET images. However, it has
to be considered that our conclusions are based on an indirect reasoning as the two major
diastereomers were not separated chemically by HPLC for these experiments. A chemical separation
via HPLC would result in an unknown concentration of unlabelled compound. As the cell binding
directly depends on the used concentration it is crucial to know exactly the amount of analyte given
to the cells. Since the proportional distribution of the observed two diastereomers can be easily
controlled by pH and temperature of the labelling reaction mixture, the influence of the
thermodynamically less stable diastereomer on the cell binding properties can be reliably determined
by comparing RT-labelled and 95°C-labelled Glu-urea-Lys(Ahx)-HBED-CC. If the thermodynamically
less stable diastereomer would not bind PSMA-presenting cell lines at all it would reduce the cell
uptake considerably in the RT-labelled approach.
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3.3. Automated Synthesis

The radiosynthesis of [*®Ga]Ga-PSMA-HBED-CC as described earlier [20] was reproduced
reliably and slightly modified on a fully automated synthesis module in 80% + 5% decay corrected
radiochemical yield within 35 min applying single-use cassette-based kits. An audit trail was
recorded for each radiosynthesis including all performed steps and courses of radioactivity on three
gamma detectors, gas flow and temperature of the heating unit. The steps involved include
conditioning of the purification cartridge, elution of the ®*Ge/**Ga-generator, purification of the
generator eluate, radiosynthesis and purification and sterile filtration of the final product.
[**Ga]Ga-PSMA-HBED-CC was obtained in >99% radiochemical purity as two diastereomers
(Figure 4B) with a pH ranging between 6 and 8. Stability of [**Ga]Ga-PSMA-HBED-CC in the final
product solution was tested for up to 2 h after the end of radiosynthesis and yielded identical results
for the radiochemical purity. The only residual solvent found in the final product solution was ethanol
in less than 10% v/v taking the density at 20 °C to be 0.79 g/mL. Bacterial endotoxin testing showed
<2 IU/mL and all samples tested were sterile. Filter integrity of the sterile filter was tested using the
bubble-point test. Gamma spectrometry showed characteristic peaks at 0.511 and 1.077 MeV.

For the production of radiopharmaceuticals using gallium-68 obtained from a generator system it
is crucial that possible metal impurities washed off from the %Ge/*®Ga-generator as well as
%8Ge-breakthrough have to be eliminated prior the radiolabelling. Examples of methods for
purification of the eluate are fractionated elution of the *Ge/*®Ga-generator or the trapping of the
generator eluate on either a cationic or anionic exchange cartridge [31-33]. One of the most
prominent methods has been described earlier by Zhernosekov et al. [33]. The drawback of this
method for the purification of ®*Ga is the use of acetone, which has to be removed after synthesis
and bares the risk of additional impurities [34]. Recently, a method based on the use of a strong NaCl
solution to purify ®*Ga on a cation exchange cartridge has been reported [35,36]. For the radiosynthesis
of [®*Ga]Ga-PSMA-HBED-CC we adapted the method from Martin et al. [36]. A volume of 1.2 mL
of 5 M NaCl solution was confirmed to elute up to 85% of the trapped **Ga activity from the PS-H+
separation cartridge. As the majority of the ®*Ga activity was eluted with the last 200 uL of NaCl
solution, a smaller volume than 1.2 mL could not be applied. Larger volumes did not lead to higher
elution efficiency. Remaining ®*Ge was neither observed on the PS-H+ separation cartridge nor in
the reaction vessel after elution with 5 M NaCl solution and neither in the final product preparation
48 h after purification of the generator eluate. This confirms the efficacy of this method to remove
possible ®Ge-breakthrough. We modified the reaction parameters due to the larger geometry of the
reaction vessel on the synthesis module compared to the method described by Eder ez al. [20]. To
allow good mixing of ®Ga and PSMA-HBED-CC in the reaction vessel, a minimum volume of 1
mL was necessary. Additionally, pH of the reaction mixture is seen to be a critical factor to obtain
high radiochemical yields. HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) is a well-
known buffer in radiolabelling procedures using %®Ga, but as we consider HEPES as a critical
impurity for radiopharmaceutical applications we were looking for alternative buffer solutions.
Firstly, citrate buffer was applied at different concentrations and at different pH but this was
unsuccessful resulting in radiochemical yields <5%. We used different sodium acetate buffer
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solutions (pH 3.2-5.5) in concentrations ranging from 20 mM to 1.5 M and volumes ranging from 1
to 3 mL. The optimal reaction conditions with an average radiochemical yield of 80% were found
using 1 mL of 1.5 M sodium acetate buffer solution with a pH of the reaction mixture ranging from
3.6 to 4.2. Lower or higher pH of the reaction mixture lead to a significant decrease in radiochemical
yields. Although the ®®Ga-eluate was purified and concentrated using 5 M NaCl solution, sodium
acetate buffer solutions with volumes smaller than 1 mL were not able to stabilise the pH of the
reaction mixture sufficiently. Additionally, 10 pL of 1 M ascorbic acid was added to avoid the
forming of side products when using a *Ge/*Ga-generator with high starting activities [37]. We
prolonged the reaction time to 10 min and heated to 100 °C because the resulting volume of the
reaction mixture was by a factor 20 higher than previously reported [20]. High radiochemical yields
were obtained reliably with only 1.9 ng (2 nmol) of PSMA-HBED-CC in our setup, different setups
due to the properties of other synthesis modules might require slightly higher amounts (5-10png) of
radiolabelling precursor. The crude reaction mixture was purified using a C18 cartridge which was
then rinsed with ultrapure water to remove unreacted ®®Ga. After sterile filtration 10 mL of the final
product solution were obtained and 1.5-2 mL taken for quality control and keeping of a retain
sample. Batches of [**Ga]Ga-PSMA-HBED-CC produced following this fully automated procedure
are being released after passing quality control requirements according to a defined product
specification (Table 1). The whole automated synthesis procedure was also successfully applied for
the radiopharmaceutical production of [**Ga]Ga-DOTA-TOC and is a useful tool for a quick clinical
implementation of other novel ®*Ga-labelled compounds.

Table 1. Defined product specification of the final preparation of [®*Ga]Ga-PSMA-HBED-CC.

Appearance Clear and Colourless
pH 4-8
Radioactivity concentration 10-200 MBg/mL
Radiochemical purity (HPLC) >95%
Chemical impurities (HPLC) <5 pg/mL PSMA-HBED-CC
Concentration ethanol (GC) <10% v/v
Approximate half-life 68 + 6 min
Bacterial endotoxins <17.5 IU/mL
Filter integrity (bubble-point test) >3.5 bar

%Ga > 99.9% (v-lines at 0.511 MeV and
1.077 MeV) Ge: <0.001%
Sterility Sterile

Radionuclidic purity (y-spectrometry)

4. Conclusions

We have recently introduced HBED-CC in the PSMA inhibitor motif Glu-urea-Lys as radiometal
chelator in order to optimise the interactions of the pharmacophore with the accessory hydrophobic
pocket of the PSMA S1 binding site. In addition, HBED-CC represents a very effective and stable
radiometal chelator allowing fast radiolabelling at room temperature while exhibiting an
exceptionally high complex stability similar to the clinically used DOTA chelator. The formation of
diastereomers can be controlled via distinct temperature conditions during the radiolabelling reaction
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and directed predominantly to the formation of the thermodynamically more stable one. In case of
small fractions of other diastereomers, the biological functionality of the radiotracer [**Ga]Ga-
PSMA-HBED-CC is proven to be not affected. Taken together, the HBED-CC-conjugated PSMA
inhibitor [**Ga]Ga-PSMA-HBED-CC is suitable for being used in typical kit like radiochemical
production processes for clinical use with high reproducibility and robustness.
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Appendix

HPLC-MS analysis

The ™'Ga-labelled reference Glu-urea-Lys(Ahx)-[Ga(HBED-CC)] (DKFZ-GaPSMA-11) was

purchased from ABX advanced biochemical compounds (Radeberg, Germany) and dissolved in

40 pL CH3CN/H20 (1:1). 2.6 pg were characterised at RT by mass spectrometry using a Agilent

1200 HPLC-MS system connected to an Orbitrap Mass Spectrometer (Exactive, Thermo Fisher
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Scientific) on a Hypersil Gold C18 column (2.1 x 200 mm, 1.9 um; Thermo Scientific, Bremen,
Germany) eluted with a linear gradient (eluent A: 0.05% TFA in water; eluent B: 0.05% TFA in
acetonitrile; 0%—30% B in 30 min at RT, flow rate: 0.2 mL/min, absorbance: A=214 nm). Full scan

single mass spectra (positive mode) were obtained by scanning from m/z = 200—4000.

Figure S1. MS analysis of HPLC fractions of the mixture of diastereomers
(fraction 23.84-27.00 min), of the thermodynamically more stable (fraction
23.95-25.04 min) and of the less stable diastereomer (fraction 26.58-26.88 min) of
Ga-PSMA-HBED-CC, respectively.
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Development and Successful Validation of Simple and Fast
TLC Spot Tests for Determination of Kryptofix® 2.2.2 and
Tetrabutylammonium in '¥F-Labeled Radiopharmaceuticals

Matthias Kuntzsch, Denis Lamparter, Nils Briiggener, Marco Miiller, Gabriele J. Kienzle
and Gerald Reischl

Abstract: Kryptofix® 2.2.2 (Kry) or tetrabutylammonium (TBA) are commonly used as phase
transfer catalysts in '8F-radiopharmaceutical productions for positron emission tomography (PET).
Due to their toxicity, quality control has to be performed before administration of the tracer to assure
that limit concentration of residual reagent is not reached. Here, we describe the successful
development and pharmaceutical validation (for specificity, accuracy and detection limit) of a
simplified color spot test on TLC plates. We were able to prove its applicability as a general, time
and resources saving, easy to handle and reliable method in daily routine analyzing 'SF-tracer
formulations for Kry (in ['*F]JFDG or ['*F]FECh) or TBA contaminations (in ['*F]JFLT) with special
regard to complex matrix compositions.

Reprinted from Pharmaceuticals. Cite as: Kuntzsch, M.; Lamparter, D.; Briiggener, N.; Miiller, M.;
Kienzle, G.J.; Reischl, G. Development and Successful Validation of Simple and Fast TLC Spot Tests
for Determination of Kryptofix® 2.2.2 and Tetrabutylammonium in '3F-Labeled Radiopharmaceuticals.
Pharmaceuticals 2014, 7, 621-633.

1. Introduction

Production of '®F-radiopharmaceuticals is most commonly done by labeling the respective
precursor with ['®F]fluoride via nucleophilic substitution. ['*F]Fluoride is a cyclotron produced
radionuclide (nuclear reaction: '*O(p,n)'*F) from ['*O]water. To assure reactivity of the ['*F]fluoride,
it is regularly dried azeotropically and phase transfer catalysts need to be added to enhance
nucleophilicity of the anion. Most prominent example for this approach is the synthesis of 2-deoxy-
2-['*F]fluoro-D-glucose (['*F]FDG) introduced by Hamacher et al. [1].

Kryptofix® 2.2.2 (Kry), a crown ether, is one of the most widely used among the phase transfer
reagents, another one is tetrabutylammonium (TBA; added e.g., as hydroxide, carbonate or hydrogen
carbonate). Radiopharmaceutical formulations have to be analyzed for residual contaminations
with these reagents before human application, due to their toxicity (e.g., Kry: LDso (i.v.) in
rodents = 32-35 mg/kg [2]). For Kry, limit in European Pharmacopoeia (Ph. Eur.) is 2.2 mg/V @.e.,
patient dose; see monograph for ["*FIFDG {#1325; fludeoxyglucose ('*F) injection} and other
8F_radiopharmaceuticals: ['|FJFLT {#2460; 3'-deoxy-3'-['®F]fluorothymidine}, ['*FJFMISO
{#2459; ['8F]fluoromisonidazole} [3]), in US Pharmacopoeia (USP) limit is <50 pg/mL [4]. For
TBA in "®F-radiopharmaceuticals a limit of 2.6 mg/V is defined in Ph. Eur. (see same monographs
as for Kry). Ph. Eur. suggests a color spot test on a thin layer chromatography (TLC) plate for Kry
and a HPLC method for TBA in '®F-radiopharmaceutical monographs (see above).
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In the past, various procedures have been described in the literature for identification and
quantification of Kry, with the aim of providing specific and fast methods. TLC procedures are the
most widespread, as they do not require sophisticated instrumental equipment. A color spot test on a
TLC plate as used in monographs with iodoplatinate [5] for staining was described by Mock et al. [6].
To increase specificity and avoid false positive (e.g., from other amines) or false negative results
(from stabilizers) thin layer chromatography systems were developed [7-10]. But also gas
chromatography (GC; [11]), high-performance liquid chromatography (HPLC; [12]) or liquid
chromatography-tandem mass spectrometry (LC/MS/MS; [13]) and even NMR or IR spectroscopy [14]
were applied. More recently, a very fast (<1 min) and highly sensitive (lower limit = 0.5 ng/mL)
rapid-resolution liquid chromatography MS/MS coupled system for analysis of Kry was published [15].
Still, these methods suffer from certain disadvantages. The latter (GC, LC, MS, NMR, IR) need high-
quality instrumental equipment combined with a higher effort for validation. On the other hand, TLC
tests are more time consuming due to development of plates or require the expensive reagent
iodoplatinate. In addition, in our opinion to prove that in a certain radiopharmaceutical formulation
the Kry (or TBA) content is below a defined limit—without the necessity of exact quantification, the
test should be as simple and quick as possible, but nevertheless meeting pharmaceutical
requirements. This particularly holds true in view of the fact that all literature data agree that, when
synthesis and purification were performed successfully, Kry or TBA residues were extremely low
and far from limits. When any test for Kry (or TBA) is applied to a newly produced
radiopharmaceutical, it will always need some kind of validation, no matter how specific the test
proved to be so far. Matrix effects may play an important role, pH as well. The important factor is
how much time and effort it will take in daily routine.

After first promising results with the TLC spot tests as will be described below for Kry and TBA,
we set up validations regarding specificity, accuracy and detection limit for ['*F]FDG (Kry) and, to
demonstrate a more general applicability, for 2-['*F]fluoroethylcholine (['*F]JFECh; also Kry), where
residual N,N-dimethylaminoethanol (DMAE) may interfere [16]. As the HPLC procedure for TBA
analysis described in the monographs appeared to be challenging, the spot test was also to be
validated for this reagent, with ['SF]FLT as example [17]. As an additional important parameter, the
stability of the necessary standard solutions containing the limit concentrations of Kry or TBA should
also be investigated.

2. Experimental
2.1. General

All reagents were of highest purity available or of pharmaceutical grade, where necessary
(article numbers in brackets) and were used as received. From Merck (Darmstadt, Germany) were
purchased: Ethanol (1.00983), hydrochloric acid (1.09137), iodine (1.04761), Kryptofix 2.2.2
(8.14925), methanol (1.06007), NaCl (1.06404), NaH2PO42H20 (1.06345), NaOH (1.06482),
NH4OH (25% in water; 1.05432) and trisodium-citrate (1.06448). TLC silica plates were from
Macherey-Nagel (Diiren, Germany, 805021), water for injection (WFI) was from Fresenius Kabi
(Bad Homburg, Germany, 1636065), disodium-hydrogencitrate (35,908-4) and DMAE (391263)
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from Aldrich (Steinheim, Germany) and tetrabutylammonium hydroxide 30-hydrate from Sigma
(Steinheim, Germany, 86859). Sterile phosphate buffered saline (PBS) was provided from the
University pharmacy.

2.2. Syntheses of [’ F]FDG, ["SF]FECh and ["*F]FLT

N.c.a. ['®F]fluoride was produced at the PETtrace cyclotron (GE Healthcare, Uppsala, Sweden),
via the *O(p,n)"*F nuclear reaction by irradiating 2.5 mL of >95% enriched ['0]water (Rotem,
Be’er Sheva, Israel) with 16.5 MeV protons in a niobium target body with Havar® foils. Products
from automated syntheses were used as samples in the described validations. ['*F]FDG was produced
on a TRACERIab MX synthesizer (GE Healthcare), cassettes were from Rotem (Israel) and reagent
kits from ABX (Radeberg, Germany) with the standard method supplied from GE except that the
final volume was increased to 20 mL by addition of water for injection and 90 uL of ethanol for
stabilization. The final matrix of the ['*F]FDG formulation was a citrate buffer (specification limits
pH 5.0-8.0; normally a pH value of 5.5-6.0 is found) containing a specified amount of ethanol with
limits of 2000-5000 mg/L. ['*F]FECh was produced on a modified TRACERIab FX Fx synthesizer
(GE Healthcare) yielding 13 mL of ['®F]FECh in a PBS buffer (pH 7.4). Synthesis of ['*F]FLT was
performed on TRACERIab MX with cassettes, synthesis software sequence and reagent kits from
ABX. Here, the final formulation was again a citrate buffer (21 mL; nominal pH 5.0), containing
10% of ethanol.

2.3. Solutions for the Validation of Kryptofix 2.2.2 in [’ F]FDG

(a) Matrix buffers: The buffers contained salt concentrations as in ['*F]JFDG formulations, i.e.,
0.6% NaCl and 0.7% disodium-hydrogencitrate in water for injection. pH was 5.0 £ 0.2 or was
adjusted to pH 6.0 £ 0.2 with 1 N NaOH. Solutions were stored at 2.0-8.0 °C for a maximum
of one week.

(b) ['®F]FDG solutions were stored at 2.0-8.0 °C for a maximum of 2 days.

(c) Kry stock solutions: An appropriate amount of Kry was added to either matrix buffer pH 5.0
or pH 6.0 to give Kry concentrations of 100 mg/L Kry (pH 5.0), 1000 mg/L (pH 5.0) and 1000
mg/L (pH 6.0). These 3 stock solutions were stored at room temperature.

(d) Kry standard solutions: From the stock solutions 1000 mg/L Kry (either pH 5.0 or pH 6.0)
series of standard solutions were prepared with Kry concentrations of 3.1, 6.25, 12.5, 25, 50,
75, 100 and 125 mg/L.

(e) To 900 pL of ['®F]FDG solution 100 pL of the 1000 mg/L (pH 5.0) Kry solution were added
to obtain a standard of 100 mg/L Kry in ['*F]FDG.

Solutions (c)—(e) had a shelf life of 1 day.
2.4. Solutions for the Validation of Kryptofix 2.2.2 in [1*FJFECh

As matrix buffer PBS was used (pH 7.4). When necessary, pH was adjusted to pH 6.5 using a
10% solution of NaH2POa. Solutions of Kry in PBS or ["*F]JFECh solution were prepared similarly
to the ones in the ['*F]JFDG validation, containing 100 mg/L Kry (pH 7.4 or 6.5) as well as solutions
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of 200 mg/L DMAE in PBS or ['*F]JFECh solution. Series of standard solutions were prepared with
Kry concentrations of 3.1, 6.25, 12.5, 25, 50, 75, 100 and 125 mg/L in PBS (pH 7.4 or 6.5).

2.5. Solutions for the Validation of Tetrabutylammonium in ["SF]FLT

(a) Matrix buffer: The buffer was prepared to obtain salt concentrations as in ['*F]JFLT
formulations, ie., 1.10 g disodium-hydrogencitrate-1.5-hydrate, 6.28 g trisodium-citrate-2-
hydrate, 3.78 g NaCl, 8.69 mL of 1 N HCI and 100 mL of ethanol (absolute) were dissolved
in water for injection to give a volume of 1000 mL, resulting in pH 5.0 £ 0.2.

(b) From a stock solution of 10,000 mg/L tetrabutylammonium hydroxide 30-hydrate in matrix
buffer, standard solutions were prepared with concentrations of 40, 45, 55, 70, 85, 100 and
115 mg/L of TBA.

(¢) Solutions for validation of pH dependence (pH: 4.5, 5.0, 6.0, 7.0, 8.0) were prepared from
solutions (b) (pH 5.0) adding either 1 N NaOH or 1 N HCI.

(d) ['|F]FLT solutions were used as synthesized or tetrabutylammonium hydroxide 30-hydrate
was added to give concentrations of 45 mg/L or 100 mg/L TBA.

(¢) MeOH and NH4OH (25% in water) were mixed in a relation of 90:10 (v/v).

2.6. TLC Procedure for Analysis of Kry

Spots of 2 pL samples were applied on silica plates by means of an Eppendorf micro pipette.
It proved to be mandatory that the tip slightly touched the plate and allowed the liquid to drain slowly
and penetrate the silica material without any active pressure from the pipette. Plates were
immediately placed on a holder inside a glass chamber for 10 min above iodine (ca. 5 g) covering
the complete bottom of the vessel, homogenously saturating the whole chamber with iodine vapor.
Plates were photographed for documentation (PowerShot SX110 IS, macro mode; jpg files, Canon,
Krefeld, Germany) and visually analyzed. All experiments were n = 3.

2.7. TLC Procedure for Analysis of TBA

Spots of 2 pL samples were applied on silica plates by means of an Eppendorf micro pipette,
in analogy to Kry analysis, in addition it was essential that only two spots per plate were applied.
Otherwise time was to long between first and last spot application and results were invalid. Spots
needed to be ca. 10 mm from the edges of the plate. After drying of spots with a cool air stream (hair
dryer) 10 pL of the MeOH/NH4OH solution were applied on each spot. Plates were then placed in
the same iodine containing chamber as for Kry, for exactly 1 min. Afterwards, plates were
photographed immediately for documentation and visually analyzed (before discoloration). All
experiments were n = 3.
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3. Results and Discussion

TLC spot tests were validated as quality control methods to assure that residual contaminations
of Kry (['*F]JFDG, ['*F]FECh) or TBA (['®F]JFLT) in '®F-radiopharmaceutical formulations were
below the limits required by e.g., Ph. Eur. Objectives of the validation experiments were specificity,
accuracy and detection limit. Moreover, stability of standard solutions for routine quality control was
evaluated. Validations had to be performed individually for each radiopharmaceutical, taking into
account that determination of either Kry or TBA may be matrix dependent. All experiments were
performed in triplicate.

3.1. Validation of Kry in ['"SF]FDG Formulation

Concentrations of 100 mg/L of Kry were used either in matrix or ['*FJFDG solutions, in
accordance with requirements of current Ph. Eur. [3]. The limit defined in the Pharmacopoeia is
2.2 mg/V, i.e., per patient. The maximum volume in our case that could theoretically be injected in
one patient is 20 mL, resulting in a calculated limit concentration of 110 mg/L. Our specification
of <100 mg/L is more narrowly defined. For determination of the detection limit of the method
additional solutions with concentrations from 3.1 to 125 mg/L were used. After staining with iodine,
background on the plates showed an orange, light brown color. Spots of solutions containing Kry
were dark brown with a diameter of 1-2 mm. In first experiments, the standard solution was prepared
in WFT instead of citrate buffer. But it could be shown that as result spots were darker and of a smaller
diameter. Therefore, Kry standard solutions are always prepared using buffer, to have most
comparable conditions. Also, in preliminary tests it was shown that the intensity of the color of the
Kry spot was dependent on the pH value of the test solution. At pH 5.0, intensity was lower than at
higher pH. Therefore, buffers of standard solutions were adjusted to pH 5.0, representing the most
unfavorable case. In general, content of residual Kry in ["*F]FDG solutions (>100 productions) was
far below the limit of 100 mg/L. Only in cases where pH of a solution was 6.0 or higher and the spot
of the batch sample was of similar or higher intensity than the standard solution (100 mg/L; pH 5.0)
there would be uncertainty. Then, the standard solution would need to be adjusted to the pH of this
batch sample and the test to be repeated, to prove that Kry concentration of the batch solution was
below the specified limit.

To test for the specificity of the method, ["*F]FDG solutions and plain matrix buffers (pH 5.0
and 6.0) were investigated. With matrix buffers no coloration of the spots was visible, with ['**F]JFDG
a very weak, diffuse, light brown spot developed that was completely different from Kry spots from
standard solutions (Figure 1a,b). Comparison of standard solutions of 100 mg/L of Kry in either
["®F]JFDG solution or matrix buffer (pH 6.0) showed small, dark spots of comparable intensity
(Figure 1b). Third, the two series of standard solutions (pH 5.0 and pH 6.0) with Kry concentrations
of 3.1, 6.25, 12.5, 25, 50, 75, 100 and 125 mg/L were investigated (Figure 1c¢). Within both series
spots differing in concentrations by a factor of 2 could be distinguished. As already shown in the
preliminary tests, spots from a certain concentration at pH 6.0 corresponded to spots from the series
at pH 5.0 with twice the concentration.
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From the same set of experiments the detection limit of the method was identified to be 6.25 mg/L,
from a clearly visible spot. For proving the accuracy of the method, three types of spots were
compared (Figure 1d): Kry in buffer (100 mg/L; spot 1), spot 2 was from 2 uL of ['*F]FDG solution,
after drying for 10 s with a hair dryer 2 pL of Kry in buffer (100 mg/L) were added on top and spot
3 was from pure ['®F]FDG solution. On one TLC plate buffer of pH 5.0 was used (spots 1 and 2), on
a second plate buffer of pH 6.0 was applied. Independent from pH value spots 3 were hardly visible,
whereas spots 1 and 2 showed same shape and intensity. The results from these validations met the
defined specifications from the respective validation plan, proving the applicability of the described
TLC method as test for residual Kry in ['**F]FDG formulations, regarding specificity, accuracy and
detection limit.

Figure 1. Validation of the TLC spot test for Kry in ['*F]FDG: (a) Test for specificity.
TLC plate after iodine staining, samples (n = 3) are without Kry. 1. row: ['*F]FDG
solution; 2. row: citrate matrix buffer (pH 5.0); 3. row: citrate matrix buffer (pH 6.0);
(b) Test for Specificity. Samples (# = 3) of 100 mg/L Kry in either ['*F]FDG solution
(1. row) or citrate buffer matrix (pH 6.0; 2. row); (¢) Test for specificity and detection
limit. Samples of Kry standard solutions with concentrations of 3.13, 6.25, 12.5, 25, 50,
75,100 and 125 mg/L in buffer matrix (from left to right; 1. row: pH 5.0; 2. row: pH 6.0;
n = 3; one example shown); (d) Test for Accuracy. Comparison of samples (7 = 3) of
100 mg/L Kry in matrix (pH 5.0; 1. row); ['*F]FDG solution and 100 mg/L Kry added
(pH 5.0; 2. row) and pure ['*F]FDG solution (3. row).

(a) (b)
['"®FIFDG

Kry in ['8F]FDG

Buffer pH 5.0
Kry in Buffer

Buffer pH 6.0

Kry in Buffer pH 5.0
mg/L

Kry in Buffer pH 6.0
Kry
['8F]FDG + Kry

['®FIFDG

For routine quality control it was decided to use a standard solution containing 100 mg/L of Kry
in matrix buffer pH 5.0, which then is tested against the individual ['*F]JFDG batch. This standard
solution is prepared as large batch and stored in portions of 1 mL in small glass vials at <-15 °C.



43

In frame of the validation the stability of the standard solution was evaluated after 2 weeks, 1 month,
3 months and 6 months by comparison with a freshly mixed solution. 3 different batches of standard
solution were prepared. These stability studies demonstrated that spots from stored solutions showed
no difference to spots from fresh solutions. Consequently, the shelf life of the Kry standard solution
was specified to be 6 months.

3.2. Validation of Kry in [ F]FECh Formulation

Validation was performed in a similar way as for ['*F]FDG, regarding specificity, accuracy,
detection limit and stability of standard solutions. Kry standard solutions had the same concentration
of 100 mg/L as limit, as there is no monograph for ['*F]FECh yet available. Calculating from our
batch volume of 13 mL that might be injected in a patient, a limit concentration of 169 mg/L would
result (2.2 mg/V). Like for ['*F]FDG, our limit is narrower. Besides the difference in matrix buffer
(['"®*F]FDG: citrate, ethanol as stabilizer vs. ['*F]FECh: PBS), ['®F]FECh formulations may also
contain residual DMAE (specified limit: 200 mg/L), which may interfere with the test and indeed
preliminary experiments showed light brownish coloration of spots from DMAE. Secondly, as in the
['®F]FDG validation a pH dependence of the test was shown (lower pH values resulted in spots of a
less intense color) and here, the specifications for ['*F]FECh are pH 6.5-8.5 (PBS has a pH of 7.4)
the same effect might occur here as well. Consequently, in a comparative study solutions at pH of
6.5 and pH 7.4 needed to be validated as well.

In general, coloration of plates and spots was similar to the ['*F]FDG validation. Specificity of
the test was proven comparing matrix buffer, ['*FJFECh solution, 200 mg/L DMAE in buffer and
200 mg/L DMAE in ['8F]FECh solution vs. 100 mg/L Kry in matrix buffer standard solution. All
spots from samples without Kry were much less intensive (Figure 2a), demonstrating especially that
the disturbing effect of DMAE is negligible. Secondly, spots from solutions of 100 mg/L Kry in
matrix buffer or ['8F]JFECh solution were dark brown and of same intensity (Figure 2b). Thirdly,
using the solutions from the second experiment, but adjusted to pH 6.5 gave again for 100 mg/L Kry
in buffer or ['*F]FECh solution, spots of same intensity (plates not shown). And finally, two series
of standard solutions (pH 6.5 and 7.4) with Kry concentrations of 3.1, 6.25, 12.5, 25, 50, 75, 100 and
125 mg/L in PBS were investigated (Figure 2c¢). In both series differences in concentration by a factor
of 2 were clearly visible. Intensities of spots were similar for same concentrations, showing that at
least at the investigated pH values no pH dependence of the test could be observed. pH 8.5 (upper
specification limit of ['*FJFECh formulation) was not investigated, as (if at all) spots should be more
intensive at higher pH (see ['*F]FDG), resulting in a false result of a Kry concentration higher than
the real value, which is uncritical from a pharmaceutical point of view.

For defining the detection limit the series of Kry concentrations (Figure 2¢) were analyzed. The
spot from the Kry concentration of 12.5 mg/L was clearly visible, detection limit was therefore well
below the specified nominal value of “<50 mg/L”. Compared to the ['*F]FDG validation, detection
limit was higher for Kry in ['"8F]FECh solutions.

Accuracy of the method was again proven by comparing spots of 100 mg/L Kry in matrix buffer
(1); ['8F]FECh solution, drying, addition of 100 mg/L Kry in buffer (2) and as spot 3 ['*F]FECh
solution was applied. Experiments were again performed at pH 6.5 and 7.4, showing no pH
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dependence. In both cases spots 3 showed minimum coloration, spots 1 and 2 were of same intensity
(Figure 2d). Overall, validation was performed successfully, clearly demonstrating the feasibility of this
TLC spot test.

Figure 2. Validation of the TLC spot test for Kry in ['*F]FECh: (a) Test for specificity.
1. row: PBS buffer (pH 7.4); 2. row: ['®F]FECh solution; 3. row: 200 mg/L DMAE in
PBS; 4. row: 200 mg/L DMAE in ['®F]FECh solution; 5. row: 100 mg/L Kry in PBS
(n = 3); (b) Test for specificity. Samples (n = 3) of 100 mg/L Kry in either ['**F]JFECh
solution (1. row) or PBS (2. row); (¢) Test for specificity and detection limit. Samples of
Kry standard solutions with concentrations of 3.13, 6.25, 12.5, 25, 50, 75, 100 and 125
mg/L in PBS (from left to right; 1. row: pH 7.4; 2. row: pH 6.5; n = 3; one example
shown); (d) Test for Accuracy. Comparison of samples (n = 3) of 100 mg/L Kry in PBS
(pH 7.4; 1. row); ["*F]FECh solution with 100 mg/L Kry added (pH 7.4; 2. row) and pure
['*F]FECh solution (3. row).
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Stability of the standard solution to be used in routine quality control (100 mg/L Kry in PBS
matrix buffer, pH 7.4), stored in 1 mL portions at <—15 °C was proven to be 6 months (three different
batches; performance as in ['*F]FDG validation).

3.3. Validation of TBA in [’ F]FLT Formulation

After the successful application of the TLC spot test for detection of Kry in ['|F]FDG or
['8F]FECh solution, now it was investigated, if this test was also valid for detection of TBA in
['8F]FLT formulation. From first tests it was obvious that before staining with iodine, 10 pL of
MeOH/NH4OH (90:10 v/v) must be applied on each spot to detect TBA and development times in
the iodine chamber had to be 1 min. ['*F]FLT solution was a citrate buffer like ['*F]FDG formulation,
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but containing ca. 10% of ethanol (v/v) in contrast to ['*F]JFDG with only ca. 0.3% of ethanol (v/).
Preliminary experiments showed no influence of ethanol content on the test. Again, pH dependence
needed to be tested, as the TBA standard solution was planned to have a pH of 5.0, specification for
["®F]FLT formulation is pH 4.5-8.0.

Figure 3. Validation of the TLC spot test for TBA in ['*F]JFLT: (a) Test for specificity
(2 spots per plate; n = 3; one example shown). Upper plate: citrate buffer matrix (pH
5.0); middle plate: ['*F]FLT solution; lower plate: 45 mg/L TBA (left pH 5.0; right pH
6.0); (b) Test for specificity. Samples (example shown) of 45 mg/L TBA in either citrate
buffer matrix (pH 5.0; left) or ['"*F]JFLT solution (right); (c¢) Test for specificity and
detection limit. Examples for the comparison of samples of TBA standard solutions with
concentrations of 40, 55, 70 and 100 mg/L in citrate buffer matrix (pH 5.0).
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45 mg/L TBA in Buffer
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To meet Ph. Eur. requirements for the limit of TBA impurities in '*F-radiopharmaceuticals
(2.6 mg/V) the general standard solution contained 100 mg/L TBA, as the maximum volume in our
case is 21 mL, i.e., the calculated limit from Ph. Eur. would be 124 mg/L. For determination of the
detection limit and to see what differences in concentrations could be differentiated, series of
solutions were prepared with TBA concentrations of 40, 45, 55, 70, 85, 100 and 115 mg/L. After
iodine staining, plates showed a yellow-grey color, spots of solutions containing TBA were dark
brown (diameter of 1-2 mm surrounded by grey concentric circles). For validation of specificity
matrix buffer solutions (pH 5.0 and pH 6.0), ['*F]FLT solutions and standard solutions containing
45 mg/L TBA (pH 5.0 and pH 6.0) were compared. Spots from matrix gave almost no coloration as
well as ['*F]FLT solutions; but from standard solutions spots were clearly visible (Figure 3a). No pH
dependence was observed. Standard solutions containing 45 mg/L TBA and ['®F]FLT solutions
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containing 45 mg/L TBA gave spots of same intensity (Figure 3b). Comparison of spots from the
series of concentrations showed that only differences in concentrations of >60 mg/L could be
visualized definitely and also that only spots on the same plate were comparable due to plate
individual results of staining (Figure 3c). The spot from the standard solution of 40 mg/L of TBA
was clearly visible and therefore this concentration was defined as detection limit (Figure 3c).
Accuracy of the method could be demonstrated by comparing spots from TBA solutions (45 mg/L),
spots from ['®F]FLT solutions (pure) and spots from [F]FLT solutions with TBA standard
(45 mg/L) added. This set of experiments was performed with solutions at pH 5.0 and pH 6.0. No
pH dependence was visible. Spots from ['®F]FLT solutions were hardly visible. Spots from solutions
containing TBA were clearly visible and of same intensity (see examples in Figure 3a—c. To check
for the pH dependence over the whole range of specification, standard solutions with
100 mg/L of TBA and pH 4.5, 5.0, 6.0, 7.0, 8.0 were tested. No difference in intensity was visible at
any pH value (plates not shown). These results demonstrated the applicability of the TLC spot test
also for TBA in ['®F]FLT formulation. In analogy to ['*F]FDG and ['*F]FECh validations, stability
of the standard solution for routine quality control (100 mg/L TBA in matrix buffer,
pH 5.0), stored in 1mL portions at <—15 °C was verified so far for up to 1 month.

3.4. General Discussion

Overall, the presented and validated TLC spot test proved its capability for determination of
residual Kry in ['F]FDG and ["*F]FECh formulations with the perspective to become a general
method. Indeed, validations have to be carried out for each tracer formulation and its individual
matrix, as organic impurities (e.g., amines) might give false positive or stabilizers false negative
results. So far, our results never showed disturbing interferences of major concern. No problems
arose from neither ethanol nor residual DMAE (in ['®F]FECh solutions) or pH dependencies of
spot intensities. Latter effect would lead to the necessity of pH adjustments of standard solutions for
valid results of each batch in daily routine, but on the one hand residual Kry and also TBA
concentrations close to the specified limits were never observed, normally they are not
detectable—and detection limits are low. On the other hand, in the investigated radiopharmaceuticals
(all in buffered solutions) alterations in pH values were minimal (Table 1).

Whereas the test for Kry proved its robustness, the test for TBA reacted more sensitively to
variations and instructions for performance of the test had to be followed strictly, like fast
administration on plate, drying, time of development efc. Only two spots could be administered on
one plate, to minimize time before iodine staining, otherwise results were erroneous. Only spots on
one plate were comparable, which made validation laborious, but gives no problem in routine
analysis, when only sample and standard solution are applied. Detection limit was higher for TBA
than for Kry and concentrations of TBA spots that were to be compared needed to differ by 60 mg/L
to give valid results. Still, these aspects are no problem for routine analysis, as TBA concentrations
in ['®F]FLT formulations from routine production were found to be very low (see Figure 3a), and then
determination of a concentration of “<100 mg/L” is reliably assured (Table 1).

This TLC spot test is designed to determine required limits to be met and not to absolutely quantify
the concentration of Kry or TBA present, although this was possible for ['*F]FDG or ["*F]FECh.
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Nevertheless, in routine quality control for chemical impurities the specification “below limit” (e.g.,

“<100 mg/L”) is absolutely sufficient and in conformity with Pharmacopoeia norms.

Table 1. Compilation of parameters investigated and results in the described validations
regarding specificity, accuracy and detection limit of the TLC spot test for residual Kry

in ["*F]FDG and ['*F]FECh as well as TBA in ['*F]FLT.

Parameters Kry in FDG Kry in FECh TBA in FLT
. .. | ) <2.2 <2.2 <2.6
Nominal limit/mg/V * mg/L <100 <100 <100
Specificity
Color of spots for:
Product solution minimal minimal minimal
Matrix buffer minimal minimal minimal

100 mg/L reagent solution

clearly visible

clearly visible

clearly visible

Intensity of spots of reagent in buffer

. YES YES YES
or product solution comparable
Distinguisha?ility.of spots with Factor 2 Factor 2 >60 me/L
concentration difference of
pH dependence not relevant NO NO
Effect of ethanol NO (0.3%) * n. a. NO (10%) *
Effect of DMAE n. a. minimal n. a.
Accuracy
Addition of reagent to produ.ct gives YES YES YES
comparable spots to reagent in buffer
Detection limit/mg/L 6.25 12.5 40
Reagent in matrix standard 100 mg/L 100 mg/L 100 mg/L
used in routine pH 5.0 pH 7.4 pH 5.0
Stability (months at <—15°C) 6 6 1

! Ph. Eur.; % our institution; 3 ethanol concentration in brackets; n. a. = not applicable.

4. Conclusions

A TLC spot test for determination of residual Kry or TBA in "®F-radiopharmaceutical formulations

was successfully developed and formally validated for specificity, accuracy and detection limit for
['8F]FDG, ["®F]FECh (Kry) and ['®F]FLT (TBA). Interference with various matrix effects was
negligible; the test is adequate, easy to handle, very fast and resources saving (no expensive reagents
or HPLC system necessary). Now, it is already implemented in routine quality control of these three
tracers in our institution, in case of ['*F]FDG it was formally accepted by authorities within our
marketing license. With these positive results, the test is now under validation for further '*F-
radiopharmaceuticals.
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In Vivo Monitoring of the Antiangiogenic Effect of
Neurotensin Receptor-Mediated Radiotherapy by
Small-Animal Positron Emission Tomography: A Pilot Study

Simone Maschauer, Tina Ruckdeschel, Philipp Tripal, Roland Haubner, Jiirgen Einsiedel,
Harald Hiibner, Peter Gmeiner, Torsten Kuwert and Olaf Prante

Abstract: The neurotensin receptor (NTS1) has emerged as an interesting target for molecular
imaging and radiotherapy of NTS-positive tumors due to the overexpression in a range of tumors.
The aim of this study was to develop a '""Lu-labeled NTS1 radioligand, its application for
radiotherapy in a preclinical model and the imaging of therapy success by small-animal positron
emission tomography (LPET) using [*®*Ga]DOTA-RGD as a specific tracer for imaging angiogenesis.
The '""Lu-labeled peptide was subjected to studies on HT29-tumor-bearing nude mice in vivo,
defining four groups of animals (single dose, two fractionated doses, four fractionated doses and
sham-treated animals). Body weight and tumor diameters were determined three times per week. Up
to day 28 after treatment, uPET studies were performed with [**Ga]DOTA-RGD. At days 7-10 after
treatment with four fractionated doses of 11-14 MBq (each at days 0, 3, 6 and 10), the tumor growth
was slightly decreased in comparison with untreated animals. Using a single high dose of
51 MBq, a significantly decreased tumor diameter of about 50% was observed with the beginning of
treatment. Our preliminary PET imaging data suggested decreased tumor uptake values of
[®Ga]DOTA-RGD in treated animals compared to controls at day 7 after treatment. This pilot study
suggests that early PET imaging with [®*Ga]DOTA-RGD in radiotherapy studies to monitor integrin
expression could be a promising tool to predict therapy success in vivo. Further successive PET
experiments are needed to confirm the significance and predictive value of RGD-PET for NTS-
mediated radiotherapy.

Reprinted from Pharmaceuticals. Cite as: Maschauer, S.; Ruckdeschel, T.; Tripal, P.; Haubner, R.;
Einsiedel, J.; Hiibner, H.; Gmeiner, P.; Kuwert, T.; Prante, O. In Vivo Monitoring of the
Antiangiogenic Effect of Neurotensin Receptor-Mediated Radiotherapy by Small-Animal Positron
Emission Tomography: A Pilot Study. Pharmaceuticals 2014, 7, 464-481.

1. Introduction

Neurotensin (NT) is a peptide consisting of 13 amino acids (pGlu-Leu-Tyr-Glu-Asn-Lys-Pro-
Arg-Arg-Pro-Try-Ile-Leu) that has been originally isolated in 1973 by Carraway and Leeman from
calf hypothalamus [1]. The biologically active sequence is the C-terminal part NT(8-13) (Arg-Arg-
Pro-Tyr-Ile-Leu) [2] which binds to the three neurotensin receptor subtypes NTS1, NTS2, NTS3 [3]
and has therefore been selected as a lead structure for medicinal chemists [4-13]. The NTSI is
upregulated in various tumor types including prostate, pancreas, mamma, lung and colon
carcinoma [14-16]. In addition, NTS1 shows negligible expression in healthy tissues where these
tumors arise from, making it a very specific molecular target for imaging and targeted cancer
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therapy [16]. NT(8-13) is rapidly degraded by endogenous peptidases in vivo, therefore a variety of
studies addressed this issue by modifying the amino acid sequence of NT(8-13) [17-23].

Up to now, only a few NT(8-13) analogs have been radiolabeled with an isotope suitable for
endoradiotherapy [24-27]. Among these rare examples, the '*Re-labeled peptide “NT-XIX” with
the amino acid sequence (N"His)Ac-Arg-(N-CHs3)-Arg-Pro-Dmt-Tle-Leu has been used for
radiotherapy studies on tumor-bearing nude mice [24]. This radiopeptide showed promising effects,
as the tumor growth in the animals was decreased at day 6 after begin of treatment. However, this
study did not use successive diagnostic imaging experiments, such as positron emission tomography
(PET) imaging, in a longitudinal setup for the prediction of therapy outcome.

Lutetium-177 is a  -emitter with a maximum energy of 0.5 MeV and a half-life of 6.7 days,
displaying favorable physical properties compared to rhenium-188 (Emax = 2.1 MeV, t, = 17 h).
Lutetium-177 has a maximal tissue penetration of 2 mm, making it an optimal radionuclide for the
irradiation of small tumors. Therefore, we aimed at developing a !”’Lu-labeled NT-derivative, based on
our previously reported metabolically stable amino acid sequence NLys-Lys-Pro-Tyr-Tle-Leu [28,29],
and studied the applicability of this radiopeptide (['"’Lu]NT127, Figure 1) for endoradiotherapy in
NTS1-positive HT29-tumor-bearing nude mice.

Figure 1. Chemical structures of [**Ga]DOTA-RGD [35] (top) and ['7"Lu]NT127 (bottom).
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The various integrin-specific PET tracers, all derived from pentacyclic RGD peptides [30,31],
should be excellent molecular tools for monitoring early response of tumors to (radio)therapy, since
antiangiogenic effects should occur at early stages after successful treatment [32-34]. Consequently,
we studied the suitability of [**Ga]DOTA-RGD (Figure 1, [35]) for the noninvasive monitoring of
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tumor response to radiotherapy with ['7’Lu]NT127 in a pilot study by successive PET imaging
experiments, including days 7, 14, 21 and 28 after treatment and varying the administration of
the dose from four fractionated doses (4 x 11-14 MBq, n = 4 mice) to a single high dose (1 x 50 MBq,
n =3 mice).

2. Experimental
2.1. General

Reagents, building blocks and dry solvents were obtained from commercial sources and were used
as received. Analytical radio-HPLC was performed on an Agilent 1100 system (Agilent
Technologies, Boblingen, Germany) equipped with a quaternary pump and variable wavelength
detector and radio-HPLC detector D505TR (Canberra Packard, Schwadorf, Austria). Computer
analysis of the HPLC data was performed using FLO-One software (Canberra Packard).

2.2. Synthesis of NT127

Unless otherwise noted, reactions were conducted without inert atmosphere. Microwave assisted
(Discover® microwave oven, CEM Corp., Kamp-Lintfort, Germany) peptide synthesis was carried
out in glass tubes loosely sealed with a silicon septum. Remark: the development of overpressure
was avoided by using DMF as the solvent. In between each irradiation step, intermittent cooling of
the reaction mixture to a temperature of —10 °C was achieved by sufficient agitation in an ethanol-ice
bath. Preparative RP-HPLC was performed using Agilent 1100 preparative series (column: Zorbax
Eclipse XDB-CS, 21.2 x 150 mm, 5 pm particles [C8], flow rate. 10 mL /min, detection wavelength:
220 nm) and solvent systems as specified below. Purity and identity were assessed by analytical
RP-HPLC (Agilent 1100 analytical series, column: Zorbax Eclipse XDB-C8 analytical column,
4.6 x 150 mm, 5 pm, flow rate: 0.5 mL/min, detection wavelength: 220 nm) coupled to a Bruker
Esquire 2000 mass detector equipped with an ESI-trap. Solvent systems are specified below.

The peptide synthesis was achieved starting from commercially available Fmoc-Leu-Wang resin
(Novabiochem®, Merck KGaA, Darmstadt, Germany, loading 0.64 mmol/g). Amino acids were
incorporated as their commercially available derivatives in the following order: Fmoc-Tle-OH (a),
Fmoc-Tyr(fBu)-OH (b), Fmoc-Pro-OH (c¢), Fmoc-Lys(Boc)-OH (d), N-Fmoc-N-(4-Boc-
aminobutyl)-Gly-OH (e, Aldrich, Taufkirchen, Germany), Boc-Lys(Fmoc)-OH (f), Fmoc-21-amino-
4,7,10,13,16,19-hexaoxaheneicosanoic acid (g, Novabiochem) and 4,7,10-tris-tert-
butoxycarbonylmethyl-1,4,7,10-tetraaza-cyclododec-1-yl)-acetic acid (DOTA-tri-¢t-Bu-ester, h,
Chematech, Dijon, France). Elongation of the peptide chain was done by repetitive cycles of Fmoc
deprotection applying 20% piperidine in DMF (microwave irradiation: 5x 5 s, 100 W), followed by
5 washings with DMF and subsequent peptide couplings using the following conditions:
AA/PyBOP/diisopropylethylamine HOBt (5 eq/5 eq/5 eq/7.5 eq for a,b,c,d and 4 eq/4 eq/4 eq/6 eq
for g) or AA/HATU/DIPEA (4 eq/4 eq/4 eq for e, 5 eq/5 eq/5 eq for f performing the coupling twice
and 2.6 eq/2.6 eq/2.6 eq for h). The building blocks and reagents were dissolved in a minimum
amount of DMF and the irradiation was performed 15% 10 s employing 50 W. After the last acylation
step, the resin was 10x rinsed with CH2Clz and dried in vacuo. The on resin cleavage of #-Bu and
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Boc groups was achieved by stirring in a mixture of 10% v/v conc. H2SO4 in dioxane at 8 °C for 2 h
and subsequent washing with 30% v/v DIPEA in CH2Cl, followed by CH2Cla (2%). The cleavage
from the resin was performed using a mixture of TFA/phenol/H20/triisopropylsilane 88:5:5:2 for 2
h. After evaporation of the solvent and precipitation in fert-butylmethyl ether, the crude peptide was
purified using preparative RP-HPLC (eluent: CH3CN (A) + 0.1% HCO2H in H20 (B) applying a
linear gradient 3%—20% A in 97%-80% B in 16 min, tr: 13.9 min) and subsequent lyophilization to
afford the peptide as the formate salt. Peptide purity and identity was assessed by analytical
HPLC. System 1:10%-40% CH3OH in 90%—-60% H20 + 0.1% HCO:H in 18 min, purity: 92% (tr:
17.3 min); system 2:3%-30% CH3CN in 97%—-70% H20 + 0.1% HCO:zH in 26 min, purity: 93% (tr:
17.4 min). [M+H]; caled for C7sH132N15023: 1611.0, found: 1611.0.

2.3. Synthesis of [’ Lu]NT127

NT127 (3.6 mg, 2 pmol) was dissolved in HEPES (0.5 M, 600 pL, pH 5) and Lu(NO3)3
(1.5 mg, 4 umol) was added. After 10 min at 98 °C ['°Lu]NT127 was purified by semipreparative
HPLC (Kromasil C8, 125 x 8 mm, 10%—50% acetonitrile (0.1% TFA) in water (0.1% TFA) in a
linear gradient over 25 min, 4 mL/min, tr = 9.8 min). Peptide purity and identity was assessed by
analytical HPLC. System 1: 10%—40% CH3OH + 0.1% HCO:zH in 90%—-60% H:0 in 18 min, Purity:
>99% (tr: 16.8 min). [M]"; calcd for C75Hi20N15023Lu: 1782.9, found: 1782.8.

2.4. Neurotensin Receptor Binding Experiments

Receptor binding data were determined according to protocols as described previously [6,36].
In detail, NTS1 binding was measured using homogenates of membranes from CHO cells stably
expressing human NTSI at a final concentration of 2 pg/well and the radioligand [*H]neurotensin
(specific activity 116 Ci/mmol; PerkinElmer, Rodgau, Germany) at a concentration of 0.50 nM.
Specific binding of the radioligand was determined at a Ko value of 0.69 nM and a Bmax of
6200 fmol/mg protein. Nonspecific binding was determined in the presence of 10 uM neurotensin.
NTS2 binding was done using homogenates of membranes from transiently transfected HEK 293
cells at a concentration of 20 ug/well together with 0.50 nM of [PHINT(8-13) (specific activity
136 Ci/mmol; custom synthesis by GE Healthcare, Freiburg, Germany) at a Kp value of 1.3 nM and
a Bmax of 800 fmol/mg protein. Nonspecific binding was determined in the presence of 10 uM NT(8—
13). Protein concentration was generally determined by the method of Lowry using bovine serum
albumin as standard [37]. Data analysis of the competition curves from the radioligand binding
experiments was accomplished by non-linear regression analysis using the algorithms in PRISMS5.0
(GraphPad Software, San Diego, CA, USA). ECso values derived from the resulting dose response
curves were transformed into the corresponding Ki values according to the equation of Cheng and
Prusoff [38].
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2.5. Synthesis of [ Lu]NT127

NT127 (4 nmol) was dissolved in 5 pL of metal-free water and HEPES (0.5 M, 200 uL, pH 5)
and n.c.a. ['7’Lu]LuCl3 (20-50 pL, 50-100 MBgq, Isotope Technologies Garching (ITG) GmbH,
Garching, Germany) was added. After 10 min at 98 °C the reaction mixture was diluted with isotonic
saline (0.9%) and ['"’Lu]NT127 was used without further purification for in vitro and in vivo
experiments. The radiochemical yield and radiochemical purity was determined from an aliquot
taken from the reaction mixture by radio-HPLC (tr = 2.20 min; Chromolith RP-18e, 10 x 4.6 mm,
10%—50% acetonitrile (0.1% TFA) in water (0.1% TFA) in a linear gradient over 5 min, 4 mL/min) and
was determined >98%.

2.6. Synthesis of [**Ga] DOTA-RGD

To the DOTA-conjugated precursor c(RGDfK(DOTA)) [35] (10 nmol) in acetate buffer (2.5 M,
140 pL) was added an aliquot of [**Ga]GaCl3 (200 MBq in 500 pL, 0.6 M HCI), freshly eluted from
a %Ge/*®Ga generator (IDB Holland BV (Baarle-Nassau, The Netherlands)/iThemba LABS (Cape
Town, South Africa)), resulting in a final pH of 4.0. After incubation for 10 min at 98°C, the solution
was neutralized by the addition of sodium bicarbonate (1 M, 120 puL). The radiochemical yield was
>98% as determined by radio-HPLC (tr = 1.30 min; Chromolith RP-18e, 10 x 4.6 mm, 10%—-50%
acetonitrile (0.1% TFA) in water (0.1% TFA) in a linear gradient over 5 min, 4 mL/min) and the
specific activity was determined to be 10—15 GBg/umol. The resulting solution was used for small
animal PET studies without further purification.

2.7. Stability of ['’Lu] NT127

An aliquot of ['7"Lu]NT127 (30 pL, about 2 MBq) was added to human serum (200 uL) and
incubated at 37 °C. Aliquots (25 uL) were taken at various time intervals (5-210 min) and quenched
in ethanol/water (1:1, 100 puL). The samples were centrifuged, and the supernatants were analyzed
by radio-HPLC (tr = 2.20 min; Chromolith RP-18e, 10 % 4.6 mm, 10%—50% acetonitrile (0.1% TFA)
in water (0.1% TFA) in a linear gradient over 5 min, 4 mL/min).

2.8. Cell Culture

The human NTS1-expressing cell line HT29 (ECACC NO 91072201) [39], was grown in culture
medium (McCoy’s Sa medium containing glutamine (2 mM) supplemented with fetal bovine serum
(FBS, 10%)) at 37 °C in a humidified atmosphere of 5% COa. Cells were routinely subcultured every
3—4 days. Viability of the cells was determined by staining with trypan blue and was >90% for all
cells used in in vitro and in vivo studies.

2.9. Internalization and Efflux Studies with [’ Lu]NT127

Three days before experimental use, approximately 250,000 HT29 cells were seeded in 24-multiwell
plates. The medium was changed to binding buffer (culture medium supplemented with 1% bovine
serum albumin (BSA), HEPES (10 mM), chymostatin (2 mg/L) and soybean trypsin inhibitor
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(100 mg/L), 0.5 mL) and ['”7Lu]NT127 (0.3 MBq, 10 uL) was added to each well. Cells were
incubated for different time intervals (5, 15, 30, 60, 90 and 120 min) at 37 °C, before the incubation
was terminated by placing the cells on ice, aspirating the incubation buffer and washing the cell
layer twice with ice-cold PBS. The cell layers were washed twice with an acidic washing buffer
(20 mM sodium acetate, pH 5) to remove non-sequestered radioactivity. Cells were harvested with
NaOH (0.1 M, 1 mL) and counted in a gamma counter (Wizard Wallac, Perkin Elmer). Nonspecific
binding was determined in the presence of neurotensin (1 pM). Two independent experiments were
performed in quadruplicate.

For efflux studies HT29 cells were seeded in 24-multiwell plates and incubated with
["7"Lu]NT127 as described above. After an incubation time of 30 min at 37 °C the plates were placed
on ice and the cells were washed with ice-cold PBS (500 pL), acidic wash buffer (500 pL,
1 min) and again with ice-cold PBS (500 pL). Subsequently, fresh binding buffer (500 pL) was added
to each well and the plates were incubated at 37 °C. After 5 min, 15 min, 30 min, 45 min,
60 min and 90 min the plates were placed on ice, the supernatant was transferred to a counting tube,
the cells were washed once with ice-cold PBS (500 uL) and this washing PBS was combined with
the respective supernatant in the counting tubes. Cells were harvested with NaOH (0.1 M, 1 mL) and
cell suspensions and washing solutions were counted in a gamma counter (Wizard Wallac). The
experiment was performed twice in quadruplicate.

2.10. Animal Model (Nude Mice Bearing HT29 Xenografis)

All animal experiments were performed in compliance with the protocols approved by the local
animal protection authorities (Regierung Mittelfranken, Ansbach, Germany, No. 54-2532.1-22/10).
Female athymic nude mice (nu/nu) were obtained from Harlan Winkelmann GmbH (Borchen,
Germany) at 4 weeks of age and were kept under standard conditions (12 h light/dark) with food and
water available ad libitum. HT29 cells were harvested and suspended in sterile PBS at a concentration
of 107 cells/mL. Each mouse was injected subcutaneously in the lower region of the left shoulder on
the back with viable cells (2 x 10°) in PBS (200 puL).

2.11. Biodistribution Studies

10-14 days after inoculation of the HT29 cells (tumor weight: 200-700 mg), the mice
(about 10-12 weeks old with about 35-40 g body weight) were used for biodistribution studies.
HT29 xenografted mice were injected with ['"’Lu]NT127 (1-3 MBg/mouse) intravenously into the
tail vein. They were sacrificed by cervical dislocation 1 h, 4 h and 24 h after injection. Tumors and
other tissues (blood, lung, liver, kidneys, heart, spleen, brain, muscle, femur and intestine) were
rapidly removed and weighed. Radioactivity of the dissected tissues was measured using a gamma
counter (Wallac Wizard, Perkin Elmer). Results were expressed as percentage of injected dose per
gram of tissue (% ID/g), and tumor-to-organ ratios were calculated. Two randomly chosen mice were
used for the determination of nonspecific tracer uptake in vivo. These blocking experiments were
carried out by intravenous coinjection of mice with [7’Lu]NT127 together with NT4 [28] (100
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pg/animal). These mice were sacrificed by cervical dislocation at 4 h post injection (p.i.) and organs
and tissue were removed, weighed and counted as described above.

2.12. Radiotherapy Studies with [’ Lu]NT127 and Small Animal PET Imaging

5-6 days after inoculation of the HT29 cells (tumor diameter: 4-5 mm), the mice (about 10—12 weeks
old with about 35-40 g body weight) were divided into four groups. The control group
(n=8) received i.v. the vehicle (0.5 nmol NT127 in 100 pL saline) with no activity at the same days
as the treated animals. Treated group 1 (7 = 4) received i.v. 28-38 MBg/mouse [!"’Lu]NT127 in two
fractionated doses of 11-15 MBq (at days 0) and 17-23 MBq at day 6, treated group 2
(n = 3) received a single dose of 49-51 MBg/mouse [!”’Lu]NT127 (at day 0) and treated group 3
(n = 4) received 50-51 MBqg/mouse ['7’Lu]NT127 in four fractionated doses of 11-14 MBg/mouse
(at days 0, 3, 6 and 10). Each dose contained between 0.3—0.7 nmol NT127. The body weight of the
mice was determined three times a week and the diameter of the tumors was measured with a calliper
three times a week for 3033 days starting the day of the first injection (day 0). An additional group
of three animals was injected with a single low dose of 21 MBg/mouse. These were also used for
histological staining of tissue samples from kidney and liver.

PET scans and image analysis were performed using a microPET rodent model scanner
(Inveon, Siemens Healthcare, Erlangen, Germany). About 3-8 MBq of [®*Ga]DOTA-RGD was
intravenously injected into each mouse at day 7, 14, 21 and 28 after the first ['”’Lu]NT127-treatment
under isoflurane anesthesia (4%). Animals were subjected to a 15 min scan starting from 45 min p.i.
After 3D-OSEM iterative image reconstruction with decay and attenuation correction, regions of
interest (ROIs) were drawn over the tumor region, and the mean within a tumor was converted to
standard uptake values (SUV) considering the injected activity and body weight.

2.13. Histology of Tissue Samples from Kidney and Liver

28 days after first treatment the mice were sacrificed by cervical dislocation and kidneys and liver
were dissected and immediately fixed in 4% neutral buffered formalin at room temperature overnight
and then stored in phosphate buffered saline at 4 °C. For histological examinations the tissue was
paraffin-embedded, cut in four-micrometer sections and stained with Masson-Goldner trichrome.
Quantification of tissue inflammation was done using a digital light microscope (Axioplan 2 imaging,
Zeiss) with the software Metafer 4 (v. 3.9.1) and VSlide (v. 1.0.125). A virtual grid was placed over
the sections and the quantitative detection of inflammation per visual field was carried out according
to the following scheme: none (0), low (1), moderate (2), much (3).

3. Results and Discussion

Our plan of synthesis was based on our previous publications on metabolically stabilized
NT(8-13) derivatives (Scheme 1) [7,28,29].

In detail, we applied solid-phase methods with repetitive cycles of Fmoc deprotection with
piperidine and acylation with the respective Fmoc-protected amino acids. Amino acid activation was
done in the presence of PyBOP/HOBL, thus allowing us to incorporate #-leucine, tyrosine, proline,
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lysine, and amino-4,7,10,13,16,19-hexaoxaheneicosanoic acid. The more powerful coupling agent
HATU was employed for the attachment of N-(4-aminobutyl)-glycine, for the lysine linker as well
as for the chelator 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA), which was
coupled as the commercially available tri-z-butyl ester derivative. Microwave acceleration proved to
be advantageous for both Fmoc deprotection and acylation reactions. For a safe peptide cleavage
without concomitant #-butylation of the peptide side chains, we decided to apply our recently
published two step protocol removing the z-butyl-based protective groups by a pre-treatment with
10% sulfuric acid in dioxane at 8 °C at first [10]. Thereafter, final cleavage from the resin with TFA
resulted in the formation of crude peptide with acceptable amounts of ¢-butylated byproduct,
sufficiently pure to allow successful high-performance liquid chromatography (HPLC) purification.
The synthesis of the lutetium complex ['7*Lu]127 was accomplished by stirring NT127 for 10 min
with an excess of Lu(NO3)3 (2 equiv) in 0.5 M HEPES buffer (pH 5) at 98 °C, followed by RP-HPLC
purification (Scheme 1). Electrospray ionization-mass spectrometry revealed the [M]" peak of
[17*Lu]127, confirming previous studies on DOTA-conjugated peptides with one free deprotonated
carboxylate group at physiological pH that does not participate with the pseudo-octahedral geometry
of the Ga-DOTA complex of the peptide [40].

Scheme 1. (Radio)synthesis of [’ Lu]NT127 and ['7"Lu]NT127.
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—10 °C; (b) peptide coupling for Fmoc-Tle-OH, Fmoc-Tyr(zBu)-OH, Fmoc-Pro-OH, Fmoc-Lys(Boc)-OH,
Fmoc-21-amino-4,7,10,13,16,19-hexaoxaheneicosanoic acid: Fmoc-AA-OH, PyBOP, DIPEA, HOBt, DMF, pi~,
15% 10 s, 50 W, 15x cooling to —10 °C; (¢) for N-Fmoc-N-(4-Boc-aminobutyl)-Gly-OH, Boc-Lys(Fmoc)-OH,
DOTA-tri-t-Bu-ester:  Fmoc-AA-OH, HATU, DIPEA, DMF, p~-assisted coupling (see b);
(d) deprotection/cleavage of the peptide: (1) H,SOs/dioxane (1:9), 8 °C, 2 h; (2) DIPEA/CH.CL, (3:7);
(3) TFA, phenol, H,O, triisopropylsilane 88:5:5:2, 2 h, followed by RP-HPLC; (e) Lu(NOs);, 0.5 M HEPES pH
5,98 °C, 10 min or (f) n.c.a. ['7Lu]LuCls, 0.5 M HEPES pH 5, 98 °C, 10 min.
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After verification of the purity of NT127 (>92%) and of the reference compound ['"*Lu]NT127
(>99%), the lutetium complex ['’Lu]NT127 was subjected to receptor binding studies for the
neurotensin receptor subtypes NTS1 and NTS2. The results revealed substantial NTS1 subtype
selectivity with a Ki value for NTS1 of 30 nM (Table 1).

Table 1. Receptor binding data of ['°Lu]NT127 in comparison with the reference
ligands neurotensin and NT(8-13) employing human NTS1 and NTS2 .

K value £ SEM [nM]

Compound K; [nM]NTS1®  K;[nM]NTS2®
[*H]neurotensin [PHINT(8-13)
Neurotensin 0.51+0.06¢ 49+03
NT(8-13) 0.29 +0.03 1.4+0.1¢
["PLu]NT127 306 220+ 93

2K values + SEM are the means of three individual experiments each done in triplicate;
® Membranes from CHO cells stably expressing human NTS1; ¢ Homogenates from HEK
cells transiently expressing human NTS2; ¢ K4 values = SEM are the means of 13-20

individual saturation experiments each done in quadruplicates.

Starting from NT127, the radiosynthesis of ['7’Lu]NT127 was performed in HEPES buffer at
98 °C to give [""7Lu]NT127 in high radiochemical yield and high radiochemical purity (> 98%)
without the need for further purification (Scheme 1). The stability of the tracer in human serum
in vitro was 89% after incubation at 37 °C for 3.5 h (Figures S1 and S2).

The amount of internalization ['”’Lu]NT127 was determined in vitro using HT29 cells.
['"7Lu]NT127 revealed an internalization rate of 82% =+ 9% after 15 min which remained constant
over 120 min (Figure 2). To determine the efflux from the cells, ['"’Lu]NT127 was allowed to
internalize for 30 min into HT29 cells, then the cells were washed with acid buffer to remove surface
bound radioactivity, and fresh media was added. After 90 min there was still a high amount of
internalized ['"’Lu]NT127 of 42% + 5% (Figure 2).

Figure 2. Internalization and efflux of ['”’Lu]NT127 in human HT29 cells. Each
data point represents the mean + standard deviation of two experiments performed
in quadruplicate.
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The biodistribution studies of ['"’Lu]NT127 were carried out with HT29 tumor-bearing nude mice
and showed a strong accumulation of the tracer in the kidney with 38 + 1% ID/g at 1 h
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post-injection (p.i.), which was reduced to 20% + 5% ID/g at 24 h p.i. (Figure 3). ['7’Lu]NT127
showed the second highest accumulation in the HT29 tumor at 1 h p.i. (1.5% + 0.2% ID/g), whereas
after 24 h the tracer was partially washed out again (0.6% ID/g). In the liver the radioactivity
concentration was 0.7% = 0.1% ID/g after 1 h and 0.4% ID/g after 24 h. The clearance from
blood was very fast, resulting in 0.05% ID/g in blood at 1 h p.i. which was reduced to 0.01%
ID/g at 24 h p.i., providing an excellently high tumor-to-blood ratio of 30 (60 min p.i.) and 60 (24 h
p.i.), respectively.

Figure 3. Biodistribution of ['”’Lu]NT127 in HT29 xenografted nude mice 1 h , 4 h and 24
h after injection and 4 h after injection of ['""Lu]NT127 together with NT4 (100
pg/mouse, “blocking”). Each data point represents the mean + standard deviation of

tissue samples from two mice.
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In order to determine the specific binding of ['”’Lu]NT127 in vivo, two HT29 tumor-bearing nude
mice were co-injected with ['7’Lu]NT127 and the high-affinity NTS1 ligand NT4 [28]. In the HT29
tumor the accumulation of ['77Lu]NT127 was significantly reduced at 4 h p.i. by the
co-injection of NT4 from 1.1% ID/g to 0.1% ID/g, indicating the specificity of tracer uptake in the
HT29 tumors.

To study the effect of ['7’Lu]NT127 as a radiotherapeutical agent, HT29 tumor-bearing nude mice
were injected with different doses of ['”’Lu]NT127 and the tumor growth as well as the body weight
was measured every third day over a 30 day-period and compared with mice injected with vehicle
only. In all experiments, the course of the body weight of the treated animals during therapy did not
reveal a static decrease, indicating the physical fitness of the animals (Figure S3). However, a
statistical analysis of the differences in body weight has not been performed due to the low number
of animals used in this initial study. In group 1 that received two doses of 11-15 MBq and 17-23
MBq for each animal at day 0 and day 6, respectively, no change in tumor growth was observed
when compared to the control group (Figure 4a). The animals in treatment group 2, receiving four
fractionated doses of 11-14 MBg/mouse at days 0, 3, 6 and 10, also did not show any significant
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change in the mean tumor growth (Figure 4b). It is worth mentioning that two of the four treated
mice of this group showed reduced tumor growth, however, the mean value over all four animals did
not reveal any significant difference in the relative tumor growth. In contrast to the fractionated
administration, the animals in treatment group 3 received a single high dose of 50 MBq per animal
at the beginning of radiotherapy. These animals showed a significant reduction of about 50% in the
mean tumor growth for all treated animals compared to the sham-treated controls (Figure 4c).

Figure 4. (a,b,c) Change in tumor growth after a single high (c¢) dose or a two-time (a)
or four-time (b) sequential dose of ['"’Lu]NT127. (d,e,f) Standard uptake values
(SUVmean) of [*®*Ga]DOTA-RGD in HT29 tumor-bearing nude mice at day 7, 14, 21
and 28 after injection of a single (f); two-time (d); or four-time (e) dose of ['"’Lu]NT127.
*p <0.05, n =8 (sham-treated animals) vs. n = 3 (treated animals).

(c)

—_—
Q
—
—_—
(=2
—

<

5.
oS S 8
4 o} o}
£ £ E
@ o @
el 3 el el
— — —_ 4
[s) o [s)
£ g g,
2 2 3 =1
2 2 E
o o o ,
2 2 2
g i i
2 - control (n=4) 2 - control (n=2) 2 - control (n=2)
2 = 2xdose (n=4) = - 4x dose (n=4) 2 = 1x high dose (n=3)
o o
0 3 6 9 12 15 18 21 24 27 30 0 3 6 9 12 15 18 21 24 27 30 2 3 6 9 12 15 18 21 24 27 30 33
4 LI I !
day (after first treatment) day (after first treatment) day (after first treatment)

(d) . control (e) m control (f) . control

B 2x dose 020 B 4x dose 0.20 B 1x high dose

0.20 *
m
- 0.15. - 0.15 % 0.15
§ g g
>E 0.10. >E 0.10. >E 0.10
5 =} 3
» 0.05 @ 0.05 0.05
0.00: 0.00. 0.00
7 14 pal 28 7 14 21 28 7 14 21 28
day (after first treatment) day (after first treatment) day (after first treatment)

Next, we investigated the use of [**Ga]DOTA-RGD to monitor the response of tumors to the
radiotherapy with [7’Lu]NT127 in the four nude mice groups. Therefore, PET scans with
[*®Ga]DOTA-RGD were performed at day 7, 14 21 and 28 after first treatment. As shown in
Figure 4d—f the only significant change in tumor uptake values (SUVmean) can be observed at day 7
after treatment by the single high dose of 50 MBq (Figure 4f, p <0.05, n = 8 (sham-treated animals)
vs. n = 3 (treated animals)). The decreased uptake of the RGD tracer indicated a lower degree of
owvfs integrin expression in the tumor region at day 7 after treatment. The difference between control
and treated animals was also confirmed by the uPET image analysis of a representative pair of
animals, when the treated animal indicated a significantly lower uptake of [®*Ga]DOTA-RGD in the
HT29 tumor region compared to the corresponding sham-treated animal, as shown in Figure 5.
However, we could not detect any significant changes in the tumor uptake of [*Ga]DOTA-RGD
between treated and untreated animal groups at later time points of more than seven days after
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treatment (Figure 4f). This result might reflect the response of HT29 tumors toward radiation,
resulting in regeneration of maximal integrin expression in the tumor region that did not differ
significantly any more from the level that was found in sham-treated animals at day 7 and later after
treatment. Noteworthy, HT29 are well-known to show a radiation-induced increase in radioresistance
at low doses [41], so this phenomenon could account for the weak response of HT29 tumors toward
fractionated therapy by administration of four equal doses (group 3, Figure 4b).

Figure 5. Representative PET scans at 45-60 min p.i. of [**Ga]DOTA-RGD obtained
from HT29 tumor-bearing nude mice (a) at day 7 after radiotherapy with ['"’Lu]NT127
(1x high dose, 50 MBq) vs. (b) sham-treated at day 7 after begin of treatment. Both
images are normalized to the same standard uptake value (SUVmean) scale. Red arrows
indicate the HT29 tumor.

Taken together, the single high-dose endoradiotherapy with 50 MBq ['7’Lu]NT127 showed a
substantial mean effect of 50% reduced tumor diameter, which is comparable to the result reported
by Schubiger and coworkers for the rhenium-labeled peptide analog [24]. Moreover, preliminary
UPET experiments identified day 7 after treatment as a potential time point for the analysis of integrin
expression by RGD-PET, trying to identify an anti-angiogenic effect as an early predictor of response
to endoradiotherapy with ['7/Lu]NT127.

The clearance of ['”’Lu]NT127 predominantly occurred through the kidney and to a lower portion
through the liver (Figure 3), so that these organs received the highest radiation dose during tumor
therapy. Therefore, we performed histological staining to study potential tissue damage, e.g., fibrotic
lesions, in kidney and liver. In particular, both the glomeruli and the tubules in the kidney sections
from animals that received a two-time consecutive dose show strong fibrosis compared to
sham-treated control animals (Figure 6). In the corresponding liver sections, both the singular and
the sequential dose led to increased tissue damage (Figure 6). This finding might hamper the
translation of the NTS1-mediated radiotherapy approach with ['”’Lu]NT127 into human application
in the future.

In medical oncology, it is desirable to predict as early as possible whether an individual tumor
responds to treatment. Structural imaging techniques such as X-ray computerized tomography (CT)
or magnetic resonance imaging (MRI) capitalize on changes in tumor size for this purpose. However,
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a treatment-induced decrease of tumor size does often not occur until weeks to months after
institution of treatment; furthermore, e.g., in lymphomas, non-neoplastic scar tissue may persist
despite eradication of the tumor cells, leading to false-negative CT or MRI results. Therefore, the
possible value of the molecular imaging modality PET for this purpose has been subject of
considerable research efforts in the last decade (for a review, see [42]). The PET measurement of
glucose consumption using ['*F]fluorodeoxyglucose has, indeed, been proven to be of some value in
this regard and, in particular, for establishing proof of treatment response in lymphomas, colorectal

carcinomas, and gastrointestinal stroma tumors.

Figure 6. Histological examinations of kidney (upper row) and liver (lower row).
Masson-goldner trichrome staining of liver and kidney sections from mice which
received a single low dose of 21 MBq (1x dose) or two fractionated doses of 13 MBq
and 19 MBq (2% dose) in comparison with sham-treated animals (control). Red arrows
indicate fibrotic lesions in kidney. White arrows indicated fibrotic lesions in liver. All
images are representative photographs captured at a magnification of x10 (the scale bar
represents 800 um). Bar charts: The number of fibrotic tissue damages was quantified
for whole sections of each tissue at comparable position and evaluated according to the
following classification: O/no fibrosis, 1/few fibrosis, 2/medium fibrosis, 3/many
fibrosis. The asterisk indicated a significant difference (p < 0.05, one-way Anova test).
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Changes in tumor vasculature are thought to have an important role in determining tumor response
to radiotherapy [43]. Furthermore, radiation treatment does not only destroy the neoplastic cells, but
also the vascular bed of the tumor as endothelial cells are even more sensitive to radiation than most
cancer cells. Therefore, in this study, in addition to tumor volume, we analysed integrin expression
to predict treatment effect. In the single-dose group that responded by significant tumor shrinkage to
therapy radioreceptor treatment produced also an early decrease in RGD tracer uptake as measured
by PET. However, this was only short-lived, although the treated animals consistently had lower
tumor volumes than those in the control group until the end-point of treatment at day 28. One possible
explanation for this phenomenon is provided by inflammatory changes occurring after initial
radiation damage to the vascular bed of the tumors and to the tumor cells themselves. Indeed, some
evidence for that could be seen in our histopathological specimens. To date, literature is scarce with
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regard to alterations of integrin tissue expression caused by radiation treatment. Therefore, this
interpretation of our results must remain speculative, awaiting confirmation by future research.

4. Conclusions

With ['7’Lu]NT127 in our hands, we offer an agonist radiopeptide with high-affinity to NTS1,
providing the option to study endoradiotherapy with that radiopeptide in preclinical animal models.
In NTS1-positive HT29-tumor-bearing nude mice, we observed decreased tumor progression after
administration of a single high-dose of the radiopeptide. In the sequentially treated animals, the
decreased tumor progression was less pronounced visible when analyzing the tumor diameter.
However, our preliminary PET imaging data at day 7 after treatment with a single high dose of
['""Lu]NT127 suggested decreased uptake values of [®*Ga]DOTA-RGD compared to sham-treated
controls. Further longitudinal PET imaging studies are needed to confirm the statistical significance
and predictive value of RGD-PET for NTS1-mediated radiotherapy.
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relative change in body weight

Figure S1. Radiochemical purity of ['”7Lu]NT127 after incubation in human serum in
vitro at 37 °C for up to 3.5 h as determined by radio-HPLC.
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Figure S2. ['7"Lu]NT127 after incubation in human serum in vitro at 37 °C for 15 min
(upper HPLC chromatogram), and for 3.5 h (lower HPLC chromatogram).
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Figure S3. Relative change in body weight of the nude mice after a single high

(right) dose or a two-time

(left) or four-time (middle) sequential dose of ['"’Lu]NT127

day (after first treatment)

in comparison with sham-treated animals (control). Data are expressed as
mean =+ standard deviation.
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Synthesis, Radiolabelling and In Vitro Characterization of the
Gallium-68-, Yttrium-90- and Lutetium-177-Labelled PSMA
Ligand, CHX-A"-DTPA-DUPA-Pep

Benjamin Baur, Christoph Solbach, Elena Andreolli, Gordon Winter, Hans-Jiirgen Machulla
and Sven N. Reske

Abstract: Since prostate-specific membrane antigen (PSMA) has been identified as a diagnostic
target for prostate cancer, many urea-based small PSMA-targeting molecules were developed. First,
the clinical application of these Ga-68 labelled compounds in positron emission tomography (PET)
showed their diagnostic potential. Besides, the therapy of prostate cancer is a demanding field, and
the use of radiometals with PSMA bearing ligands is a valid approach. In this work, we describe the
synthesis of a new PSMA ligand, CHX-A"-DTPA-DUPA-Pep, the subsequent labelling with Ga-68,
Lu-177 and Y-90 and the first in vitro characterization. In cell investigations with PSMA-positive
LNCaP C4-2 cells, Kp values of <14.67 + 1.95 nM were determined, indicating high biological
activities towards PSMA. Radiosyntheses with Ga-68, Lu-177 and Y-90 were developed under mild
reaction conditions (room temperature, moderate pH of 5.5 and 7.4, respectively) and resulted in nearly
quantitative radiochemical yields within 5 min.

Reprinted from Pharmaceuticals. Cite as: Baur, B.; Solbach, C.; Andreolli, E.; Winter, G.; Machulla, H.-J.;
Reske, S.N. Synthesis, Radiolabelling and /n Vitro Characterization of the Gallium-68-, Yttrium-90- and
Lutetium-177-Labelled PSMA Ligand, CHX-A"-DTPA-DUPA-Pep. Pharmaceuticals 2014, 7, 517-529.

1. Introduction

Prostate cancer (PCa) is still one of the leading causes of cancer deaths among men. Despite using
novel therapeutic approaches, mortality from metastasizing prostate cancer is still high [1].
Therefore, the early diagnosis of prostate cancer to prevent tumor dissemination is highly desirable.
Furthermore, effective treatment strategies for disseminated prostate cancer are urgently needed.
Comprehensibly, targeting of PCa or its metastases is a demanding task in the field of molecular
imaging with positron emission tomography (PET) and for targeted internal radiation therapy.

Prostate-specific membrane antigen (PSMA) is a peptidase that catalyzes the hydrolysis of
N-acetyl-L-aspartyl-L-glutamate (NAAG) into the corresponding N-acetyl-L-aspartate (NAA) and
L-glutamate [2]. The use of PSMA as a target for diagnostic and therapeutic agents is a highly valid
approach. Compared to healthy human prostate tissue, in almost all PCa tumors, the expression of
PSMA is 10-80 fold higher.

Besides, the PSMA levels are increased in the neovasculature of other solid tumors, as well [3-6].
Therefore, selective addressing of PSMA with small molecules labelled with a positron emitting
radionuclide is a considerable approach for the diagnosis of prostate cancer with PET.

Based on the chemical structure of NAAG, several glutamate-urea-glutamate-based peptides
bearing a 2-[3-(1,3-dicarboxypropyl)-ureido]pentanedioic acid (DUPA) moiety were developed in
the last few years [7]. These molecules showed high affinity and specific binding to PSMA, as
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demonstrated in binding studies using PSMA expressing LNCaP cell lines. Beside the slightly
modified chemical structure, these molecules differ mainly in the selection of the chelator for the
complexation of the desired radionuclide [7-9].

Due to their proven excellent affinity to PSMA, it is desirable to develop radionuclide-based
therapeutic strategies using adapted PSMA targeting. In radiometal therapy approaches, the
application of Y-90 and Lu-177 is favored. The use of Y-90 (E pmax: 2.3 MeV, t»: 64 h) is more
appropriate in the treatment of larger tumor lesions, while Lu-177 (Epmax: 0.5 MeV, t..: 6.7 d) is more
suitable for the treatment of smaller lesions and metastases, accompanied by a minimization of
kidney dose in comparison to the application of Y-90 labelled peptides [10]. Moreover, due to the
contemporary beta- and gamma-emission, Lu-177 is a useful diagnostic tool for scintigraphy of
tumoral uptake [11].

For both diagnostic and therapeutic application, 1,4,7,10-tetraazacyclododecane-N,N',N",N"'-
tetraacetic acid (DOTA) is the mostly used chelator for the complexation of radiometals, like Ga-68,
Lu-177 and Y-90, to small molecules [12,13]. However, DOTA can show some undesirable
characteristics for therapy. Possible immunogenicity in humans has been published, as well as
unfavorable kinetics in the complexation of radiometals [14,15]. Furthermore, labelling reactions
using DOTA as the chelating agent are usually carried out at high temperatures under acidic
conditions and long reaction times [16]. The preferred labelling procedure for peptides should consist
of a simple, fast and quantitative labelling step at room temperature and neutral pH to avoid
decomposition. Therefore, the use of alternative chelators is a demanding approach. In addition, the
chelator must provide sufficient stability in vivo.

The preceding developments based on the chelator, diethylenetriaminepentaacetic acid (DTPA),
lead to the promising cyclohexyl substituted analogue, cyclohexyl-diethylene triamine pentaacetic
acid (CHX-A"-DTPA) [17]. It showed high stability in vivo, and radiolabelling with Y-90 was
achieved under mild conditions (pH = 6 at room temperature) [17]. Thus, CHX-A"-DTPA is a highly
promising alternative to the mostly used DOTA. Previous work using the PSMA ligand
(5S,88,228,26S)-1-amino-5,8-dibenzyl-4,7,10,19,24-pentaoxo-3,6,9,18,23,25-hexaazaoctacosane-
22,26,28-tricarboxylic acid (DUPA-Pep), conjugated with DOTA, revealed a high PSMA-affinity
with a Kp of 21.6 + 0.4 nM measured in a PSMA-positive LNCaP C4-2 cell assay [18]. Furthermore,
the first clinical application of [*®Ga]Ga-DOTA-DUPA-Pep showed the feasibility of in vivo
targeting. [**Ga]Ga-HBED-PSMA showed promising clinical results for prostate cancer patients so
far [19,20].

Thus, in the present study, we describe the synthesis of CHX-A"-DTPA-DUPA-Pep (scheme 1),
subsequent labelling with Ga-68, Y-90 and Lu-177, and the investigation of its biological activity as
a new potential PSMA ligand for the diagnosis and therapy of prostate cancer.
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Scheme 1. Synthesis of cyclohexyldiethylenetriamine pentaacetic acid (5S,85,22S,26S)-
1-amino-5,8-dibenzyl-4,7,10,19,24-pentaoxo-3,6,9,18,23,25-hexaazaoctacosane-
22,26,28-tri-carboxylic acid trifluoroacetate (CHX-A"-DTPA-DUPA-Pep).
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2. Experimental

[*Y]YCls and ['7"Lu]LuCls, in 0.04 M HCI were purchased from Eckert and Ziegler and Isotope
Technologies, respectively. The %Ge/*Ga generator was obtained from IDB Holland BV.
All chemicals and solvents were purchased from Aldrich, Fluka, Applichem, Waters and Merck and
used without further purification. (55,85,225,26S5)-1-Amino-5,8-dibenzyl-4,7,10,19,24-pentaoxo-
3,6,9,18,23,25-hexaazaoctacosane-22,26,28-tricarboxylic  acid trifluoroacetate (“DUPA-Pep”
trifluoroacetate) was obtained from ABX (Germany). N-[(R)-2-Amino-3-(p-isothiocyanato-
phenyl)propyl]-trans-(S,S)-cyclohexane-1,2-diamine-N,N,N'-, N",N"-pentaacetic acid (p-SCN-Bn-CHX-
A"-DTPA) was achieved from Macrocyclics (Dallas, TX, USA). Diethylenetriaminepentaacetic acid
(>99%) was obtained from Fluka (Buchs, Switzerland). Solvents for analytics were of HPLC-grade
purity. Chemicals for organic synthesis were of >98% purity. Chemicals for radiolabelling were of
trace metal® grade. An analytical assay was carried out by thin-layer chromatography (TLC) with
Silica gel 60 RP-18 F254S (on alumina sheets of 5 x 7.5 cm, Merck) as the stationary phase, visualized
by UV-detection for preparative synthesis and by phosphorimager analysis (FLA3000. Raytest,
Straubenhardt, Germany) for radiosynthesis. In addition, a radio high-pressure liquid chromatography
system (radio-HPLC, P680 Dionex, Idstein, Germany), equipped with Nal(TT)-scintillation detector
(GABI, Raytest) and a UV-Vis detector (UVD 170U, Dionex), was used for the identification of the
labelled peptide. For the control of radiochemical yields (RCYs), a y-counter (Cobra™ II, Packard
Instrument, Canberra, Australia) was applied. 'H- and *C- nuclear magnetic resonance spectra were
recorded by a 400 MHz Bruker Avance spectrometer (Bruker, Karlsruhe, Germany) at ambient
temperature. MS spectra were measured using a Triple Stage Quadrupole TSQ 70 Finnigan-MAT-
mass spectrometer (Finnigan-MAT, Bremen, Germany).
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2.1. Organic Synthesis of CHX-A"-DTPA-DUPA-Pep

DUPA-Pep trifluoroacetate (10 mg, 12.5 pmol) was dissolved in DMSO (1 mL), and DIPEA
(15 pL, 90 umol) and p-SCN-Bn-CHX-A"-DTPA-3HCI (Macrocyclics, Dallas, TX., USA) (7 mg,
11 nmol) were added. The reaction was carried out for 16 h. The product was purified by preparative
HPLC consisting of a C18 column (Gemini 5u C18, 250 x 21 mm, Phenomenex, Aschaffenburg,
Germany) as the stationary phase and by use of gradient elution technique (gradient profile: 0—-3 min
20% MeCN in H20 (0.1% TFA), 3—15 min from 20% to 40% MeCN in H20 (0.1% TFA), 15-30 min
40% MeCN in H20 (0.1% TFA); a flow rate of 7 mL/min, UV detection at 220 and 254 nm) as the
mobile phase gave CHX-A"-DTPA-DUPA-Pep (12.5 mg, 8.6 umol, 72%) as a colorless solid after
lyophilization with a purity of >98% (HPLC). '"H NMR (400 MHz, DMSO-de) § = 1.2 (m, 14H);
1.7 (m, 4H); 2,0 (m, 8 H); 2.2 (m, 2H); 2.7 (m, 1H); 2.8 (m, 1H); 3.0 (m, 6H); 3.2 (m, 4H); 3.4 (m,
4H); 3.6 (m, 7H); 4.1 (m, 5H); 4.5 (m, 3H); 6.4 (m, 2H); 7.3 (m, 14H); 7.8 (m, 2H); 8.0 (m, 3H); 9.6
(s, 1H); 12.6 (s, SH). *C NMR (300 MHz, DMSO-ds) § = 25.1 (2CH>); 26.3 (CH2); 27.5 (2*CHb);
28.3 (2*CHy); 28.3 (2*CH2); 28.4 (CHz); 28.5 (CHz); 29.1 (CHz); 29.8 (CH2); 31.6 (CH2); 35.1
(CHz); 37,0 (CH2); 37.2 (2*CHz); 37.7 (CH2); 37.9 (2*CHz); 38.5 (3*CHz); 48.3 (2*CHy); 51.6
(2*CH); 52.1 (CH); 53.6 (2*CH); 53.9 (2*CH); 126.1 (CH (phenylalanine)); 126.3 (CH
(phenylalanine)); 127.9 (2*C2 phenyl(desferal)); 128.0 (2*C3 phenyl(desferal)); 129.1 (4*CH
(phenylalanine)); 129.2 (4*CH (phenylalanine)); 137.5 (C1, C6 phenyl(desferal)); 137.9 (2*C
(phenylalanine)); 155.3 (2*C = O); 157.2 (HN-(C = O)-NH); 158.2 (2*C = O); 171.0 (2*COOH);
171.1 (COOH); 172.1 (2*COOH); 173.7 (COOH); 174.1 (2*COOH); 174.2 (C = S). ESI-HRMS (m/z):
MALDI calcd. for CssHsoN11021S, 1391,60; found, [M + H]"1392.60177.

2.2. Radionuclide Production and Radiochemistry

2.2.1. Production of [**Ga]Ga-Chloride

Ga-68 (t = 67.7 min, B": 89%, Ep'max, 1.9 MeV; EC: 11%, Ey max: 4.0 MeV) was prepared as
described by Meyer et al. [21]. Briefly, Ga-68 was eluted from a TiOz-based **Ge/**Ga generator
with ca. 2 mL of 1 M HCI and collected into a vial containing 1 mL of 9.5 M HCI. The resulting
solution was loaded onto a strong anion exchange resin (100 mg Dowex 1 x 8), and the activity was
retained as the [GaCls]™ complex. After elution with 200 puL of water, the pH of the solution was
neutralized by adding the appropriate volume of 2 M NaCO:s.

2.2.2. Radiosynthesis of [**Ga]Ga-CHX-A"-DTPA-DUPA-Pep

The Ga-68 activity in neutral aqueous solution (13 pL; 9.3-9.6 MBq) was added to a freshly
prepared solution of CHX-A"-DTPA-DUPA-Pep, dissolved in DMSO (2 mg/mL) and 0.25 M
HEPES buffer (pH 7.4, 500 uL), resulting in a total volume of 514-563 uL and a final pH of 7.4.
Different amounts of peptide (1, 10, 25, 50 and 100 pg; 0.7, 7.2, 18, 36 and 72 nM) were used to
study the dependence of RCY on peptide concentration and reaction time. The reaction was carried
out at room temperature for 60 min. At different reaction times (1, 5, 10, 30 and 60 min), 1-uL
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aliquots were withdrawn and analyzed by radio-TLC on RP-18 thin layer plates as the stationary
phase and 0.1% TFA/MeOH 30/70 v/v as the mobile phase.

2.2.3. Radiosynthesis of [*°Y]Y-CHX-A"-DTPA-DUPA-Pep

Y-90 activity in 0.04 M HCI solution (20 pL; 3.7-3.8 MBq) was added to a freshly prepared
solution of CHX-A"-DTPA-DUPA-Pep, dissolved in DMSO (2 mg/mL) and 0.5 M NH4OAc buffer
(pH 5.5, 500 pL), resulting in a total volume of 533—570 uL and a final pH of 5.5. Different amounts
of peptide (25, 50 and 100 pg; 18, 36 and 72 nM) were used to study the dependence of RCY on
peptide concentration and reaction time. The reaction was carried out at room temperature for 60 min.
At different reaction times (5, 10, 30 and 60 min), 1-uL aliquots were withdrawn and analyzed by
radio-TLC on RP-18 thin layer plates as the stationary phase and 0.1% TFA/MeOH 30/70 v/v as the
mobile phase.

2.2.4. Radiosynthesis of ['"’Lu]Lu-CHX-A"-DTPA-DUPA-Pep

Lu-177 activity in 0.04 M HCI solution (5 pL; 6.3-6.7 MBq) was added to a freshly prepared
solution of CHX-A"-DTPA-DUPA-Pep, dissolved in DMSO (2 mg/mL) and 0.5 M NH4OAc buffer
(pH 5.5, 500 pL), resulting in to total volume of 510-555 pL and a final pH of 5.5. Different amounts
of peptide (10, 25, 50 and 100 pg; 7.2, 18, 36 and 72 nM) were used to study the dependence of RCY
on peptide concentration and reaction time. The reaction was carried out at room temperature for 60
min. At different reaction times (5, 10, 30 and 60 min), 1-pL aliquots were withdrawn and analyzed
by radio-TLC on RP-18 thin layer plates as the stationary phase and 0.1% TFA/MeOH 30/70 v/v as
the mobile phase.

2.2.5. Radio-TLC Analysis

RCYs of the labelling reactions described above were determined in dependency on reaction time
and peptide concentration. One microliter was withdrawn from every reaction mixture at different
definite time points for radio-TLC analysis. RP-18 Silica gel plates were used as the stationary phase
and 0.1% TFA/MeOH 30/70 v/v as the mobile phase, in which the free radiometal remains at the
baseline (Re: 0.01). The Re value of CHX-A"-DTPA-DUPA-Pep was found to be 0.73 (A: 254 nm),
while the Rr value of radio labelled compound was found to be ca. 0.78 (phosphorimager).
Quantitative assays of radioactive spots were carried out by phosphorimager to determine the amount
of radio labelled chelate and free radiometal.

2.2.6. Radio-HPLC Analysis

Radiochemical purity was determined by gradient radio-HPLC analysis. A C18 column
(Phenomenex Gemini, 5 pm, C18, 250 x 4.6 mm) was used as stationary phase. Gradient elution
technique was performed by the use of Solvent A (H20, 0.1% TFA) and Solvent B (MeCN, 0.1%
TFA) as the mobile phase (gradient profile: 85% A at 5 min; 85%-30% A from 5 to 14 min,



76

30%-85% A from 14 to 16 min; flow rate: 2 mL/min). The retention time of [**Ga]Ga-CHX-A"-
DTPA-DUPA-Pep was 9.4 min (Figure 1).

Figure 1. Exemplary chromatograms of [**Ga]Ga-CHX-A"-DTPA-DUPA-Pep in the
radioactivity channel (upper signal; the first peak shows the total activity injected
detector bypass for recovery rate calculation) and CHX-A"-DTPA-DUPA-Pep in the
UV-channel (bottom signal; A: 254 nm).
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2.3. Stability of Labelled CHX-A"-DTPA-DUPA-Pep

The stability of the labelled peptide in human serum and phosphate buffered saline (PBS) was
verified via radio-HPLC after 30 min, 2, 4 and 8 h for [**Ga]Ga-CHX-A"-DTPA-DUPA-Pep and by
radio-TLC on RP-18 thin layer plates as the stationary phase and 0.1% TFA/MeOH 30/70 v/v as the
mobile phase after 1 h, 3h, 6 h, 24 h, 48 h and 72 h for ['""Lu]Lu-CHX-A"-DTPA-DUPA-Pep and
[*Y]Y-CHX-A"-DTPA-DUPA-Pep. The radiochemical stability of the labelled compounds was
determined in serum and PBS buffer at 37 °C. The total volume was 1.2 mL (980 puL of serum or
buffer and 220 pL of product solution). In stability tests, 12 MBq of Ga-68 and 4.5 MBq of each
radionuclide, Lu-177 and Y-90, were applied. Two hundred microliters of the mixture were withdrawn
at each time point, and the samples were analyzed by radio-HPLC. Radio-TLC analyses were performed
without further reprocessing.

The PBS samples were injected into a radio-HPLC system without further work-up. Serum
samples of the Y-90 and Lu-177 labelled compound were tested without further work-up by radio-
TLC. Serum samples for radio-HPLC-investigations underwent a serum protein precipitation work-
up procedure before injection. Briefly: an equal volume of EtOH (200 pL) was added to the samples.
Subsequently, the samples were centrifuged for 10 min at 10,000 rpm. Ultrafiltration of the
supernatant was performed using an Amicon ultra centrifugal filter (3 KDa NMWL, Millipore,
Darmstadt, Germany) for 10 min at 10,000 rpm. The filtrate was analyzed by radio-HPLC.

Exchange experiments with 500-fold excess of DTPA and additionally with hydrolysed
p-SCN-Bn-CHX-A"-DTPA were performed for each of the three radiolabeled CHX-A"-DTPA-DUPA-
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Pep compounds. Briefly, after radiolabelling with Ga-68, Y-90 and Lu-177, a 500-fold excess of
DTPA or hydrolysed p-SCN-Bn-CHX-A"-DTPA (in 500 puL of 0.5 M NH4OAc buffer (pH 5.5)) was
added to the sealed reaction mixture stored at RT. Aliquots were withdrawn at two time points (30
min and 240 min) and analyzed by radio-TLC procedure (RP-18 Silica gel plates as the stationary
phase and 0.1% TFA/MeOH 30/70 v/v as the mobile phase).

2.4. Cell Culture and Analysis of Binding Specificity of CHX-A"-DTPA-DUPA-Pep

The PSMA-positive cell line, LNCaP C4-2, was obtained from ViroMed Laboratories
(Minnetonka, MN, USA) and grown in T-media (Dulbecco’s Modified Eagle’s Medium (DMEM),
high glucose, Gibco) and 20% Ham’s F-12 (Biochrom, Berlin, Germany) supplemented with 5%
fetal bovine serum, 5 pg/mL insulin (Sigma, St. Louis, MO., USA), 13.65 pg/mL triiodothyronine
(Sigma), 5 pg/mL apo-transferrin (Sigma), 0.244 pg/mL D-biotin (Sigma) and 25 pg/mL adenine
(Sigma). As a negative control, PC-3 cells (DSMZ, ACC 465) were maintained in DMEM and 10%
Ham’s F12 with 10% FBS, 1% penicillin/streptomycin and 2 mM glutamine. All cell lines were
incubated at 37 °C under constant humidity and an atmosphere of 5% COs.

To determine the binding coefficient (Kp) of the radio-labelled peptide, 5 x 10° cells/well were
grown in coated 12-well plates in 1 mL of medium for 48 h. The cells were washed twice with PBS,
and 900 pL fresh media were added. Radiolabelled peptide was added, resulting in final
concentrations of 480, 240, 120, 60, 30, 15 and 7.5 nM. In parallel, the PSMA-inhibitor (2-PMPA)
was applied in a final concentration of 30 uM to determine unspecific binding. All samples were
prepared in triplicate. Following 60 min of incubation at 37 °C, cells were washed twice to remove
unbound activity and afterwards lysed in 1 mL of 0.5 M NaOH. Activity was measured in a gamma
counter (COBRA™ 11, Packard Instrument). Aliquots of the solution added to the cells were also
measured for the calculation of the cellular uptake as %ID. Data were analyzed using GraphPad
Prism 5.02 (one site, total and non-specific binding evaluation).

2.5. Statistical Aspects

All experiments were conducted with n > 3. Data are expressed as the mean + SD.
3. Results and Discussion
3.1. Organic Synthesis of CHX-A"-DTPA-DUPA-Pep

CHX-A"-DTPA-DUPA-Pep synthesis was successfully achieved by coupling DUPA-Pep and
p-SCN-Bn-CHX-A"-DTPA in the presence of DIPEA as the base. After preparative HPLC
purification and lyophilization of the purified fraction, the peptide was obtained as a white powder
in yields of 72% and a purity of >98% (HPLC).

3.2. Radiochemistry

Radiolabelling with Ga-68 was performed in HEPES buffer (pH = 7.4) at room temperature by
adding the prepared solution of [*Ga]GaCls to the peptide reaction mixture. The radiochemical
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yields were evaluated in dependence on the reaction time and the amount of peptide via radio-TLC
(Table 1, Figure 2). Starting from 18 nM (25 pg) of CHX-A"-DTPA-DUPA-Pep, the RCY lay over
95% after 30 min of reaction time. Increasing the amount of peptide, to 72 nM (100 pg), a RCY
>95% was obtained after 1 min of reaction time. Due to nearly quantitative labelling, the product

solution was applied without further purification.

Table 1. Dependence of the radiochemical yield (RCY) of [**Ga]Ga-CHX-A"-DTPA-
DUPA-Pep on the peptide amount (concentration) and the reaction time at room

temperature.
Amount (ng) RCY % (1 min) RCY.% RCY % (10 min) RCY _% RCY % (60 min)
(5 min) (30 min)

1 02+0.1 02=+0.0 0.3+0.1 0.5+0.1 0.6 +0.1

10 37+03 14.0+0.3 21.9+0.8 41.3+4.0 56.5+5.8
25 290+1.5 70.0+1.3 85.6 +0.8 96.6 £0.3 97.1+£0.6
50 69.4+0.9 95.4+04 96.6 £0.6 96.6 £0.2 97.2+0.7
100 95.1+0.3 95.8£0.1 96.1 £0.1 97.3+0.1 97.7+0.6

Figure 2. Dependence of the RCY of [*®Ga]Ga-CHX-A"-DTPA-DUPA-Pep on the

peptide amount (concentration) and reaction time at room temperature.
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Regarding radiometals for radiotherapy (Lu-177 and Y-90), the radiolabelling was performed at
pH 5.5 in 0.5 M NH4OAc buffer and showed RCYs >95% for low amounts of peptide (25 ug
(18 nM) in the case of *°Y-labelling and 10 pg (7.2 nM) in the case of !"’Lu-labelling) after 5 min of
reaction time. A practically quantitative RCY of >99% was obtained in both radiosyntheses after
30 min of reaction time when the highest amount of peptide (100 pg; 72 nM) was used (Tables 2 and

3, Figures 3 and 4).
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Table 2. Dependence of the RCY of [*°Y]Y-CHX-A"-DTPA-DUPA-Pep on peptide

amount (concentration) and reaction time at room temperature.

o
Amount (ug) lécrzi n/;’ RCY % (10 min) RCY % (30 min) RCY % (60 min)
25 982+ 0.2 973%1.0 987202 970201
50 986+ 0.1 982402 985+ 0.3 99.0+ 0.1
100 984 + 0.4 982+ 02 993402 99.0 = 0.1

Table 3. Dependence of the RCY of ['"’Lu]Lu-CHX-A"-DTPA-DUPA-Pep on peptide

amount (concentration) and reaction time at room temperature.

0,
Amount (ug) RCY % (5min) RCY % (10 min) RCY % (30 min) RCL;") (60
10 962+ 1.0 952208 986204 96.7+03
25 957+ 0.5 972407 93.4 + 0.4 96.1+1.1
50 95.4+0.1 96.7+0.2 98.5 + 0.4 98.4+0.7
100 984+ 0.1 98.6+ 0.3 993402 99.6+02

RCY (%)

Figure 3. Dependence of the RCY of [*°Y]Y-CHX-A"-DTPA-DUPA-Pep on peptide
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Figure 4. Dependence of the RCY of [!"’Lu]Lu-CHX-A"-DTPA-DUPA-Pep on peptide
amount (concentration) and reaction time at room temperature.
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3.3. Stability Investigations

A high incorporation level and high complex stability is strongly desired in therapeutic
applications, due to the severe myelotoxicity associated with Y-90 and the long half-life of Lu-177
(6.74 d). Thus, in order to verify the stability of the Y-90 and Lu-177 complexes, stability studies
were performed in human serum and PBS at 37 °C. Additionally, the stability of the Ga-68 labelled
compound was investigated. Radio-TLC analysis of ['”’Lu]Lu- and [*°Y]Y-CHX-A"-DTPA-DUPA-
Pep after 1 h, 3 h, 6 h, 24 h, 48 h and 72 h confirmed the stability of the radiolabelled product.
Moreover, the incubation of the [*®*Ga]Ga-CHX-A"-DTPA-DUPA-Pep for 30 min, 1 h, 2 h, 4 h and
8 h at 37 °C resulted in no detectable changes, as shown by radio-HPLC (Figure 5). Exchange
experiments with a 500-fold excess of DTPA and with a 500-fold excess of hydrolysed p-SCN-Bn-
CHX-A"-DTPA confirmed the stability of the investigated radiolabelled complexes. No radiometal
labelled chelator (DTPA or hydrolysed p-SCN-Bn-CHX-A"-DTPA) was observed.
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Figure 5. Stability study of [**Ga]Ga-CHX-A"-DTPA-DUPA-Pep in human serum: overlaid
radio-HPLC chromatograms after 8 h (1), 4 h (2), 2 h (3) and 30 min (4). The first peak
shows the total activity injected (the detector bypass for the recovery rate calculation).
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3.4. Determination of In Vitro Binding Specificity

The binding coefficient was investigated for all radiolabelled CHX-A"-DTPA-DUPA-Pep
derivatives. In the PSMA-positive cell line, LNCaP C4-2, Kp values of 14.67 + 1.95 nM for
17TLu-labelled peptide, 8.0 + 1.1 nM for Y-90 labelled peptide and 12.09 + 0.66 nM for **Ga-labelled
CHX-A"-DTPA-DUPA-Pep were determined. No specific binding could be observed for the PSMA-
negative cell line, PC-3.

4. Conclusions

The synthesis of the DTPA-derivative bearing the PSMA targeting ligand, CHX-A"-DTPA-
DUPA-Pep, was straightforward and efficient.

The radiolabelling of the new PSMA ligand with diverse radiometals, for both diagnosis and
therapy, was investigated, and optimized conditions were developed.

Labelling with Ga-68 was performed at room temperature under neutral conditions. Significant
differences in RCY were observed. Radio labelling with Ga-68 succeeds in a short reaction time with
high radiochemical yields; >95% when 50 pug (36 nM) of the peptide was used. Additionally, the
labelling of CHX-A"-DTPA-DUPA-Pep with Y-90 and Lu-177 was successfully developed. In both
cases, the RCY was >95% after 5 min at room temperature using 25 pg (18 nM) peptide Y-90 and
10 pg (7.2 nM) Lu-177, respectively. In conclusion, RCY's over 95% up to quantitative yields were
obtained for each radionuclide at room temperature at a moderate pH value.

In cell uptake experiments with the PSMA-positive cell line, LNCaP C4-2, the biological activity
of CHX-A"-DTPA-DUPA-Pep was tested exemplarily for the Ga-68- and Lu-177- radiolabelled
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peptide. The obtained Kb values of 14.67 + 1.95 nM for the Ga-68 labelled peptide, 8.0 + 1.1 nM for
the Y-90 labelled peptide and 12.09 + 0.66 nM for the Lu-177 labelled peptide demonstrate high
biological activity towards PSMA. The stability of the labelled peptide was confirmed in both human
serum and PBS buffer. Additionally performed exchange experiments by use of DTPA and
hydrolysed p-SCN-Bn-CHX-A"-DTPA confirmed the complex stability. The application of CHX-
A"-DTPA as a chelator allows the choice of the suited radionuclide with respect to the selected
(clinical) application. In the next step, it has to be elucidated if Ga-68, Y-90 and Lu-177 labelled
CHX-A"-DTPA-DUPA-Pep may be useful ligands for the diagnosis and therapy of prostate cancer.
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Radiolabeled Cetuximab Conjugates for EGFR Targeted
Cancer Diagnostics and Therapy

Wiebke Sihver, Jens Pietzsch, Mechthild Krause, Michael Baumann, Jorg Steinbach and
Hans-Jiirgen Pietzsch

Abstract: The epidermal growth factor receptor (EGFR) has evolved over years into a main
molecular target for the treatment of different cancer entities. In this regard, the anti-EGFR antibody
cetuximab has been approved alone or in combination with: (a) chemotherapy for treatment of
colorectal and head and neck squamous cell carcinoma and (b) with external radiotherapy for treatment
of head and neck squamous cell carcinoma. The conjugation of radionuclides to cetuximab in
combination with the specific targeting properties of this antibody might increase its therapeutic
efficiency. This review article gives an overview of the preclinical studies that have been performed
with radiolabeled cetuximab for imaging and/or treatment of different tumor models. A particularly
promising approach seems to be the treatment with therapeutic radionuclide-labeled cetuximab in
combination with external radiotherapy. Present data support an important impact of the tumor
micromilieu on treatment response that needs to be further validated in patients. Another important
challenge is the reduction of nonspecific uptake of the radioactive substance in metabolic organs like
liver and radiosensitive organs like bone marrow and kidneys. Overall, the integration of diagnosis,
treatment and monitoring as a theranostic approach appears to be a promising strategy for
improvement of individualized cancer treatment.

Reprinted from Pharmaceuticals. Cite as: Sihver, W.; Pietzsch, J.; Krause, M.; Baumann, M.; Steinbach, J.;
Pietzsch, H.-J. Radiolabeled Cetuximab Conjugates for EGFR Targeted Cancer Diagnostics and Therapy.
Pharmaceuticals 2014, 7, 311-338.

1. Introduction

Worldwide, cancer is one of the most common causes of death. In general, patients will be treated
with approaches comprising surgery or external beam radiotherapy (EBRT) alone, or surgery
combined with EBRT or chemotherapy, that have been developed and improved in the last years [1-3].
In EBRT usually 1.8 to 2 Gy fractions are delivered from a linear accelerator over several weeks.
Radioimmunotherapy (RIT) approaches are applying radioactive antibodies (Ab) or Ab fragments in
patients either locally close to the tumor or systemically with the goal to bind to tumor specific
targets, thereby inactivating cancer cells. Remarkably, the curative treatment of metastases by RIT
might be a special chance of this method. For patients with advanced inoperable stages of cancer,
particularly head and neck cancer, primary radiochemotherapy still offers curative potential that has
increased over the last decades by improvement of techniques and combined radiochemotherapy
treatment approaches. However, currently around 50%—70% of all patients with advanced head and
neck squamous cell carcinoma (HNSCC) develop locoregional recurrences after primary
radiochemotherapy [4,5]. Thus, it is of high importance to develop and prove novel therapeutic
strategies that could improve locoregional tumor control. Currently, successful targeted approaches
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for cancer therapy focus on receptors located on the surface of cancer cells that are higher expressed
in cancer than in normal tissue.

Over many years the epidermal growth factor receptor (EGFR) has been investigated as a major
target for the treatment of uncontrolled tumor growth. The EGFR, a glycosylated transmembrane
protein, one of four members of closely related receptor tyrosine kinases (EGFR = ErbB1/HER1;
ErbB2/HER2; ErbB3/HER3; ErbB4/HER4), is involved in regulating cell growth, differentiation and
survival of cells. It is composed of an extracellular ligand binding region, a transmembrane region
and an intracellular tyrosine kinase domain. The cytosine-rich extracellular domain binds
endogenous growth factors, like epidermal growth factor (EGF), transforming growth factor alpha
(TGF-a) [6], heparin-binding growth factor [7], amphiregulin [8]and betacellulin [9]. Binding of one
of the endogenous ligands results in the formation of receptor homodimers (EGFR-EGFR) or
receptor heterodimers (EGFR—homolog ErbB receptor) [10]. Dimerization causes autophoshorylation
of the tyrosine residues that in turn initiates activation of signaling cascades. One of the main
downstream signaling pathways is the MAP kinase system [11]. Activation of the MAPKs via Ras
is regulating transcription of molecules for cell proliferation, migration, adhesion and survival [12].
Another major target, the PI3K/Akt signaling pathway, is involved in control of biological
processes like growth, proliferation, angiogenesis, senescence, apoptosis, and formations of genetic
aberrations [13]. Furthermore, of particular importance is the signal transduction pathway
JAK/STAT, that mediates motility, invasion, adhesion, immune tolerance, cell survival and also
proliferation [14,15].

The EGFR is often overexpressed in human malignancies such as HNSCC, gastrointestinal and
abdominal carcinomas, lung carcinomas, carcinomas of the reproductive tract, melanomas,
glioblastomas and thyroid carcinomas [16]. Although data are heterogeneous, overexpression is often
associated with an aggressive tumor phenotype and a poor clinical prognosis. To target tumor cell
proliferation or growth via EGFR, monoclonal antibodies (mAb) against this receptor have been
developed. A promising potential therapeutic possesses the chimeric human-murine IgG1 mAb
cetuximab (C225; Erbitux®, ImClone LLC), that has been approved by the Food and Drug
Administration (FDA) for treatment of colorectal cancer as single drug or in combination with
chemotherapy and of HNSCC in combination with radiation therapy or as monotherapy after failure
of platinum-based therapy (2004 approval). Cetuximab, a 152 kDa molecule, is composed of two
449-amino-acid heavy chains and of two 214-amino-acid light chains interfaced both by covalent
(disulfide) and non-covalent bonds [17]. The competitive binding of the mAb at the extracellular
domain of the EGFR prevents binding of the natural ligands. On the other hand, cetuximab binding
to EGFR also leads to receptor dimerization and internalization of the antibody-receptor-complex [18],
not necessarily causing downregulation of membraneous EGFR expression [19]. Furthermore,
cetuximab can induce antibody-dependent cell-mediated cytotoxicity [20].

The affinity of cetuximab toward EGFR is about tenfold higher than that of the endogenous
ligands EGF or a-TGF (cetuximab 0.1-0.2 nM vs. EGF, a-TGF 1-2 nM) [21,22]. Blocking of the
EGFR also affects the cell cycle by inducing upregulation of the cell cycle inhibitor p27Kipl.
Consequently, EGFR expressing cells remain in a G1 arrest, preventing DNA synthesis [23-25].
Inhibition of tumor growth with cetuximab has in many cases been confirmed in vivo [18,26].
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There are several studies about treatment of, particularly, head and neck cancer or colorectal
cancer with cetuximab combined with chemotherapy, that show prolonged median overall
survival [27-29], whereas similar treatment of non-small cell lung cancer remained uncertain and
was not recommended [30]. Similarly, cetuximab paired with various chemotherapeutic regimens
and/or other biological agents failed to improve the outcome of patients with pancreatic cancer [31].

2. Cetuximab Combined with Radiotherapy

In a clinical phase III randomized trial the combination of cetuximab and radiotherapy
significantly improved locoregional recurrence and overall survival compared to radiotherapy alone
for patients with locoregionally advanced HNSCC. The five years survival rate for treatment with
cetuximab combined with radiation was 45.6% compared to 36.4% after radiation treatment
alone [32]. However, also simultaneous radiochemotherapy improves survival compared to
radiotherapy alone to a similar extent (33.7% vs. 27.2%) [4], and a direct comparison has never been
performed prospectively. Thus, radiotherapy combined with cetuximab can be seen as alternative
treatment option for specific cases but seems not superior to standard radiochemotherapy [33-35].
Some studies showed moderate improvements of local control and long-term survival after treatment
with cetuximab plus radiotherapy [36,37]. Results of triple combination in randomized trials have
preliminarily been reported and do also not support superiority over radiochemotherapy [38,39].
Concerning toxicity, combination of radiotherapy with cetuximab induces higher rates of mucositis,
skin reactions and anaphylactic reactions, whereas radiochemotherapy leads to nephrotoxicity and
myelosuppression [40].

To improve treatment outcome by pre-selection of patient subgroups that are expected to benefit
from combined radiotherapy and cetuximab, mechanistic as well as functional pre-clinical in vivo
studies are essential. In different HNSCC models simultaneous radiotherapy and cetuximab leads
to heterogeneous effects on local tumor control, potentially correlating with genetic EGFR
amplification [41] but not with EGFR expression [42]. Further, potential reasons for cetuximab
resistance include the most frequently detected EGFR mutation class III variant (EGFRVIII) [43], or
mutation of the EGFR tyrosine kinase domain [44], or mutation of the oncogene KRAS, BRAF or
NRAS that can activate the EGFR even during EGFR inhibition [45-47]. However, these molecular
features are rare or not existent in head and neck squamous cell carcinoma, so that the mechanisms
of the functional heterogeneity of tumor response are still not well understood.

Recently, the combination of targeted diagnostic and therapeutic applications (theranostics) is
developing. The corresponding noninvasive imaging methods like SPECT or PET are appropriate
methods to characterize the status of EGFR expressing tissue [48]. According to the application
appropriate radionuclides are required. Since the majority of applied radionuclides are metals
(Table 1), a rather extensive chelation chemistry has been developed to couple them to mAbs
like cetuximab.
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3. Radiolabeled Cetuximab

In order to estimate the status of EGFR expression, cetuximab was labeled with different
radionuclides. Since EGFR is overexpressed in a variety of tumors, the accumulation of
radiolabeled cetuximab in the tumor cells could serve as complementary diagnostic tool. Table 1
summarizes diagnostic and therapeutic radionuclides used for labeling of cetuximab conjugates.

Table 1. Diagnostic and therapeutic radionuclides for labeling of cetuximab conjugates °.

Main types of

Radionuclide Half-life decay (probability) " Emax (MeV) Production
Radionuclides for imaging
B"(17.5%) 0.653 cyclotron
%Cu 12.7h B (38.5%) 0.579 s 4
EC (43.5%) 1.675 “Ni(p.n)"*Cu
B (87.7%) 1.899
%Ga 1.13h EC (8.9%) 2.921 %Ge/®Ga generator
Y (3.2%) 1.077
soye 147 h B"(11.9/5.6%) 1.221/1.545 cyclotron
' v (83/32.6%) 1.077/0.628 5Sr(p,n)*Y
89 c B (22.7%) 0.902 cyclotron
Zr 33d v (100%) 0.909 ©Y (p,n)“Zr
#mTe 6h v (99%) 0.141 “Mo/”"™Tc generator
i, )84 v (100%) 0.245 cyclotron
EC (99.99%) 0.417 "cd(p,n)''In
1247¢ 42d B (11.7/10.8%) 1.535/2.135 cyclotron
v (63/10.9%) 0.603/1.691 4 Te(p,n)'*'1
125y 504d Y (100%) 0.035 nuclear reactor
EC (100%) 0.150 X e(n,y)' P Xe—""1
0y 2.67d B(99.98%) 2.279 *Sr/Y generator
31y 2d B (89.4/7.4%) 0.606/0.334 nuclear reactor
v (83.1/7.3%) 0.364/0.637 B0Te(n,y)" ' Te—"'T
77 6.65d B (79.3/11.6%) 0.498/0.177 nuclear reactor
v (20.3/11%) 0.113/0.208 "5Yb(n,y)'"Yb—'""Lu
213 - a (1.9%) 5.981 25, 213R:
Bi 45.6 min B (66.2/30.8%) 1.423/0.983 Ac/”"Bi generator

* data from LNHB: http://www.nucleide.org/DDEP_WG/DDEPdata.htm [49]; b specification of the main

transitions; ¢ data from Lubberink Herzog 2011 [50]; EC electron capture; IC internal conversion.

Due to the size of the mAb its pharmacokinetics is slow with a biological half-life of 63 to
230 h [51]. The biological half-life of a substance in a biological organism is exclusively mediated
by biological processes and represents the time during which the amount of the respective substance
decreases to half of its original value. Moreover, of special importance is the effective half-life, the
time during which the amount of a radiopharmaceutical is decreased to half of its value; that is
altogether determined by the combination of the biological half-life of the substance and the physical
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half-life of the used radionuclide. The effective half-life for radiopharmaceuticals is predominantly
influenced by the physical half-life of the radionuclide, which is suitable either for imaging or
therapy. Accordingly radiolabeled cetuximab requires longer-lived radionuclides for monitoring.
Furthermore, immunogenicity for diagnosis is unwanted, but concentrations of radiolabeled
cetuximab with high specific activity are usually below nanomolarity (picomolar level) and do not
show physiological effects.

3.1. Radionuclides

The selection of appropriate radionuclides with regard to their requested application is a crucial
issue. It is necessary to consider different characteristics of radiation according to the requirements,
like decay characteristics, particle range and physical half-life of the radionuclide. Anyhow,
radionuclide selection is often done in terms of economic aspects [52]. The preferred approach for
treatment of bulky tumors is the application of beta-emitting radionuclides and in future even of
alpha emitters. For eradication of small clusters of cancer cells radionuclides that emit auger electrons
are considered to be advantageous [53].

3.1.1. Radionuclides for C225 Conjugates Used as Imaging Probes

%Cu. As important positron-emitting radionuclide **Cu has the potential for application in
diagnostic imaging and, to some extent, also for targeted radiotherapy [54] because it additionally
emits B~ particles. By the nuclear (p,n) reaction on enriched ®*Ni high specific activity of **Cu can
be achieved [55,56] to apply for labeling of biomolecules. Since the positron-energy of **Cu is rather
low, comparable with that of '*F (0.633 MeV), *Cu PET images exhibit good resolution of high
quality. Copper per se is participating in certain metabolic processes like binding on a series of
enzymes such as superoxide dismutase, cytochrome ¢ oxidase, or dopamine hydroxylase [57].
Therefore, copper ions should form complexes with high kinetic and thermodynamic stability. Cu(Il)
is forming stable chelate complexes, thus, in the last years there has been an active research
development in this area. In particular, the chelators 1,4,7,10-tetraazacyclododecane-1,4,7,10-
tetraacetic acid (DOTA), 1,4,8,11-tetraazacyclotetradecan-1,4,8,11-tetraacetic acid (TETA) and
1,4,7-triazacyclononane-1,4,7-triacetic acid (NOTA) have been studied. *Cu-TETA complexes are
more stable than **Cu-DOTA complexes, however, it has been shown, that **Cu-TETA-octreotide is
subjected to transchelation [58]. Several studies have been published with ®*Cu-labeled cetuximab
using exclusively the DOTA chelator [45,59-62]. Recently, investigations of a mAb conjugated both
with DOTA and NOTA, and labeled with **Cu, suggested that the NOTA conjugate was supetior to
the DOTA conjugate by showing better in vivo stability [63].

%8Ga. %Ga is a short-lived positron emitter and can be easily and relatively cheap generated with
a %Ge/*®Ga generator. Similar to ®*Cu *®Ga forms stable complexes with DOTA and NOTA. The
label of ®®Ga is more appropriate for smaller molecules with faster biokinetics and bioavailability
than for mAb with the aim to diagnose and localize tumors. To target the EGFR **Ga-labeled
peptides [64], Fab fragments [65], affibodies [66] or nanobodies [67] have been applied. **Ga might
also be applied in pretargeting approaches, where conjugates of e.g., hapten peptide [68,69],
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oligonucleotide [70] or peptide nucleic acid [71], after achieving high accumulation in the target
tissue, would bind the ®Ga-labeled complementary parts. Furthermore, ®*Ga can be replaced with
the gamma emitter ©’Ga having a longer physical half-life of 3.26 d, appropriate for SPECT, and thus
can be applied for investigations on longer circulating biomolecules like antibodies. In the study of
Engle et al. [72] the positron emitter ®*Ga with a half-life of 9.4 h could be achieved with sufficient
specific activity and was recommended as surrogate for Ga or “’Ga. Exploiting the longer half-life
compared to ®Ga, ®Ga as label for NOTA-cetuximab was investigated in breast tumor bearing mice.
However, the resolution of the images due to high energy positrons as well as accumulation in the
tumor appeared to be not optimal.

86y, 89Y is a positron emitter generally produced via the nuclear (p,n) reaction from enriched
[%4Sr]SrCO3 [73]. 3¢Y/*°Y (and !”’Lu) form a matched-pair, thus the same chelators can be used.
However, the half-life, presumably good for imaging of smaller molecules like mAb fragments and
peptides, seems, similar to **Cu, short for imaging of large mAbs, and, compared to %Zr, also short
concerning logistic aspects like transport [74]. Furthermore, %Y emits high energy y-photons, which
together with the annihilation photons might result in false coincidences and thus in quantification
artifacts [75,76] affecting the spatial resolution and imaging quality [77]. But emitting positrons
abundantly, almost twice as much as **Cu, the activity of *°Y required for quantitative immuno-PET
can be kept rather low. Anyhow, with %Y promising PET studies using tumor mouse models have
been performed [78—82] among others also with cetuximab, that was conjugated to the bifunctional
chelator (BFC) CHX-A"-DTPA [83,84] under mild conditions [85]. As PET/RIT pair *Y as
surrogate for *°Y seems to be convenient. It might to be more suitable than the pair ¥Zr/*°Y since
the uptake of ¥Zr-labeled cetuximab particular in bone was higher than that of *¥Y-labeled cetuximab
(Y as surrogate for °°Y) [74]. Also the PET/RIT surrogate pair **Y and !""Lu can be of interest.

897r. 3Z7r is a long-lived positron emitter. The production of choice is the (p,n) reaction on Y,
an element that does not require enrichment due to its natural abundance of 100% [86]. Since
cetuximab has a rather long biological half-live of 63 to 230 h [87]%Zr is an appropriate radionuclide
for application in so-called immuno-PET and offers high sensitivity, resolution and precise
quantification. Although it emits also y photons those do not interfere with the PET image quality
and accurate quantification [88]. In PET ¥Zr might be used as surrogate to predict biodistribution
and dosimetry of '7’Lu- and *°Y-labeled mAb conjugates [74,89]. It is coupled to cetuximab via N-
succinyl desferrioxamine B. Biodistribution was comparable with that of*Y- and !7’Lu-radiolabeled
cetuximab conjugates. Differences can occur due to coupling with other chelators that change the
pharmacokinetics and in vivo stability [74], but basically 3°Zr and °°Y as well as *°Zr and !7’Lu appear
to be good PET/RIT pairs.

9mTe. Since the gamma emitter ™ Tc has favorable physical properties for scintigraphic imaging
and can be produced with low costs by the “Mo/”™Tc generator, this radionuclide has been used
widely for labeling of radiopharmaceuticals. As stable complex with ethylenedicysteine [90] a
conjugate to cetuximab has been formulated [91]. The uptake of this cetuximab conjugate in tumor
tissue was still higher than the uptake of **™Tc complex only, but not convincingly high for
analyzable imaging to achieve. Besides, an unexpected high kidney uptake was observed in human
breast tumor-bearing rats [92]. The half-life of 6 h for ®*™Tc is too short for imaging of mAb like
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cetuximab when the highest accumulation of the antibody in the tumor is expected after 2 to 3 days.
Moreover, in patient studies to visualize head and neck cancer correlations of the imaging results
with clinical findings are missing. Furthermore, high liver uptake was observed compared with an
uptake in HNSCC [92] that was not sufficiently high. As already discussed for ®*Ga Ab conjugates
with **™Tc are not convenient for in vivo applications. It would be more adequate to couple *™Tc
complexes to smaller molecules which reach their target faster than mAbs.

1p, "n is a cyclotron-produced radiometal, and one of the most commonly used radionuclides
for SPECT [93] especially as label for mAb due to its adequate physical half-life
(2.8 d). Even it emits Auger and internal conversion electrons with low energy that might be
interesting for therapeutic approaches [94], primarily y radiation is used for diagnostic imaging.
"n-labeled mAb conjugates with the chelators DOTA or DTPA have been investigated in small
animals [85,95,96] and human [97,98].

1241, 1247 §s a positron emitter with a complex decay scheme [99]. In addition to two positron
emitting transitions, '>*I emits y rays at more than 90 transitions resulting in increased random
coincidences in PET. The so-called true-coincidence y ray background may disturb the PET imaging.
And the high energy of the emitted positrons from ' also contributes to a declined resolution.
Furthermore, iodine has been described for the tendency to separate from mAb after injection,
because of metabolic degradation, and so it might accumulate in different organs and the
interpretation of PET images turns out to be difficult [100]. However, radioiodine can be used for
direct labeling without a chelator. In many cases this facilitates the labeling of biomolecules. In this
regard, '**I has been used as an imaging nuclide surrogate for '*'T [101]. Moreover, the relatively
long half-life justifies the use of '**I-labeled mAbs [102,103]. Recently an anti-EGFR antibody has
been !*I-labeled and studied successfully in vitro and in vivo in mice bearing glioma
xenografts [104].

1251 Since '*I has a long half-life of 60 d and emits low-energy y radiation, it can be detected by
a gamma-counter. This radionuclide is often coupled to antibodies for application in
radioimmunoassays (RIA), and also in preclinical EGFR investigations [105-107]. Furthermore, '%I-
labeled cetuximab was applied in tumor bearing mice and showed in general lower uptake in the
tumor compared with radiometal labeled cetuximab [74,108,109]. Due to the long half-life and its
tendency to degrade faster than radiometal-antibody-conjugates '2°I will not be introduced as label
for antibodies in clinical trials.

3.1.2. Radionuclides for Cetuximab Conjugates Used as Therapeutics

Y. The therapeutic B~ emitter *°Y is of particular interest for medical applications due to its
suitability for irradiating primary tumor lesions. It is available at moderate costs via®St/**Y-generators,
has an appropriate half-life for RIT and a high B~ emission energy with a tissue penetration range of
up to 12 mm [110]. Thus, it is more suitable for RIT of large bulky solid tumors. Caution and good
biodosimetry is necessary when a tumor is located adjacent to critical organs, especially if combined
with EBRT. Yttrium in general should be applied within a stable chelate complex since in free
condition it deposits in the bone [111]. The absence of y emission by *°Y makes it not trivial for in
vivo imaging [112,113]. Alternatively, for °°Y the longer lived #Y (half-life 106.6 d, B* 0.2%, Ep-max
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0.76 MeV; vy 99%, Ey 1.836 MeV) has been used as substitute to estimate biochemical properties
[74,114,115]. However, its y energy is too high for imaging, and the low amount of positrons might
be reasonable only for small animal PET to prevent significant scatter of the prompt y rays into the
PET energy window [116]. Recently, **Y-labeled cetuximab conjugates have been applied in
RIT [117], also in combination with external radiation [118,119] (see Section 3.5.).

1311, BT js a B~ emitter with concomitant y radiation. The B -radiation is used for internal
radiotherapy of hyperthyroidism [120] and different tumor types, like neuroblastoma,
pheochromocytoma [121], and thyroid cancer [122], whereby the y radiation part is often applied for
SPECT imaging [123]. A crucial advantage is the low cost of the radionuclide production, but a
disadvantage the low stability resulting in corresponding deiodination reactions in vivo. Recently,
B-labeled cetuximab treatment has been applied in combination with irradiation on epidermoid
cancer cells (A431). In result the combination of '*'I-cetuximab with external radiation inhibited cell
proliferation in vitro [124].

177Lu. """Lu is the more favorable therapeutic radionuclide for treatment of small tumors due to
its low energy and tissue penetration of about 1.5 mm [110]. The physical half-life is sufficient for
preparation, transport and delivery of therapeutic doses to tumors applied as immunoconjugates like
mADbs. Due to its low energy vy-lines it is possible to perform imaging. The chemistry of
"Lu resembles the metallic radionuclide *°Y forming also stable complexes with DOTA and
cysteine-based DTPA. Several '”’Lu-labeled Ab conjugates have been studied [125-127], including
cetuximab conjugates [74,109,128].

213Bj. Recently, mAb have also been labeled with a emitters like >'*Bi that as therapeutic
radionuclide might be more efficient in killing tumor cells with less damage in the surrounded healthy
tissue in targeted therapy [129,130]. The production with a 22> Ac/>!*Bi generator has been developed
even for application in clinical use [131]. The range of a-particles is rather short in tissue in
comparison to beta particles (50-80 pm vs. 0.8—12 mm); they have a much higher linear energy
transfer (100 keV/pum vs. 0.2 keV/um) [129]. Currently, there are clinical trials for different types of
cancer with targeted high potent a-emitters [132-134]. In an in vitro study 2!’Bi-labeled
CHX-A"DTPA-cetuximab showed effective double-strand breaks on different human breast cancer
cells, but for an approach in patients the safety of targeted a-emitter-labeled radioconjugates has to
be evaluated [135]. However, due to the short half-life of only 46 min an application of
213Bi-labeled to CHX-A"DTPA-cetuximab would be rather questionable and likely will not enter
the clinics.

3.2. Linking Chelating Units

Almost all radionuclides for diagnostics and therapy of different types of cancer coupled to
antibodies, antibody fragments or peptides are radiometals. That requires chelation chemistry for the
attachment to the ligands. Several chelators have been conjugated to cetuximab. Hereby it is
necessary to find the balance between the required coupling conditions to obtain a stable conjugate
preferably without degradation, loss of affinity and immunoreactivity. For stable coupling of
radiometals to antibodies and preservation of their special features, mild conjugation procedures have
to be established. The chelating agents of choice should form stable metal complexes as well as
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provide specific functional groups to enable the conjugation to a protein. Such bifunctional chelators
(BFC) have to be characterized for several properties: thermodynamic and kinetic stability, pH-
dependent dissociation and serum stability [136]. To determine in vivo stability of any labeled
conjugate only suitable in vivo models can provide such information. Figure 1 illustrates the
bifunctional chelators used in cetuximab conjugates.

One of the first used bifunctional chelating agents was desferrioxamine B that, conjugated to an
antibody, has been radiolabeled with '''In [137]. Derivatives of desferrioxamine, originally
developed as chelators for Fe(Ill), form stable complexes with In(IIl), Ga(Ill) and Zr(IV). Thus,
desferrioxamine antibody conjugates labeled with ®’Ga have earlier been investigated [138].
Recently, desferrioxamine derivatives were conjugated to mAb [86,139,140]. Labeled with 3°Zr the
conjugates showed promising results with regard to radiochemical purity, integrity, preservation of
immunoreactivity and stability [86]. Moreover, with ¥Zr-desferrioxamine-cetuximab-conjugates
small animal PET studies revealed convincing results with good resolution showing high
accumulation in different tumors [141,142]. Particularly, high uptake was demonstrated in FaDu
tumors, a model for HNSCC [140].

Starting from DTPA several bifunctional derivatives have been developed and investigated [143,144].
Recently, CHX-A"-DTPA (correct: p-SCN-Bn-CHX-A"-DTPA) has been used for conjugation with
antibodies to form sufficiently stable Y, °°Y, and '"'In immunoconjugates, which could
successfully be applied in vivo [83,145-147]. Among the backbone-substituted DTPA derivatives CHX-
A"-DTPA showed very good in vitro and in vivo stability [143,144] and it can be conjugated and
radiolabeled under mild conditions to preserve the immunoreactivity of the resulting conjugate.

The kinetic stability of a radiometal complex plays a more important role for in vivo stability than
the thermodynamic stability [148], but still, possible predictions can be just assumed. For example
the complex [''In-DOTA]" is kinetically more stable than ['''In-DTPA]*", but thermodynamic
stability of In(III)-DTPA is about 5 orders higher than the appropriate In(III)-DOTA complex [96].

It was shown that CHX-A"-DTPA, conjugated to a HER2-specific affibody, provides better
cellular retention of the radiolabeled Ab, better tumor accumulation and better tumor-to-organ dose
ratios in comparison with DOTA [149]. DTPA antibody conjugates have a satisfactory labeling
efficiency [150].

Bifunctional chelating units based on DOTA are the chelators of choice for yttrium isotopes
and """Lu [74,125]. DOTA derivatives are also often used for chelating *Cu [59,151], although it
has been claimed that DOTA is not the optimal chelator for ®*Cu, because *Cu-DOTA shows a
certain instability in vivo [58,148]. However, stability constants measured in an in vitro chemical
system [152] cannot represent in vivo conditions. For instance, it has been described that
transchelation for a **Cu-DOTA antibody was much higher than for the same *Cu-NOTA
antibody [63]. Cross-bridged macrocycles show greater stability with ®*Cu. However, there is the
need for harsh labeling conditions (95 °C for 2 h) [153] which are incompatible for protein labeling.
But still, the tumor uptake of **Cu-DOTA-cetuximab is relatively high [59-61,117,151].
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Figure 1. Bifunctional chelators (BFC) used in cetuximab conjugates: succinylated
desferoxamine (N-sucDf, 1a), desferoxamine-p-SCN (Df-Bz-NCS, 1b), p-SCN-Bn-
DTPA (2a), CHX-A"-DTPA (2b), DOTA-NHS-ester (3a), p-SCN-Bn-DOTA (3b), p-
SCN-Bn-NOTA (4).
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Particular importance has attained the preservation of the immunoreactivity of the antibody after
conjugation reactions. A flow cytometry study showed still high binding capacity after conjugation
of CHX-A"-DTPA to cetuximab [154]. Other studies present a preserved immunoreactivity [83,85],
and the high affinity of cetuximab to EGFR was kept [119].

The uptake of radiolabeled cetuximab in EGFR expressing model tumors in mice was, in general,
significantly higher compared with the uptake in the main body parts, except the liver (Table 2). The
decline from the blood appeared to be faster than from the tumor and, unfortunately, also from the
liver. Anyhow, the outcome was a high tumor-to-muscle or tumor-to-background ratio. Of note, the
data were comparable for most conjugates applied, excepting those using non-appropriate chelating
units [91] or those using non-appropriate radionuclides [72]. These are data from rodent models
naturally not expressing human EGFR. Therefore, an extrapolation of the biodistribution to human
pharmacological characteristics might be difficult, reflecting not the true relations (see below).
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Table 2. Radiolabeled cetuximab conjugates studied in tumor-bearing mice.

Tumor Tumor/muscle Liver

Radionuclide  Chelator Tumor type  Application uptake ratio uptake Reference
(%ID/g, 24 h post-injection)
%Cu DOTA hGB iv. 12.5 5 15 [59]
hPC 11 4.5 6 (rat)
h CRC ~5 2
m CRC 10 4
hM
%Cu DOTA hCC iv. 14 3.5 16 [60]
4Cu DOTA PC-3 iv. 15 15 17 [151]
%Cu DOTA A431 iv. 18.5 8.5 13 [61]
hM 2.6 1.3 10
#4Cu DOTA (UI;\/II—;IE?ISCZSB) iv. 19 6 11 [117]*
h HNSCC .
%Cu DOTA (UMSCCI) iv. 6 2.5 13 [117]*
#4Cu NOTA m BC Lv. 4 4 19 [155]
4Cu NOTA m BC Lv. 20 10 19 [54]
Ga NOTA hBC iv. 4 5 6 [721°
oy DTPA h CRC iv. 21 11 10 [83]
8y DTPA A431 ip. 21 14 11 [74]
8y DOTA A431 ip. 17 11 10 [74]
87r Df hGB iv. 15 15 10-12 [141]
h CRC 10 10
A431 8 8
hBC 3 3
87r Df A431 Lv. 3.5¢ 10¢ 11 [142]
87r Df A431 i.p. 21 17 10 [74]
87r Df A431 iv. 15 8 9 [139]
89Zr + Df A431 iv. 22 19 20 [156]
89Zr + Vs dye © Df 20 19 22
897r + 1 dye Df 20 19 25
897r +2 dye Df 13 16 40
9mTe EC hBC iv. 0.3 8.5 0.6 [91]
sy DTPA h CRC iv. 21 11 10 [83]
8y DTPA A431 ip. 21 14 11 [74]
8y DOTA A431 ip. 17 11 10 [74]
0y DOTA normal rats iv. 2 [157]
7TLu DOTA A431 ip. 18 12 13 [109]
7TLu DOTA A431 ip. 17.5 12 8-13 [74]
7TLu DTPA A431 ip. 17.5 12 7 [74]
Mn DTPA A431 iv. 11 29 47 [158]f
DTPA-
PEG A431 8.7 13 25

!]n DTPA hOC iv. 8.8 11 4 [951°
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Table 2. Cont.

Tumor  Tumor/muscle Liver

Radionuclide = Chelator ~ Tumor type Application  uptake ratio uptake Reference
(%ID/g, 24 h post-injection)
n DTPA h CRC iv. 28/24¢ 28/24¢ 9/168 [85]
hPC 16 16 6
h PancC 10 10 10
hOC 13 13 10
hM 3 3 9
Hn DTPA h HNSCC iv. 20 14 11 [108]
Mn DTPA hBC iv. 18/40° 13 11/15* [135]
Mn DTPA hHNSCC iv. 27 13 8 [159]
(FaDu)
125 h HNSCC iv. 11 8 7 [108]
125 A431 ip. 8.4 5.6 4 [109]
125 A431 i.p. 8 5 4 [74]

Df desferrioxamine chelating unit; EC ethylenedicysteine; h human; m murine; GB glioblastoma; CRC
colorectal carcinoma; A431 human epidermoid carcinoma; BC breast carcinoma; PC prostate carcinoma;
CRC colorectal carcinoma; CC cervical cancer; M melanoma (MDA-MB-435); HNSCC head and neck
squamous cell carcinoma; UMSCC22B cells of the lymph node the oropharynx; UMSCCI cells of the oral
cavity; OC ovarian carcinoma; PancC pancreas carcinoma; FaDu hypopharyngeal carcinoma cell line; *
20 h after radiotracer injection; ® 36 h after radiotracer injection; ¢ %ID/mL tumor PET analysis; ¢ tumor
to background (pelvic); ¢ different equivalents of the dye IRDye800CW:; 48 h after radiotracer injection;
¢ value from two different types of h CRC xenografts.

3.3. Liver Accumulation

Liver accumulation appears to be a general problem using mAb-based immunoimaging and
immunotherapeutics in animal studies, Table 2. Overall, the liver uptake of *°Y-DOTA- and
#4Cu-DOTA cetuximab in rats appears to be proportionally lower as compared to mice. Biodistribution
studies revealed that cetuximab is eliminated partly via the reticuloendothelial system, binding on fc
receptors of lymphocytes, macrophages etc. passing sinusoid capillaries especially into the liver.
Thus, a considerable part is accumulating in this organ. Table 2 shows only the values for 24 h post
injection, since the accumulation in the liver did not increase after 24 h and declined only slowly
thereafter, whereas the highest tumor uptake of a cetuximab conjugate was measured after 72 h. In
an ¥Zr-labeled cetuximab study a multimodal imaging approach was investigated where a dye,
emitting fluorescence in the near-infrared region, was conjugated additionally to the Ab [156]. In
this study, the more dye units the Ab received the lower was the tumor uptake and the higher the
liver uptake.

In general, accumulation of '»’I-labeled cetuximab in the liver was lower compared to the
radiometal-labeled cetuximab studies, but also in tumor this conjugate accumulated considerably
less. Thus, the question arises to what extent metal chelate complexes influence the uptake of the
conjugates. As noted above, radioiodine labeled antibodies are subject to degradation and
deiodination due to their in vivo instability to proteolysis. A faster degradation of iodine labeled
antibodies after internalization causes faster clearance from the target cells and results in images with
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lower tumor contrast, thus not reflecting the real distribution of the Ab [160]. Moreover, the risk of
radioiodine accumulation in the thyroid contributes to the inappropriateness of radioiodine as a
therapeutic tracer outside the thyroid.

A dimension independent from the weight of the organs and the body weight is the standard uptake
value (SUV). Considering the SUV of 1.6 for liver and 4.2 for FaDu tumor in the biodistribution
with *°Y-CHX-A"-DTPA-cetuximab, liver accumulation appears to be justifiable. PET studies
with 36Y-CHX-A"-DTPA-cetuximab using FaDu bearing mice showed similar accumulation
distribution [83]. With ''In-labeled CHX-A"-DTPA-cetuximab in tumor bearing mice higher liver
uptake was observed [85,108,158]. The liver accumulation might partly be due to nonspecific uptake
of labeled yttrium caused by transchelation [161]. Since applications with radiolabeled mAbs have
been limited by liver uptake, an approach for reduction was the modification of the conjugate with
PEG, or also the pretreatment with cetuximab [158]. Recently, the biodistribution of !!'In-DTPA-
cetuximab-fragments have been compared with !''Tn-DTPA-cetuximab in FaDu tumor bearing mice.
In this study the fragments showed significantly lower uptake in the tumor, but lower uptake in the
liver could not be observed, it was even higher within the first 4 h after administration. In addition,
more radioactivity was measured in the kidney [159]. In a first clinical imaging study in patients
with lung squamous cell carcinoma '''In-DTPA-MADb225, the murine forerunner of cetuximab,
also showed a high liver accumulation [98]. The uptake of DTPA-cetuximab conjugates in the
liver appears to be somewhat lower compared to the liver uptake of **Cu-DOTA-cetuximab.
897r-desferrioxamine-cetuximab conjugates revealed a similar liver uptake as the yttrium-labeled
conjugates. Histological assays of liver tissue have been performed after RIT, whereby no changes
were observed [118]. However, a conclusion on potential normal organ toxicity is restricted to the
experimental animals [162], because the antibody cetuximab is specific to human EGFR and thus is
expected to show a differential organ distribution in humans compared to animals.

Specifically for cetuximab no binding to EGFR in frozen liver sections of mice and rats could be
detected, whereas strong cross-reactivity was observed with EGFR expressed on the cell surface of
various types of human tissue including skin, lung, and liver [163]. Thus, it is important to consider
that the elimination of cetuximab, also in the radiolabeled state, needs to be evaluated separately in
humans and cannot be extrapolated from rodent studies.

3.4. The Enhanced Permeability and Retention Effect

Non-specific tumor uptake of radiolabeled Ab often is caused by the enhanced permeability and
retention (EPR) effect. Aberrant defective membrane formations of tumor blood vessels with wide
fenestrations are leading to an enhanced vascular permeability. Besides, a malfunction of lymphatic
vessels in tumor tissue impairs the clearance of macromolecules and lipids, so that they remain in
the tumor interstitium for longer time. The EPR effect [164,165] has also been described when
labeled antibodies have been used in studies for tumor diagnostics or treatment [166,167]. In a phase
I imaging trial with !'!In-labeled murine DTPA-MAD225 in patients with lung cancer several patients
received the isotope-matched !!!In-labeled control mAb [98]. Presumably, due to the EPR effect half
of this control group did not show significant differences to the specific Ab. A number of
studies used this labeled isotype of IgG1 as negative control to determine nonspecific tumor
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uptake [54,151,168,169]. Vascular endothelium in tumors also can be perturbed by hypoxic
areas [170]. Thus, beside aberrant vessels in the tumor tissue also hypoxia seems to contribute to the
EPR effect.

3.5. Therapeutic Approaches with Labeled Cetuximab

Combination of radioimmunotherapeutic approaches, e.g., radiolabeled cetuximab, with
curatively intended radio(chemo)therapy are a promising research strategy to improve locoregional
tumor control in head and neck or other cancer entities. The therapeutic success depends on the
radioligand concentration in the tumor which, in addition to the target expression, seems to depend
on tumor microenvironmental parameters [118].

After binding to the EGFR, radiolabeled cetuximab internalizes into the cell [60,107,108] and can
cause there, additional damage of the cell as well as to neighbor cells. The combination of
Y-labeled cetuximab (°°Y-CHX-A"-DTPA) treatment with subsequent irradiation reduced
clonogenic cell survival more compared to external irradiation alone [119]. Unlabeled cetuximab
caused a radiosensitizing effect [171,172] in one out of three cell lines [119]. Recently, an EGFR
expression depending number of DNA double strand breaks (DSB) caused by *°Y-CHX-A"-DTPA
was demonstrated in vitro [173]. Furthermore, also in different breast cancer cells, which were
sensitized with an inhibitor of DNA-dependent-protein-kinase, DNA DSB have been assessed after
treatment of 2!’Bi-labeled cetuximab [135]. Rades et al. [124] showed that the highest
antiproliferative effect in epidermoid cancer cells (A431) occurred after combined treatment with
therapeutic !*'I-labeled cetuximab and irradiation. These data suggest that higher radiation dose
promotes and increases the uptake of the radiolabeled conjugate into the tumor cells.

In vivo, three different human squamous cell carcinoma models have been evaluated in nude mice.
Two to 4 days after external beam single dose irradiation either unlabeled or *°Y-labeled cetuximab
was applied. While one out of three tumor models did not respond, tumor growth delay could
significantly be prolonged in two other HNSCC xenograft models [118]. Permanent local tumor
control was evaluated for the non-responder and one responder-model, confirming non-response in UT-
SCCS5 but a significant improvement of local tumor control in FaDu, the latter being a non- or
minimal-responder to radiotherapy with unlabeled cetuximab [41,118,174]. A combined parameter
on tumor micromilieu, specifically perfusion, and EGFR expression, appeared as a candidate
biomarker for tumor response—this parameter can be measured using PET imaging with Y-
cetuximab as a tracer. In another study colon tumor-bearing mice showed higher survival after
treatment combination of the cytostatic drug cisplatin followed by **Cu-DOTA-cetuximab and
suggested a role of the tumor suppressor protein p53 for the transport of **Cu into the cell
nucleus [175]. Here, even a KRAS mutated cetuximab-resistant tumor model was responding [54].
In a recent case report a patient with brain metastases from non-small cell lung cancer was treated
with low concentrations of '3!I-labeled cetuximab in addition to therapeutic cetuximab treatment and
whole brain irradiation. SPECT was applied to monitor the treatment and showed accumulation of
131]-labeled cetuximab in the brain metastases which showed a decrease in size during the treatment.
It remains to be elucidated whether cetuximab generally passes the blood-brain-barrier or only in
specific patients [176].
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4. Conclusions

Radiolabeled cetuximab derivatives in combination with external radiotherapy or established
chemotherapy appear to be a promising theranostic approach for treatment of epithelial tumors, thus
fostering more individualized treatment strategies. Since considerable heterogeneity of the functional
response to labeled or unlabeled targeted treatments is obvious also within one histological tumor
type, there is a clear need to establish predictive biomarkers for the curative effect of such treatments.
One good candidate that needs to be validated in patients is PET imaging using labeled cetuximab
as a diagnostic tracer. So far, treatment of patients with therapeutic radionuclide-labeled cetuximab
has not yet entered into the clinics. Important open questions include the distribution and
accumulation of the tracer in healthy organs in humans as well as the feasibility of the combined
high-dose EBRT and RIT approach in patients.
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A Bombesin-Shepherdin Radioconjugate Designed for
Combined Extra- and Intracellular Targeting

Christiane A. Fischer, Sandra Vomstein and Thomas L. Mindt

Abstract: Radiolabeled peptides which target tumor-specific membrane structures of cancer cells
represent a promising class of targeted radiopharmaceuticals for the diagnosis and therapy of cancer. A
potential drawback of a number of reported radiopeptides is the rapid washout of a substantial
fraction of the initially delivered radioactivity from cancer cells and tumors. This renders the initial
targeting effort in part futile and results in a lower imaging quality and efficacy of the radiotracer than
achievable. We are investigating the combination of internalizing radiopeptides with molecular entities
specific for an intracellular target. By enabling intracellular interactions of the radioconjugate, we aim at
reducing/decelerating the externalization of radioactivity from cancer cells. Using the “click-to-
chelate” approach, the *™Tc-tricarbonyl core as a reporter probe for single-photon emission computed
tomography (SPECT) was combined with the binding sequence of bombesin for extracellular
targeting of the gastrin-releasing peptide receptor (GRP-r) and peptidic inhibitors of the cytosolic
heat shock 90 protein (Hsp90) for intracellular targeting. Receptor-specific uptake of the
multifunctional radioconjugate could be confirmed, however, the cellular washout of radioactivity was
not improved. We assume that either endosomal trapping or lysosomal degradation of the
radioconjugate is accountable for these observations.

Reprinted from Pharmaceuticals. Cite as: Fischer, C.A.; Vomstein, S.; Mindt, T.L.
A Bombesin-Shepherdin Radioconjugate Designed for Combined Extra- and Intracellular Targeting.
Pharmaceuticals 2014, 7, 662—-675.

1. Introduction

Regulatory peptides are known to display high specificity and affinity towards different G-protein
coupled receptors (GPCRs) which are overexpressed on the cell membrane of various cancer cells [1].
On this account, a number of radiopharmaceuticals based on these peptides as tumor-targeting
vectors are currently under preclinical and clinical evaluation or have already found application in nuclear
medicine for the management of cancer [2-4]. However, after receptor-mediated uptake of radiolabeled
regulatory peptides into tumors, a rapid washout of a significant fraction of radioactivity is often
observed [5-9]. This not only renders the initial targeting efforts in part futile but may also impair
imaging quality and the efficacy of radiopharmaceuticals where therapeutic radionuclides are employed.
To overcome these limitations, new strategies are needed to enhance the cellular retention of
radioactivity inside cancer cells and tumors. A possible approach to achieve this goal is represented by
the application of radiolabeled conjugates which combine extra- and intracellular targeting. Such
multifunctional radioconjugates have the promise to be recognized first by an extracellular target (e.g.,
a GPCR) that triggers cell internalization by endocytosis. Once inside the cell, the radioconjugate
interacts with its intracellular target (e.g., an organelle or protein) by means of which the radioactive
cargo is trapped [10]. Radioconjugates consisting of two molecular moieties, each of which specific
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for an extra- and intracellular target, respectively, have been reported; however, examples remain
scarce. Ginj et al. have reported the combination of radiolabeled somatostatin derivatives with a
nuclear localization sequence (NLS) to transport Auger electron emitting radionuclides to the cell
nucleus. The reported conjugates target specifically the cell nucleus and display a decreased
externalization rate in vitro; however, no in vivo data is available [6]. With the same goal, the groups
of Alberto and Santos have combined a **™Tc-labeled bombesin (BBS) derivative with the DNA
intercalator acridine orange, which simultaneously serves as a fluorescent probe for optical imaging.
The in vitro results reported on the ability of the conjugates to target the cell nucleus are not consistent
and data on the externalization of radioactivity from cells is not reported [11,12]. The Garrison
group investigated the combination of a radiolabeled BBS derivative with 2-nitroimidazoles,
a hypoxia-specific prodrug. Upon enzymatic reduction of the 2-nitroimidazole moiety, the
radioconjugate gets covalently linked to intracellular proteins. While an enhancement of the retention
of radioactivity in PC-3 cells as a result of 2-nitroimidazole moieties was demonstrated under
hypoxic conditions in vitro, the effect was less pronounced in a mouse model [13]. Finally, we have
recently reported a **Tc-tricarbonyl-labeled, dual-targeting radiopeptide conjugate made of a
modified amino acid sequence of BBS, [Nle'*]BBS(7-14) (QWAVGHLNIe), for extracellular
targeting of the gastrin-releasing peptide receptor (GRP-r) and a triphenylphosphonium (TPP) entity
specific for mitochondria by its ability to accumulate electrophoretically driven in the energized
membrane of the organelle [10]. While receptor-specific cell internalization of the conjugate could
be confirmed, the cellular washout of radioactivity was not reduced. We tentatively ascribed our
observations to the possibility of hindered passage of the TPP moiety through the membrane of
mitochondria because of the peptide it is attached to; similar observations have been reported for cell
penetrating peptide/TPP conjugates [14]. We therefore set out to investigate the utility of
multifunctional radiopeptides which target cytosolic proteins and thus, do not require multiple
passages through intracellular membranes, a process considered as a major barrier for targeting
intracellular epitopes [15]. With these considerations in mind, we chose the cytosolic chaperone, heat
shock protein 90 (Hsp90), as a potential intracellular target for our purpose. Hsp90 is a ubiquitous
protein important for, e.g., cell proliferation and survival. As such, it is found overexpressed by
nearly all cancer cells in high concentrations [16—18]. Hsp90 assists and controls the non-covalent
folding/unfolding of many client proteins, including the peptide survivin [17,19,20]. The group of
Altieri has identified the binding sequence of survivin(K79-L87), termed “shepherdin” as an
inhibitor of the survivin-Hsp90 interaction and Hsp90 ATPase activity [21]. The high affinity and
specificity towards Hsp90 and anticancer activities of shepherdin(79-87) (KHSSGCAFL) and its
truncated form shepherdin(79-83) (KHSSG), respectively, have been demonstrated by different
approaches [20—24]. However, applications of radiolabeled derivatives of shepherdin or its combination
with tumor-targeting peptides for receptor-specific delivery have not yet been described. Herein, we
wish to report the synthesis of BBS-shepherdin radioconjugates prepared by the previously reported
modular “click-to-chelate” approach [25,26] (Figure 1) and their evaluation in vitro.
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Figure 1. Assembly of multifunctional, *™Tc-tricarbonyl-labeled peptide conjugates by
amide bond formation, CuAAC, and (radio)metal complexation; residues R' and R?
represent two different entities of biological function (e.g., derivatives of BBS and
shepherdin) to be combined in the final radioconjugate.
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2. Experimental Section
2.1. General Procedures

General procedures, solvents, chemicals, synthesis equipment, analytic instruments (HPLC,
MS, NMR, gamma counter) were previously described [10,27]. The “CRS Isolink kit” (Center for
Radiopharmaceutical Science, Paul Scherrer Institute, Villigen, Switzerland) was used for the
preparation of the precursor [*™Tc(CO)3(H20)3]". For analytical separation, a C12 reversed-phase
column Phenomenex Jupiter 4u Proteo 90 A, 4 pum, 250 x 4.6 mm (column A) was used and
preparative purification was performed on a Macherey Nagel Nucleodur C18 ISIS, 5 pm, 250 x 16
mm (column B). HPLC solvents were 0.1% trifluoroacetic acid (TFA) in water (A) and 0.1% TFA
in acetonitrile (B). Quality control of (radio) metal-labeled peptides was performed using column A
and a linear gradient from 80% A to 50% A in 20 min with a flow rate of 1.5 mL/min, or a linear
gradient from 80% A to 60% A in 20 min. Peptide purification was performed using column B and
different linear gradients with a flow rate of up to 8 mL/min. The observed m/z correspond to the
monoisotopic ions. Chemical shifts are reported in parts per million (ppm) and coupling constants
(/) in Hertz (Hz) from high to low field. Standard abbreviations indicating multiplicity are singlet
(s), doublet (d), doublet of doublets (dd), triplet (t), and multiplet (m).

2.2. Synthetic Procedures
2.2.1. Organic Synthesis

N(a)Boc-N(a)propargyl-Lys(OMe) 1 was synthesized in five steps from commercial BocLysOMe
according to published procedures [28]. Subsequently, succinic anhydride (2 equiv. 2.22 mmol) was
coupled to N(a)Boc-N(a)propargyl-Lys(OMe)*HC1 (1, 370 mg, 1.11 mmol) via amide bond
formation in CH2Cl2 under basic conditions (i-Pr2NEt; 6 equiv.) for two hours at rt (Scheme 1). The
reaction mixture was concentrated under reduced pressure and the crude product was dissolved in
ethyl acetate. The organic phase was extracted with citric acid (0.1 M) and saturated sodium
hydrogen carbonate. The organic layer was disposed. The hydrogen carbonate phase was acidified
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with hydrogen chloride (5%) under stirring and extracted twice with fresh ethyl acetate. The organic
phases were combined, dried over magnesium sulfate, and concentrated under reduced pressure to
yield compound 2a as a pale yellowish oil (435.3 mg, 91%; see Scheme 1). For characterization
purposes, the Boc protecting group of 2a was removed (CH2Cl2/TFA, 2:1; 5 h; rt) and the product
was analyzed as its TFA salt 2b; 'H-NMR (400 MHz, MeOH-d4; recorded after completed H/D
exchange): 6 = 4.10 (dd, 1H, J = 7.0 Hz, J = 5.0 Hz), 396 (dd, 1H, J = 16.6 Hz,
J=2.5Hz),3.92 (dd, 1H, J=16.6 Hz, J= 2.5 Hz), 3.79 (s, 3H), 3.18 (t, IH, J= 2.5 Hz), 3.12 (m, 2H),
2.52 (t,2H, J= 6.9 Hz), 2.38 (t, 2H, J = 6.9 Hz), 1.97-1.85 (m, 2H), 1.51-1.44 (m, 2H), 1.43-1.25
(m, 2H) ppm; *C-NMR (MeOH-d4): § = 176.42, 174.81, 170.19, 162.22 (TFA, q, Jc-r: 35.7 Hz),
117.86 (TFA, q, Jc-r: 290.7 Hz), 79.87, 74.28, 60.07, 54.05, 39.65, 36.61, 31.65, 30.39, 29.99, 29.92,
22.99 ppm; ESI-HRMS (C14H23N205): [M+H]" m/z: 299.16019 (caled. 299.16013).

Scheme 1. Synthesis of central lysine-based precursor. (2) see reference [28]; (b) succinic
anhydride, i-PraNEt, CH2Clz, 2 h, 1t.
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Solid-phase peptide synthesis (SPPS; scale: 0.03—0.25 mmol) was performed as described
earlier [10,27]. Side-chain protected Fmoc-amino acids were Cys(Trt), Gln(Trt), His(Trt), Lys(Boc),
Ser(tBu), and Trp(Boc). Azide-functionalized bombesin derivative 3 was synthesized according to
the literature [10]. The different protected shepherdin peptide sequences [21,24] obtained by SPPS
(4-7; 0.03—0.06 mmol) were subsequently coupled manually via selective amide bond formation to
the central lysine precursor 2a on solid support in the presence of HATU (2-3 equiv.) and i-Pr2NEt
(5-6 equiv.) in DMF for 2 h at rt. After the coupling was completed, removal of protecting groups and
cleavage of the peptides were done with a solution of trifluoroacetic acid, phenol, water, and
triisopropylsilane (0.5—1 mL; 87.5/5/5/2.5%) at rt for 2—8 h. The precipitated crude peptides were
dissolved in water, purified by preparative HPLC, and lyophilized. Afterwards, selective methyl ester
hydrolysis of intermediates was achieved with LiOH (0.5 M; 1-3 h, rt) following a procedure
described by Reddy ef al. [29]. After reactions were completed and the solutions were neutralized
with HCI (0.5 M), the crude peptides 8-11 were obtained (see Scheme 2). Finally, the alkyne
functionalized shepherdin derivatives 8-11 were reacted with the purified azidoacetic acid-
functionalized bombesin sequence 3 according to published procedures [30] via the Cu(I)-catalyzed
alkyne-azide cycloaddition (CuAAC) [31,32] in solution. In brief, stoichiometric amounts of alkyne-
shepherdin peptides 8-11 and azido-BBS peptide 3 (2 pmol) were dissolved in DMSO
(400 pL) under an argon atmosphere and a freshly prepared Cu(I) solution was added (60 pL;
3 equiv.), prepared by mixing a CuSO4 pentahydrate solution (0.2 M, 30 puL) with an sodium
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ascorbate solution (0.4 M, 30 pnL) on ice. The reaction was allowed to stir for 1 h at rt and completion
of the reaction was checked by analytical HPLC. The click products were purified by preparative
HPLC and lyophilized to obtain the final peptide conjugates 12—15 (see Table 1 and Scheme 2).
Reference compound 16 (see Scheme 2) was synthesized as described earlier [10].

Scheme 2. Synthesis of peptides and assembly of (radio)metal-labeled, multifunctional conjugates.
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4*8,12 -CH,CH,CO- -KHSSGCAFL  shepherdin|79-87]
59,13 -CH,CH,CO- -SKLACFSHG  scrambled shepherdin[79-87]
6*%,10,14 -CH,CH,CO- -KHSSG shepherdin[79-83]
711,15 -CH,CH,CO- -SGKHS scrambled shepherdin[79-83]
16 - CH; reference compound

(a) SPPS: (i) piperidine in DMF; (ii) Fmoc-amino acids, TBTU-HOBt, (b) azidoacetic acid, HATU;
(c) cleavage solution: trifluoroacetic acid, phenol, water, triisopropylsilane (87.5/5/5/2.5%), 2-5 h, rt;
(d) SPPS: 2a, HATU, (e) cleavage solution, 28 h, rt; (f) LiOH (0.5 M), 1-3 h, rt; (g) CuAAC in solution;
CuSOy4 (0.2 M), Na-ascorbate (0.4 M), 1 h, rt; (h) (radio)metal labeling; for M="""Tc: 12-16 (0.1 mM,
aq.), [®™Tc(CO)(H.0)]", 100 °C, 30 min; for Re complexes: 12-16 (0.4 mM, aq.),
[EtaN]2[Re(CO)3(Br)s], 100 °C, 60 min; AA = amino acid.

2.2.2. (Radio)Metal Labeling of Peptides

Na[*™TcO4] was eluted from a Mallinckrodt *Mo/**™Tc generator, and the precursor
[*™Tc(CO)3(H20)3]" was prepared by adding [**TcO4]” (1.5-2 GBq) to the “CRS Isolink kit for
tricarbonyl” and heating for 30 min at 100 °C. Aliquots of 1 mM stock solutions of peptides 12—-16
in water (10 uL, 10 nmol) were added to a solution of [*™Tc(CO)3(H20)3]" (~100 MBq; 0.1 mM
final peptide concentration) and the reaction mixtures were heated at 100 °C for 30 min. Quality
controls were performed by radio-HPLC to determine the radiochemical yield and purity of
[**™Tc(CO)3(L)] (L = 12-16). For characterization purposes, the peptides were labeled with cold
"aRe. In brief, aliquots of aqueous stock solutions of peptides 12-16 (30-100 uL, I mM) were added



122

to a solution of [EuN]2[Re(CO)3(Br)s] [33] (50-150 pL, 1 mM) and heated for one hour at
100 °C [10]. The rhenium-complexes were purified by HPLC and analyzed by MS (see Table 1).

Table 1. Analytical data and yields of synthesized peptides and "Re-complexes thereof.

Compound MALDI-MS; m/z (observed) Yield [%]  Purity [%] ¢
12 [M+H]™: 2432.23 (calcd.: 2432.24) 31 92.9
13 [M+H]": 2432.18 (caled.: 2432.24) 10* 95.3
14 [M+H]": 1998.01 (caled.: 1998.04) 17? 98.3
15 [M+H]": 1998.03 (calcd.: 1998.04) 18° 97.5
16 [M+H]": 1458.75 (caled.: 1458.80) 23¢ 97.6
[Re(CO)3(12)] [M+H]": 2700.10 (caled.: 2700.17) quant.® >98
[Re(CO)3(13)] [M+H]": 2700.16 (caled.: 2700.17) quant. ® >98
[Re(CO)3(14)] [M+H]": 2265.95 (caled.: 2265.97) quant. ® >98
[Re(CO)3(15)] [M+H]™: 2265.93 (caled.: 2265.97) quant. ® >98
[Re(CO)3(16)] [M+H]™: 1712.7 (caled.: 1712.71) quant. ® >98

@ overall yield of isolated conjugates; ® conversion of starting material (HPLC); ¢ determined by HPLC; for

reference compound 16 see reference [10].
2.3. LogD Determinations

The hydrophilicity of the radiolabeled peptides 12—16 was evaluated by determination of their
partition coefficient between n-octanol and phosphate buffered saline (PBS, pH 7.4) using the shake
flask method [27]. In brief, 10 pL (1 uM) of radiolabeled peptides 12-16 were added to a pre-
saturated solution of n-octanol and PBS (1:1, 1 mL) and the tubes were vortexed (1 min) and centrifuged
(3,000 rpm, 10 min). Aliquots of 100 puL of each phase were radiometrically measured in a gamma
counter and the logD values were calculated by the logarithm of the ratio between the radioactive
counts in the octanol fraction and the radioactive counts in the PBS fraction. The experiment
was performed 2-3 times, each in quintets, and results are reported by mean values + standard
deviation (SD).

2.4. In Vitro Experiments

Cell culturing of human Caucasian prostate adenocarcinoma (PC-3) cells and in vitro assays
(internalization, receptor saturation binding, and externalization) were performed as previously
described [10,27] and are thus described only in brief.

2.4.1. Internalization Assay

For the determination of cellular uptake, PC-3 cells were incubated with the radiolabeled peptides
[#™Tc(CO)3(L)] (L = 14-16; 0.25 pmol; 1.5-2.0 kBg/well) for different time points to allow binding
and internalization. Non-specific receptor binding and internalization was determined by incubating
the cells with excess of natural bombesin(1-14) as a receptor blocking agent. At each time point, the
supernatant was collected, representing the free radiopeptide fraction. The cell surface receptor
bound fraction was obtained by treating the cells with an acidic saline glycine buffer (100 mM NacCl,
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50 mM glycine, pH 2.8; 2 times for 5 min, on ice). The internalized fraction was determined by cell
lysis with 1 M NaOH (10 min). Fractions of free, receptor-bound, and internalized radiopeptide were
radiometrically measured in the gamma counter and calculated as percentage of applied dose
normalized to 10° cells for all time points (n = 23 in triplicates, reported by means + SD) [10]. To
verify whether specific uptake was influenced by the shepherdin sequence, internalization
experiments were also conducted with excess shepherdin(79-87) (AnaSpec Inc., Fremont, CA, USA)
as a blocking agent.

2.4.2. Receptor Saturation Binding Assay

PC-3 cells were incubated with increasing concentrations (0.1-100 nM/well) of the radiolabeled
peptides [*"Tc(CO)3(L)] (L = 14-16) at 4 °C for 2 h. Non-specific binding was determined in the
presence of excess of natural bombesin(1-14) as described above. Fractions of free and
receptor-bound radioconjugates were radiometrically measured in the gamma counter for
quantification and apparent binding dissociation constants (Kd,4pp) were calculated (n = 2—4 in triplicates,
reported by means + SD) [10].

2.4.3. Externalization Assay

PC-3 cells were incubated with the radiolabeled peptides [*™Tc(CO)3(L)] (L = 14-16; 2.5 pmol;
14-21 kBg/well) for one hour to allow cell internalization. The free and receptor-bound radiopeptide
fractions were removed as described above, fresh cell culture medium was added, and the cells were
incubated for different time points (10-300 min). At each time-point, the externalized fractions were
collected and the medium replaced. The remaining internalized amount of radioactivity was recovered
by cell lysis. All fractions were radiometrically measured and calculated as percentage of the total
internalized fraction (n = 4-7 in triplicates, reported by means + SD) [10].

3. Results and Discussion

The syntheses of building blocks and multifunctional conjugates are depicted in Schemes 1 and 2.
N(o)Boc-N(a)propargyl-Lys(OMe) (1) was synthesized from commercial BocLysOMe in five steps
according to previously published procedures [28]. Reaction of compound 1 with succinic anhydride
provided intermediate 2a appropriately functionalized with a carboxylic acid functionality for
conjugation reactions via amide bond formation. Shepherdin derivatives 4-7 [21,24] were synthesized
by automated solid-phase peptide synthesis (SPPS) using Fmoc-chemistry. Compounds 5 and 7 with
a scrambled amino acid sequences were prepared for control experiments. Peptides 47 were coupled
to the Lys precursor 2a on solid support, cleaved from the resin, and fully deprotected under standard
conditions. Subsequent hydrolyses of the methyl ester of intermediates with LiOH provided alkyne-
derivatized peptides 8-11. The corresponding CuAAC reaction partner, N-terminally functionalized
azido-(PAla)s[Nle!*]BBS(7-14) 3, was obtained by similar SPPS procedures [10]. A (BAla)s spacer
was introduced at the N-terminus of peptide 3 in order to prevent potential interference between the
different moieties of the final multifunctional conjugate [9,10]. Reaction of alkyne-bearing
shepherdin derivatives 8-11 and azido-BBS 3 by CuAAC in solution afforded final peptide
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conjugates 12—15. For a side-by-side comparison, reference conjugate 16, identical in all respects
but lacking a shepherdin moiety (replaced by a methyl group; Scheme 2) was used, the synthesis and
characterization of which has been previously described [10]. For analytical data of products see
Table 1.

Radiolabeling of the triazole-containing peptide conjugates with ™ Tc-tricarbonyl was achieved
following established procedures reported by us and others [10,28,34]. In brief, heating of aqueous
solutions of 1,2,3-triazole containing peptide conjugates 12-16 with [*™Tc(CO)3(H20)3]" yielded
the corresponding radiolabeled compounds [*™Tc(CO)3(L)] (L = 12-16) in >95% radiochemical
yield and purity and with a specific activity of up to 100 GBg/umol. As common practice for
the identification and characterization of n.c.a. (no carrier added) *™Tc-labeled compounds, the
corresponding non-radioactive analogous compounds ["*Re(CO)3(L)] (L = 12-16) were also prepared
by reaction of conjugates 12-16 with [EtaN]2[Re(CO)3(Br)s] [33] (for MS data see
Table 1). Direct comparison of the UV-HPLC traces of the rhenium tricarbonyl complexes with the
corresponding y-HPLC traces of **™Tc-tricarbonyl complexes confirmed in each case their identity
(see Supplementary Information).

Already at this stage we recognized a high and persistent unspecific binding of conjugate
[#™Tc(CO)3(12)] containing the full length shepherdin(79-87) sequence to material used as well as
cell surfaces. In particular, the unspecific binding of [*™Tc(CO)3(12)] impeded with in vitro assays
regardless of precautions taken (e.g., using prelubricated disposables, the addition of solvents
(e.g., DMSO or EtOH), or varying the composition and ionic strength of the media; data not shown).
We therefore focused henceforth on radioconjugates containing the truncated shepherdin(79-83)
sequence for which unspecific binding was not an issue. Thus, the physico-chemical properties of
compounds [*"Tc(CO)3(L)] (L = 14,15) were evaluated in comparison to reference compound
[#™Tc(CO)3(16)].

The lipophilicity of the conjugates was determined by the shake flask method. LogD values
obtained ranged from —1.70 + 0.13 and —1.68 + 0.08 for compounds [*™Tc(CO)3(14)] and
[*™Tc(CO)3(15)], respectively, which indicates an improved hydrophilicity in comparison to the
reference compound [**"Tc(CO)3(16)] (logD = —0.44 + 0.07).

BBS-shepherdin conjugate [**™Tc(CO)3(14)], its analog with the scrambled amino acid sequence
[**™Tc(CO)3(15)], and reference compound [**™Tc(CO)3(16)] exhibited similar cell internalization
profiles into GRP-r overexpressing PC-3 cells in terms of extent and rate of uptake (Figure 2).
Approximately 25%—30% of the applied radioactivity was internalized within 30—-60 min, which is
comparable to related bombesin derivatives labeled with the *™Tc-tricarbonyl core described by us
and others [10,35]. Cell internalization was not influenced by the addition of shepherdin(79-87) and
receptor-specific uptake was verified for all compounds by blocking experiments in the presence of
excess natural bombesin(1-14) (data not shown).

Binding affinities of radiolabeled conjugates [*™Tc(CO)3(L)] (L = 14-16) towards the GRP-r
were investigated by receptor binding saturation assays (Figure 3). All three derivatives showed high
affinities towards GRP-r. Compared to reference compound [*™Tc(CO)3(16)] with an apparent
dissociation constant (K4, app) of 5.6 + 0.8 nM, dual-targeting BBS-shepherdin conjugate
[*™Tc(CO)3(14)] revealed a slightly decreased receptor binding affinity (Kd, app = 10.9 £ 0.7 nM) as
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did its scrambled version [*™Tc(CO)3(15)] (K4, app = 11.3 = 2.2 nM). Ka values of receptor-specific

radiopeptides in the low two-digit nanomolar range are still considered appropriate for applications
in vivo [36,37].

Figure 2. Receptor specific internalization of radiometal conjugates in PC-3 cells,
overexpressing GRP-receptor; [*™Tc(CO)3(14)] (o, continuous line), [*™Tc(CO)3(15)]
(A, dotted line), [**™Tc(CO)3(16)] (o, continuous line); normalized to 10° cells per well;
n=2-3 (in triplicates, reported by means + SD, calculated by non-linear regression using
GraphPad Prism 5.0).
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Figure 3. Specific receptor saturation binding to PC-3 cells; [**Tc(CO)3(14)] (g, continuous
line), [*™Tc(CO)3(15)] (A, dotted line), [*™Tc(CO)3(16)] (o, continuous line);
normalized to 10° cells per well; n = 2-3 (in triplicates, reported by means + SD, and
calculated by non-linear regression using GraphPad Prism 5.0).
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After having verified the specificity and affinity of the radioconjugates for their tumor-specific,
extracellular target (GRP-r), we next set out to study the effect of the conjugated shepherdin moiety
with regards to the cellular retention of radioactivity. Unexpectedly, the externalization profiles of
the three radioconjugates [*™Tc(CO)3(L)] (L = 14-16) were comparable (Figure 4). A washout of
50% of the initially internalized radioactivity was observed within approximately 90 min for all
conjugates. Thus, the additional shepherdin moiety of [**™Tc(CO)3(14)] did not lead to an improved
cellular retention of radioactivity in comparison to compounds [*™Tc(CO)3(L)] (L = 15-16).
These results were puzzling because of the reported high affinity (80 nM) and specificity of
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shepherdin(79-83) and peptide conjugates thereof towards Hsp90 [20,21], the expression of which
in PC-3 cells was verified by western blot experiments (data not shown). A potential explanation for
our findings might include the possibility of endosomal entrapment of the conjugate as a consequence of
endocytotic cell internalization, which in turn would prevent interactions of [**™Tc(CO)3(14)] with its
cytosolic target Hsp90 [12,15,38]. Alternatively, enzymatic degradation of the peptidic
radioconjugate within the intracellular endosome-lysosome cascade could result in the destruction of
the shepherdin moiety and thus, loss of its specificity towards Hsp90 [15,38,39]. In either case, the
intracellular fate of receptor-specific (radio)conjugates after cell internalization by endocytosis is
generally not well understood in detail. There are recent reports suggesting solutions to overcome
issues of endosomal entrapment including examples of the application of biomimetic peptides [40],
cleavable linkers [41,42], and synthetic polymers [15]. In addition, reported non-peptidic inhibitors
of Hsp90 [43] could be employed in order to address potential issues of the stability of the Hsp90-
specific peptide moieties described herein. To address the challenging goal of improving the cellular
retention of radioactivity after receptor-specific delivery to cancer cells by peptidic radiotracers,
future research efforts will be directed towards the combination of our conjugates with the strategies
outlined above.

Figure 4. Externalization of radiolabeled compounds [**™Tc(CO)3(L)] (L = 14-16) from
PC-3 cells; [*™Tc(CO)3(14)] (g, continuous line), [*™Tc(CO)3(15)] (A, dotted line),
[**™Tc(CO)3(16)] (o, continuous line); n = 4-7 (in triplicates, reported by means + SD;
calculated by non-linear regression using GraphPad Prism 5.0).
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4. Conclusions

We herein report the synthesis and in vitro evaluation of bombesin-shepherdin conjugates
radiolabeled with the *™Tc-tricarbonyl core by the “click-to-chelate” strategy. The multifunctional
radioconjugates were designed for a combined extra- and intracellular targeting in order to improve
the cellular retention of radioactivity after its receptor-specific delivery to cancerous cells. While the
specificity of the radioconjugates towards the extracellular target (GRP-r) could be confirmed, the
cellular externalization of radioactivity was not improved. The combination of extra- and
intracellular targeting entities in a multifunctional radioconjugate represents a novel and innovative
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approach with potential to improve the efficacy of radiotracers provided that issues such as
endosomal entrapment and lysosomal degradation can be addressed.
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Folate Receptor Targeted Alpha-Therapy Using Terbium-149
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Karl Johnston, Konstantin Zhernosekov, Andreas Tiirler and Roger Schibli

Abstract: Terbium-149 is among the most interesting therapeutic nuclides for medical applications. It
decays by emission of short-range a-particles (E« = 3.967 MeV) with a half-life of 4.12 h. The goal
of this study was to investigate the anticancer efficacy of a '**Tb-labeled DOTA-folate conjugate
(cm09) using folate receptor (FR)-positive cancer cells in vitro and in tumor-bearing mice. '**Tb was
produced at the ISOLDE facility at CERN. Radiolabeling of cm09 with purified *°Tb resulted in a
specific activity of ~1.2 MBg/nmol. In vitro assays performed with **Tb-cm09 revealed a reduced
KB cell viability in a FR-specific and activity concentration-dependent manner. Tumor-bearing mice
were injected with saline only (group A) or with *Tb-cm09 (group B: 2.2 MBg; group C: 3.0 MBq).
A significant tumor growth delay was found in treated animals resulting in an increased average
survival time of mice which received '“*Tb-cm09 (B: 30.5 d; C: 43 d) compared to untreated controls
(A: 21 d). Analysis of blood parameters revealed no signs of acute toxicity to the kidneys or liver in
treated mice over the time of investigation. These results demonstrated the potential of folate-based
a-radionuclide therapy in tumor-bearing mice.

Reprinted from Pharmaceuticals. Cite as: Miiller, C.; Reber, J.; Haller, S.; Dorrer, H.; Koster, U.;
Johnston, K.; Zhernosekov, K.; Tiirler, A.; Schibli, R. Folate Receptor Targeted Alpha-Therapy
Using Terbium-149. Pharmaceuticals 2014, 7, 353-365.

1. Introduction

Targeted radionuclide therapy using B -particle-emitting radionuclides (e.g., *'I, *°Y, "Lu) of
variable energies is employed in clinical routine. For this purpose a variety of tumor-targeted
biomolecules have been used, ranging from small-molecular weight compounds (e.g., *'I-MIBG),
to peptides (e.g., '”’Lu-DOTATATE) and monoclonal antibodies (°*Y-Ibritumomab, Zevalin®) [1,2].
A promising option for a potential improvement of the therapeutic efficacy of radioendotherapy may
be the selection of appropriate radionuclides. a-Particles of medically interesting radionuclides
provide a 200- to 1,000-fold higher linear energy transfer (LET) than B -particles [3,4]. Therefore,
and because of the much shorter path-length (25-100 um) of a-particles compared to B -particles
(0.05-12 mm), a-particle-emitting nuclides may be interesting for targeted radionuclide therapy of
micrometastases or even single cancer cells.
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Figure 1. (A) The o-particle-emitting '“*Tb as one of four medically interesting
terbium-nuclides which belong to the series of chemical elements called lanthanides
(15 elements from La to Lu); (B) Chemical structure of the radiolabeled DOTA-folate
conjugate (cm09) with an albumin binding entity (speculative coordination sphere of the
Tb-DOTA-complex).
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Allen et al. suggested the radiolanthanide '“*Tb as the preferred radionuclide for a-radionuclide
therapy [3]. A decay scheme with a list of significant emitted radiation of '**Tb and its daughter
nuclides has been previously published by Beyer et al. [S]. '*Tb decays with a half-life of 4.12 h by
emission of short-range a-particles (Eo = 3.967 MeV, [ = 16.7%) [4,5]. In addition, it emits y-rays of
an energy (Ey = 165 keV, 26.4%) potentially suitable for single photon emission computed
tomography (SPECT) and positrons (Ep+ average = 638 keV, 3.8%) which may be detected via positron
emission tomography (PET) (Figure 1A) [4,6]. However, there also exists suitable diagnostic
matched nuclides such as 'Tb (T2 = 5.32 d, E= 87 keV, I = 32% and 105 keV, I = 25%) and
2Tb (Ti2 = 17.5 h, Ep+ avemge = 1.08 MeV, I = 17%) for imaging purposes via SPECT and PET,
respectively [7]. Tb can be stably coordinated by macrocyclic chelators (e.g., DOTA) as it has been
recently demonstrated using the B -emitting nuclide '*'Tb [7-9]. 1*°Tb is among the most attractive
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candidates of a-emitting radiometals for targeted radionuclide therapy. Other a-emitters have either
a very short half-life (*'*Bi: T12 = 46 min, >'?Bi: T12 = 61 min) or a complicated decay cascade of 4
to 5 a-emissions (**Ac: Ti2 = 10.0 d, 2*’Th: Ti2 = 18.7 d) [4,10,11]. The longer-lived in vivo
generator 2!?Pb/2!2Bi (T12 = 10.64 h) might be a more favorable solution but could suffer from release
of the 2'?Bi from the DOTA complex [12]. In such cases the decay of the daughter nuclides may
occur in non-targeted organs which could cause undesired toxicity to healthy tissue [13]. In spite of
the fact that the a-emitting 2! At (T12 = 7.21 h) is considered appropriate for medical use with regard
to the physical properties, a major impediment to practical applications is the low in vivo stability of
astatine bonds with aromatic carbon bonds [14]. However, current availability of **Tb is poor due to
production routes which are not easily accessible [6]. Potential production routes include irradiation of
rare 192Gd targets with high energy protons (>50 MeV) or the use of light ions as projectiles of >500
MeV protons for spallation reactions. However, in both cases mass separation is required to avoid
radioisotopic impurities.

The aim of the present study was to complement our preliminary in vivo results [7] by a further
study using **Tb for in vitro cell viability assays and in vivo using a well-established tumor mouse
model. We employed the recently developed DOTA-folate conjugate (herein referred to as cm09,
Figure 1B) and human KB cancer cells which express the folate receptor (FR) at high levels. From
our previous in vivo studies performed with '"’Lu-cm09, it is known that the novel folate
radioconjugate is applicable for preclinical therapy studies in the KB tumor mouse model where it
provides an excellent tumor accumulation of radioactivity and as a consequence high antitumor
efficacy [15].

2. Experimental
2.1. Chemicals and Reagents for Production and Purification of "**Th

Gold foils (thickness: 0.1 mm, purity: 99.95%, Goodfellow Cambridge Ltd. Huntingdon, UK)
were electrolytically coated with a thin layer of zinc (purity >99.9%). The acids in this work (HNO3
suprapur and HCI suprapur) were obtained from VWR International GmbH (Dietikon, Switzerland)
and diluted with MilliQ water (18.2 MQ-cm; Millipore AG, Zug, Switzerland). A solution of NH3
(25%, suprapur) was obtained from VWR International GmbH. a-Hydroxyisobutyric acid (a-HIBA,
purity: 99%), L-lactic acid (CsHesOs, purity >99%) and NaOH monohydrate (Traceselect, purity
>99.9995%) were obtained from Sigma-Aldrich International GmbH (St. Gallen, Switzerland).

2.2. Production of "*°Th

“Tb was produced at the isotope separation online facility ISOLDE (CERN, Geneva,
Switzerland) as previously reported [7,16,17]. In brief, a tantalum target (50 g/cn?) was irradiated
with high-energy (~1.4 GeV) protons. After effusion of the spallation products from the heated target
(~2,000 °C) they were ionized by surface ionization and resonant laser ionization. The monocations
were extracted from the ion source, accelerated to 50 keV and separated in a magnetic field according
to their mass [16,17]. Products of mass number 149 were implanted into a zinc-coated gold foil
(70 mm?) and shipped to PSI for the purification procedure.
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2.3. Purification of "*°Th

The zinc layer was dissolved in a solution mixture of HNO3/NH4NOs (0.2 M NOs™, pH 1, 500
uL) at 50 °C. Isolation of Tb from isobar and pseudo-isobar impurities and stable Zn was
accomplished by cation exchange chromatography. For this purpose a column (5 mm x 35 mm) filled
with a strongly acidic macroporous cation exchange resin was employed as recently reported [7,18].
“Th and 'Gd were eluted with a-HIBA (0.13 M) at a flow rate of 0.33 mL/min allowing their
separation [7]. Further radioactive impurities and stable Zn remained on the column. Regeneration of
the column was carried out using higher concentrated a-HIBA (1.0 M). The collected fractions (330
uL each) which contained '“*Tb-a-HIBA were acidified by addition of HC1 (4 M, 17 puL). The acidic
solution was loaded on a second cation exchange chromatography column (4 mm X 4 mm). a-HIBA,
NH4" and HCI were removed by a washing step using MilliQ water. The elution of **Tb was
performed by a solution of L-lactate (0.4 M) previously adjusted to a pH value of 4.7 with sodium
hydroxide. The eluted '**Tb-fraction was diluted with the 1.7-fold volume of MilliQ water to adjust
the osmolarity to a physiological value (~300 mOsm).

2.4. Preparation of '¥Th-cm09 and Stability in Blood Plasma

Radiolabeling was performed by addition of 18 pL of the DOTA-folate (cm09) stock solution
(10 mM, corresp. to 18 nmol of cm09) to the obtained solution of '*Tb (25 MBq) in L-lactate
(pH 4.7). The reaction mixture was incubated for 10 min at 95 °C. Quality control was performed by
HPLC using a C-18 reversed phase column (Xterra MS C-18, 5 um, 15 cm x 4.6 cm, Waters, Milford,
MA, USA). The mobile phase consisted of MilliQ water with 0.1% trifluoroacetic acid (A) and
methanol (B) with a linear gradient from 5% to 80% B over 25 min at a flow rate of
1 mL/min. The product (Rt = 19.5 min) was obtained with a radiochemical purity of >96%. After
addition of Na-DTPA (10 pL, 5 mM, pH 5) the labeling solution (1.0-1.2 MBg/nmol) was directly
used for in vitro and in vivo application. The stability of 1**Tb-cm09 was investigated by incubation
of the radioconjugate (50 pL, ~1 MBq) in human plasma (250 pL) at 37 °C. Aliquots (50 pL) were
taken for analysis after 30 min, 1 h and 4 h. The proteins were precipitated by addition of methanol
(200 pL) and the supernatants were analyzed using HPLC.

2.5. Cell Culture

KB cells (human cervical carcinoma cell line, HeLa subclone; ACC-136) were purchased from
the German Collection of Microorganisms and Cell Cultures (DSMZ, Braunschweig, Germany).
Cells were cultured as monolayers at 37 °C in a humidified atmosphere containing 5% COs.
Importantly KB cells were cultured in a folate-free special cell culture medium, FFRPMI (modified
RPMI, without folic acid, vitamin Bi2 and phenol red; Cell Culture Technologies GmbH,
Gravesano/Lugano, Switzerland). FFRPMI media was supplemented with 10% heat-inactivated fetal
calf serum (FCS), L-glutamine and antibiotics (penicillin/streptomycin/fungizone). Routine culture
treatment was performed twice a week.
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2.6. In Vitro Cell Viability Studies

Inhibition of KB cell viability was investigated using a 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay [19]. The cells were harvested and seeded in 96-well
plates at 2.5 x 103 cells per well in a final volume of 200 uL. FFRPMI medium with supplements.
After 24 h incubation for cell adhesion, the medium was removed and the cells were incubated with
19Tb-cm09 (0.05-500 kBq in 200 uL medium/well) alone or in combination with excess folic acid
(200 nM) for 4 h at 37 °C. Cell incubation with FFRPMI medium only was performed as a control
experiment. After incubation, the supernatants were removed and KB cells were washed with PBS
(200 pL/well) before addition of supplemented FFRPMI medium (200 pL/well). Cells were then
allowed to grow for 4 days before analysis as previously reported [20]. After addition of 30 pL of an
MTT solution (5 mg/mL) to each well, the well-plates were incubated for an additional 4 h at 37 °C. The
medium was removed and the dark-violet formazan crystals were dissolved in dimethyl sulfoxide.
The absorbance was determined at 560 nm using a microplate reader (Victor X3, Perkin Elmer,
Waltham, MA, USA). To quantify cell viability, the ratio of the absorbance of the test samples to the
absorbance of control cell samples (=100% viability) was calculated using Microsoft Excel software
(Microsoft Corp. Redmond, WA, USA).

2.7. In Vivo Therapy Studies

In vivo experiments were approved by the local veterinary department and conducted in
accordance with the Swiss law of animal protection. Four to five-week-old female, athymic nude
mice (CD-1 Foxn-1/nu) were purchased from Charles River Laboratories (Sulzfeld, Germany). They
were fed with a folate-deficient rodent diet (ssniff Spezialdiditen GmbH, Soest, Germany) starting
5 days prior to tumor cell inoculation [21]. Endpoint criteria were defined as weight loss of >15% of
the initial body weight (at day 0), tumor volume >1,000 mm?, ulceration or bleeding of the tumor
xenograft or abnormal behavior indicating pain or unease of the animal.

The therapy study was performed according to the injection protocol shown in Table 1. Twelve
mice were subcutaneously inoculated with 5 x 10® KB tumor cells (suspended in 100 uL PBS) as
previously reported 4 days before injection of the radioactive folate conjugate [15].

Table 1. Injection protocol of the in vivo therapy study.

Number of mice L . Injected radioactivity
Injection solution
[n] [MBq]
Group A 4 L-lactate solution -
Group B 4 9Tb-cm09 in L-lactate solution 2.2
Group C 4 9Tb-cm09 in L-lactate solution 3.0

At the time of treatment the tumors reached a volume 60-80 mm’. Mice of group A were
intravenously injected with only L-lactate solution whereas mice of group B and C received
19Th-cm09 (2.2 MBq and 3.0 MBg, respectively) in the same L-lactate solution. The amount of
injected activity was the highest possible based on the availability of the nuclide sufficient to inject
4 mice. After start of the therapy mice were weighed three times a week over 35 days and tumor
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volumes were monitored by measuring two perpendicular diameters with a caliper and calculated
according to the equation: V = 0.5 x L x W? (L is the length (large diameter) and W is the width
(small diameter) of the tumor). Mice were removed from the study if one or several of the predefined
endpoint criteria were reached which required euthanasia.

The therapeutic efficacy was expressed as the percentage of tumor growth inhibition (%TGI)
calculated according to the formula: %TGI = 100 — (RTV1/RTVu x 100), where RTVT is the mean
relative tumor volume of treated mice (groups B or C), and RTVu is the mean relative tumor volume
of untreated mice (group A) determined at day 21 when the first control mouse was euthanized.
The tumor growth delay index (TGDI) was calculated according to the formula:
TGDI = TGD1/TGDu. It was defined as the mean tumor growth delay ratio of treated (TGDr) and
untreated animals (TGDu) which was required to increase the RTV 5-fold [22].

2.8. Determination of Plasma Parameters

Plasma parameters such as blood urea nitrogen (BUN), alkaline phosphatase (ALP), and total
bilirubin (TBIL) were measured from all mice at day 14 after start of the therapy and before
euthanasia of each mouse. BUN is a common parameter to determine potential damage to the kidneys
whereas increased ALP and TBIL could be an indication for impaired liver function. Plasma samples
were prepared by centrifugation of blood samples (150-200 pL per mouse) drawn from the
sublingual vein of each mouse and collected in heparinized vials (Microvette, 200 mL Sarstedt,
Niimbrecht, Germany). For each parameter a plasma volume of 10 pL was required for the analysis
using a Fuji Dri-Chem 40000i analyzer (Polymed Medical Center AG, Glattbrugg, Switzerland).

2.9. Dosimetric Calculations

To estimate the equivalent absorbed dose for '*Tb-cm09 in KB tumor xenografts, biodistribution
data obtained with '*' Tb-cm09 were used. Based on these data the following calculations were made:
(1) the cumulative radioactivity was calculated from integrated AUCs (MBq-s) of biodistribution data
expressed in non decay-corrected percent injected activity [%IA] per tumor mass (assumed as 100 mg,
due to an approximate calculated volume of the tumors at the start of the therapy); (ii) the adsorbed
radiation dose in tumor xenografts was assessed for a sphere of 100 mg using the Unit Density Sphere
Model from RADAR [23]; (iii) The absorbed dose (mGy/MBq) was calculated by multiplying the
AUC (s; normalized to 1 MBq ID) with the S-value (mGy/MBq-s); and (iv) the dose (mGy) was
calculated by multiplying the absorbed dose (mGy/MBq) with the amount of injected radioactivity.

2.10. Statistical Significance

Significance of the survival time and tumor growth delay was calculated by the performance of
the z-test (Microsoft Excel). All analyses were two-tailed and considered as type 3 (two sample
unequal variance). A p-value < 0.05 was considered statistically significant.
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3. Results and Discussion
3.1. Production and Purification of "*°Th

9Tb was produced by proton-induced spallation of tantalum targets at ISOLDE/CERN on a
zinc-covered gold foil containing isobar and pseudo-isobar nuclides of mass number 149. Upon
arrival at PSI (~4 h after the end of collection) ~40 MBq '“*Tb, ~5 MBq '¥Gd, ~0.4 MBq '*°Eu (from
a-decay of '*°Tb), ~70 MBq !**™Ce, ~15 MBq '**Ce and ~350 MBq '**La were detected. The mass
133 pseudo-isobars appear at mass 149 as monoxide molecular ions. The radioactive solution which
was obtained after dissolution of the zinc-layer was loaded on column I for chromatographic
separation of '**Tb. The elution was accomplished with a diluted solution of o-HIBA within
only 25 min. The '*Tb (~29 MBq, corresponding to 73% of total radioactivity) was isolated in a
volume of 1.65 mL free of radioactive impurities. Under these isocratic elution conditions an
excellent separation of '“*Tb and '*Gd was achieved (Figure 2). Further radiolanthanide impurities
such as “Eu, '¥¥MCe, 133Ce and '3La as well as stable Zn were retained on the chromatographic
column I and eluted afterwards using a higher concentrated a-HIBA solution for regeneration of
the column.

After concentration of the “Tb-solution by adsorption at the cation exchanger of the second
column, the product was obtained within 25 min as '*°Tb-L-lactate (0.4 M, pH 4.7) in a small volume
of only 225 puL. Addition of 375 uL MilliQ water resulted in a solution of 0.15 M sodium L-lactate
with a physiological osmolarity of ~300 mOsm. Determination of radioactivity revealed a total yield
of ~25 MBq '"“Tb containing ~88 kBq '*Gd—which decays via electron capture and y-ray
emission—as the only detectable radionuclide impurity generated by the decay of *Tb after
separation on column I. The total yield of the separation process was ~63% (corresponding to a ~94%
decay-corrected yield) and the whole isolation process including measurement of the single elution
fractions was accomplished within 145 min. The L-lactate-based physiological formulation was
suitable not only for the direct performance of radiolabeling of cm09 but allowed even in vitro and
in vivo application without further purification steps.

In comparison to our previous study [7] where we used '**Tb for radiolabeling directly after
elution from the first column in the a-HIBA solution (~0.15 M), the purification process was
optimized in the present study. The advantages were two-fold: Firstly, using the second
chromatographic column allowed concentration of the radioactivity in a smaller volume which was
favorable for subsequent radiolabeling steps and in vivo application. Secondly, the elution was
carried out with a solution of L-lactate providing '*°Tb in a more physiological solution compared to
the a-HIBA solution which was employed in our previous studies.
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Figure 2. Elution profile of chromatographic column I showing separation of *Tb (m,
red) from '“*Gd (e, blue).
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3.2. Radiosynthesis of '"**Th-cm09 and Stability in Blood Plasma

Radiolabeling of ¢cm09 (18 nmol) with *Tb (25 MBq) resulted in a product peak of the
radiolabeled product with a retention time (Rt) of 19.5 min. The chromatogram was equal to what
was previously obtained with the '®!'Tb-labeled match ('*'Tb-cm09) [9]. On the other hand injection
of free “Y18ITh(III) was eluted almost with the front (R: = 3 min). These findings confirmed the
identity of the product peak as '4*Tb-cm09 which was obtained with a radiochemical purity of >96%
with only insignificant traces of free “*Tb(III).

Incubation of “*Tb-cm09 (1.0-1.2 MBg/nmol) in blood plasma at 37 °C revealed high stability
(>98%) of the folate radioconjguate over at least 4 hours. These findings were expected as it was
previously shown that '*'Tb-cm09 was completely stable in human blood plasma over several
days [7,9].

3.3. In Vitro Application of "*°Th-cm09

In vitro cell viability assays were performed to investigate the effect of '**Tb-cm09. FR-positive
KB tumor cells were incubated with increasing radioactivity concentrations of '“*Tb-cm09. It was
found that the viability of the KB cells was inhibited in an activity-dependent manner (Figure 3).
Application of a low radioactivity concentration of **Tb-cm09 (0.5 kBg/mL) resulted in an only
20%-reduction of the tumor cell viability. However, a 1,000-fold higher radioactivity concentration
(500 kBg/mL) resulted in an almost complete loss of KB cell viability. Addition of excess folic acid
to block cell surface exposed FRs abolished the effect of *Tb-cm09 completely even at
high radioactivity concentrations. Under these conditions tumor cells grew normally and comparably
to untreated control cells (Figure 3). These findings clearly indicated a FR-specific effect of
9Tb-cm09.
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Figure 3. In vitro viability of KB tumor cells is reduced upon exposure to increasing
radioactivity concentrations of '**Tb-cm09 (red bars). Incubation of cells with excess
folic acid to block FRs protected KB cells from the '“*Tb-cm09-induced inhibitory effect
(yellow bars). Exposure of cells to unlabeled cm09 (100 nM to 10 uM) had no effect on
cell growth (data not shown).
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3.4. Therapy Study in Tumor-Bearing Mice Using '*°Th-cm09

The therapy study in KB tumor-bearing nude mice showed significant tumor growth delay (TGD)
in "*Tb-cm09 treated mice compared to untreated control mice (Figure 4A). The tumor growth delay
index for a 5-fold increased tumor volume compared to the tumor volume at the beginning of the
study (TGDIs) reached a value of 1.5 (p = 0.04) for mice of group B which were treated with 2.2
MBq *Tb-cm09. This means a 1.5-fold higher value than for untreated control mice (TGDIs = 1).
In mice of group C, which received 3.0 MBq of **Tb-cm09, the TGDIs was even 2.0-fold (p = 0.01)
increased compared to the TGDIs of untreated controls. At day 21 when the first control mouse had
to be euthanized due to an oversized tumor the average relative tumor volume (RTV) was
significantly smaller in treated mice of group B (p = 0.01) and group C (p = 0.001) compared to the
tumor volume of untreated control mice (group A). At this time point of the study tumor growth was
inhibited by 62% (group B) and 85% (group C), respectively, indicating a dose-dependent therapeutic
efficacy of '*'Tb-cm09. The average survival time was increased by 45% (30.5 d, p = 0.01) in mice of
group B and by 105% (43 d, p = 0.004) in mice of group C compared to control mice (group A,
21 d) (Figure 4B).

Analysis of blood plasma parameters (BUN, ALP and TBIL) did not reveal significant changes
(p > 0.05) among control mice and mice treated with '**Tb-cm09 (Table 2). This analysis indicated
unimpaired renal and hepatobiliar function. Hence, it can be concluded that acute radiotoxic effects
to the kidneys and the liver were not experienced by FR-targeted a-radionuclide therapy over the
whole time of this study which lasted for 35 days. More detailed studies to investigate effects of
19Tb-cm09 on kidney function will be necessary since undesired side-effects on the long-term cannot
be excluded based on the examinations performed herein.
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Figure 4. Results of FR-targeted radionuclide o-therapy using '“Tb-cm09 in KB
tumor-bearing mice. (A) Graph of the average relative tumor volume (RTV) of mice
from each group (n = 4) during the time period when at least 3 mice were still alive;
(B) Survival curves of mice from each group (group A: 21 d; group B: 30.5 d and
group C: 43 d).
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Table 2. Results of plasma analysis at day 14 and before terminal (in parentheses);
(BUN = blood urea nitrogen, ALP = alkaline phosphatase, TBIL = total bilirubin).

BUN [mmol/L] ALP [U/L] TBIL [umol/L)
Group A 7.0 £ 1.8 (4.1+0.5) 77+ 10 (99 + 16) 6.5+2.5(6.3 + 1.0)
Group B 4.6+0.6 (4.7+0.4) 67+5(119+7) 7.6+ 4.7 (6.0 + 1.0)
Group C 52+1.3(59+1.4) 75+ 14 (73 +21) 7.0+0.8 (5.0 + 1.0)

Overall the present results outperformed our previous data which were obtained upon
administration of two injections of '**Tb-cm09 at low quantities of radioactivity (1.1 MBq and
1.3 MBq, respectively) [7]. Compared to our previous therapy study, the present study design
differed in that the mice received the whole amount of radioactivity in a single injection of either 2.2
MBq '“Tb-cm09 (group B) or 3.0 MBq '**Tb-cm09 (group C).

Beyer et al. conducted an experiment where “*Tb-labeled rituximab (5.5 MBq per mouse) was
investigated in a leukemia animal model using SCID mice with an intravenous graft of Daudi
cells [5]. Their aim was to examine the efficacy of '**Tb-rituximab to specifically kill circulating
single cancer cells or small cell clusters in vivo. The therapy was started within 3 days upon
intravenous xenografting of a lethal number of Daudi cells when most of the tumor cells were
expected to be still in circulation [5]. Whereas untreated control mice had to be euthanized within
the first 37 days a tumor-free survival was found for over 120 d in almost 90% of the '“*Tb-rituximab
treated animals. Since application of the same amount of unlabeled rituximab did not show a therapeutic
effect, the favorable outcome of this study could be ascribed to the a-radionuclide therapy [5]. In the
present study injection of **Tb-cm09 reduced tumor growth of solid KB xenografts and increased
the survival time significantly in mice of both treated groups (B and C) compared to untreated control
mice (group A). These excellent results complement those of Beyer ef al. by demonstrating the
therapeutic potential of '**Tb. However, our study design differed from that of Beyer et al. in three
respects. (i) Instead of using an established antibody, we employed a small-molecular weight folate
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conjugate (cm09) as a targeting agent which previously proved the promising potential to be used
for therapeutic purposes [15]; (ii) The amount of injected radioactivity was 2.2 MBq and 3.0 MBgq,
respectively, in our study compared to 5.5 MBq which were used in the study of Beyer et al. [5]; (iii)
Finally the tumor mouse model which was used in our study was based on solid tumor xenografts of
a human cervical cancer cell line while Beyer ef al. used a tumor mouse model with circulating
leukemia cells.

3.5. Dosimetric Calculations

In order to obtain an idea about the radioactive dose burden of **Tb-cm09 to KB tumor xenografts a
dose estimation was made while taking only the self-radiation dose into account. According to the
AUC obtained from tissue distribution data in mice injected with '®'Tb-cm09 [7] and the S-value of
49T listed for a sphere of 100 mg an absorbed dose of 8.67 Gy/MBq was estimated for KB tumor
xenografts. This resulted in an absorbed dose of ~19 Gy (group B) and ~26 Gy (group C) in tumors
upon a single injection of 2.2 MBq and 3.0 MBq of '*Tb-cm09, respectively.

Recently, we peformed a preclinical therapy study with 10 MBq of '®!Tb-cm09 using the same
KB tumor mouse model [9]. In that case the dose to the tumor was calculated to a value of ~33 Gy
and the corresponding TGDIs reached a value of ~2.2. In the present study the TGDIs for
149Tb-cm09 was ~1.6 (2.2 MBg, ~19 Gy) and ~2.0 (3.0 MBg, ~26 Gy) indicating a slightly improved
effect of the a-radionuclide therapy. However, for an exact comparison of a- and § /Auger-
radionuclide therapy it would be necessary to perform a site-by-site study using
149Tb-folate and '®' Tb-folate with an activity that results in the same calculated dose to the tumor.

4. Conclusions

In this study the potential of a-radionuclide therapy in general and of '**Tb in particular was
demonstrated using a folate-based biomolecule. Application of **Tb-cm09 was well-tolerated in
mice and treated KB tumor xenografts efficiently. The experiments revealed significant tumor
growth delay and an increased survival time of mice treated with '*°Tb-cm09 compared to untreated
control mice. However, further studies will be required to investigate potential advantages of FR-
targeted a-radionuclide therapy over B -radionuclide therapy with regard to tumor response and
potential damage to the kidneys.
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Radiolabeling of Nanoparticles and Polymers for
PET Imaging

Katharina Stockhofe, Johannes M. Postema, Hanno Schieferstein and Tobias L. Ross

Abstract: Nanomedicine has become an emerging field in imaging and therapy of malignancies.
Nanodimensional drug delivery systems have already been used in the clinic, as carriers for sensitive
chemotherapeutics or highly toxic substances. In addition, those nanodimensional structures are
further able to carry and deliver radionuclides. In the development process, non-invasive imaging by
means of positron emission tomography (PET) represents an ideal tool for investigations of
pharmacological profiles and to find the optimal nanodimensional architecture of the aimed-at drug
delivery system. Furthermore, in a personalized therapy approach, molecular imaging modalities are
essential for patient screening/selection and monitoring. Hence, labeling methods for potential drug
delivery systems are an indispensable need to provide the radiolabeled analog. In this review, we
describe and discuss various approaches and methods for the labeling of potential drug delivery
systems using positron emitters.

Reprinted from Pharmaceuticals. Cite as: Stockhofe, K.; Postema, J.M.; Schieferstein, H.; Ross, T.L.
Radiolabeling of Nanoparticles and Polymers for PET Imaging. Pharmaceuticals 2014, 7, 392—418.

1. Introduction

The field of nanomedicine has attracted more and more interest over the last decades, as
nanoparticles (NPs) and polymeric structures have been related to biological and pathophysiological
questions. Originally, NPs or polymers were designed and used for various purposes, like magnetic
resonance imaging (MRI), computed tomography (CT) and optical imaging or simply drug
delivery [1,2]. Therefore, these materials had to meet different requirements with respect to their
applications. On the other hand, NPs and polymers provide an almost ideal platform to combine
different modalities such as the combination of drug delivery with functional imaging techniques
such as positron emission tomography (PET) or single photon computed tomography (SPECT). In
this line, molecular imaging modalities are essential for patient screening/selection and monitoring
in personalized therapy approaches. Furthermore, non-invasive molecular imaging techniques are
excellent tools to investigate pharmacological profiles and to identify the optimal nanodimensional
architecture of the aimed-at drug delivery system. Multimodal hybrid technologies such as PET/CT
or PET/MRI were developed giving the chance to examine the pharmacological profiles of NPs or
polymers [3]. Additionally, polymer-drug conjugates, which have already been applied for chemotherapy
approaches, were radiolabeled to investigate their biodistribution via PET imaging [4]. PET, with its
possibility to detect and quantify picomolar amounts of a radiotracer, has emerged as one of the most
powerful imaging techniques, which underlines its outstanding role for functional imaging of
physiological and/or pathophysiological processes.
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Thus, novel strategies were explored for the radiolabeling of NPs (inorganic and organic) or
polymers to investigate their pharmacodynamics and pharmacokinetics in vivo in dependence on
their architecture, size and structure. To investigate the in vivo characteristics of NPs and polymers,
it has to be considered how they are interacting with tissues and cells, and especially which time
frame allows a suitable visualization of certain effects and functions, like the enhanced permeability
and retention (EPR) effect (Figure 1), which is a passive targeting phenomenon and the mostly used
mechanism for the uptake of NP or polymers at oncological target sites in pre-clinical and clinical
studies [5,6].

Figure 1. Illustration of the Enhanced Permeation and Retention (EPR) effect of
macromolecular structures as drug delivery systems in malignant tissue.
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blood vessel’s endothelial layer and a significantly reduced lymphatic drainage in the tumor
tissue [7].

Since this review focuses on radiolabeling strategies for polymers and NPs for PET imaging, the
radionuclides discussed are positron emitters. Radiolabeling strategies for NPs and polymers using
other radionuclides for SPECT or endoradiotherapy are reviewed elsewhere [8,9].

The physical half-life (T:) of the radionuclide plays a crucial role for measurements in the desired
time frame, and it has to be considered which radionuclide or half-life, respectively, is suitable for
the investigated question and pharmacokinetic profile (c.f- Figure 2).

For measurements within a short (initial) time frame after intravenous administration, short-lived
radionuclides have been applied, e.g., fluorine-18 (T, = 109.7 min), gallium-68 (T, = 67.7 min) or
interestingly even nitrogen-13 (T, = 9.97 min) [4,10,11]. Exemplarily, fluorine-18, which asks for
covalent attachment to the NPs or polymers, is the most widely used PET nuclide and therefore, '8F-
labeling strategies are of high interest. Due to its ideal imaging characteristics and good availability,
18F is a very attractive radionuclide for radiolabeling of NPs and polymers. Even if the accumulation,
using the EPR effect, is a relatively slow process, first indications about a potential renal clearance
or fast metabolism of the NPs or polymers can be obtained by using short-lived radionuclides
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such as '®F. On the other hand, the multifarious types of NPs and polymers require different
coupling strategies, which guarantee fast, stable and high yielding of the respective
radiosynthesis/radioconjugation. Numerous possibilities of how a radionuclide can be attached to
these systems (either directly or via prosthetic group labeling) are available and essential. In case of
18F, direct radiolabeling is often impossible or provides only low radiochemical yields (RCYs).
Consequently, an alternative (indirect) labeling strategy has to be considered, frequently resulting in
novel coupling reactions using (novel) '*F-labeled prosthetic groups.

Figure 2. The Clock-Of-Nuclides showing the positron emitters used for radiolabeling
of NPs or polymers, so far. Clockwise starting at '*N (at noon) with the shortest physical
half-life and ending at *As with the longest physical half-life.
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In contrast to the short-lived radionuclides, radiolabeling with longer-lived radionuclides allows
a prolonged time frame for scanning. Examples are copper-64 (T = 12.7 h), bromine-76
(T =16.2 h), iodine-124 (T = 4.1 d) and arsenic-74 (T = 17.8 d) [12—14]. Moreover, it has to be
considered if the NP or polymer allows radiolabeling via covalent linkage (e.g., using radioiodine)



152

or via a bifunctional chelator (BFC) (e.g., using radiometals). Thus, labeling with a radiometal
requires a chelator, which forms stable complexes with the radiometal. The most widely
used chelators are 1,4,7,10-tetra-azacyclododecane-1,4,7,10-tetraacetic acid (DOTA) and 1,4,7-
triazacyclononane-1,4,7-triacetic acid (NOTA) as examples of macrocyclic chelating agents. Further
prominent examples are acyclic chelators like diethylenetriaminepentaacetic acid (DTPA) and
deferoxamine (DFO). Additionally, some of the chelating systems enable a theranostic approach by
substituting the diagnostic radionuclide with a therapeutic one, whereas the chelator and the
nanodimensional structure remain. Furthermore, it is possible to couple, e.g., NPs, which are
MR-active to a chelating system enabling in vivo tracking by multimodal imaging techniques
(e.g., PET/MRI).

Most of the radiolabeled NPs and polymers were subsequently tested in vivo to explore which
systems can ultimately serve as for which imaging modality in personalized/individualized therapy
approaches. So far, the aim of predominantly preclinical studies is to develop several tools for
potential therapy approaches of malignancies and to overcome the current limitations in availability
of suitable and individualized (radiolabeled) drug delivery systems.

This review article will summarize information about radiolabeling procedures of NPs or
polymers intended for PET imaging and their potential use as drug delivery systems. Additionally,
first in vitro/in vivo data are briefly discussed. Furthermore, this article should reveal how the
biological question determines the radionuclide selection. In detail, every section has a short
introduction followed by a summary table of already used approaches, which includes the type of
nanostructure, material, size range of nanostructure, obtained specific activity, reaction time and
RCY. Subsequently, the summarized data are discussed and unique characteristics of the
radiolabeling and in vivo behavior are highlighted.

2. 8F-Labeling Approaches for Nanoparticles and Polymers

I3F is the most commonly used positron emitter and its optimal positron energy (Ep+max) (635
keV) and high B" intensity (97%) are almost ideal for PET imaging. Its half-life of 109.8 min allows
for even extensive radiosyntheses and enables shipment of '*F-radiopharmaceuticals or '*F itself. In
spite of all these benefits, in the clinics, '*F is mostly used in the form of 2-['*F]fluoro-2-deoxy-D-
glucose (['*FJFDG). Recently, 'SF has been used as a suitable PET nuclide to track NPs, quantum
dots (QDs) or polymers, in vivo [4,15-24]. Section 2 will give a short overview of the research carried
out using '®F-labeling in combination with polymers and NPs and their most important characteristics.

As shown in Table 1, several different systems have been radiolabeled with '°F over the last years.
The short half-life of '®F has, however, undoubtedly limited the number of labeling studies
performed. Nevertheless, the early biodistribution data of the first four hours post-injection (p.i.) are
crucial with respect to the initial excretion routes and seem to give a good idea of the general
pharmacokinetic profile and the potential as a drug delivery system.
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Table 1. An overview of '®F-labeled nanoparticles, polymers and their important
characteristics. (n.d. = no data, RCY = radiochemical yield, h.r. = hydrodynamic radii,
HPMA = N-(2-hydroxypropyl)methacrylamide, DSPE-PEG2000-NH: = 1,2-distearoyl-sn-
glycero-3-phosphoethanolamine-N-[amino(polyethylene glycol)-2000], Cd = cadmium,
Se = zinc, S = sulfur, Na =
Yb = ytterbium, Er = erbium, Tm = terbium, Gd = gadolinium, Ce = cerium, O = oxygen,

selenium, Zn = sodium, Y = yttrium, F = fluorine,

Al = aluminium, Si = silicium).

Reaction time

Nanostructure/system Material Size [nm] Specific activity {min] RCY [%] Ref.
min
phospholipid coated CdSe/CdZnS DSPE-
>20 37-75 MBg/nmol 145 n.d [15]
core/shell quantum dot PEG2000-NH2
. NaYF4 (co-doped with .
nanoparticles 10-20 n.d. 10 (only labeling) 92 [16]
YD, Er, Tm, Gd)
) ) ¢old/CLPFFD 27 atoms '$F per NP )
nanoparticle/peptide ) 23 (h.r) . 60 (only labeling)  0.3-0.8  [17]
(peptide)
amino functionalized
. CeO:2 (ceria) 5 n.d n.d 17.7£0.3 [18]
nanoparticle
hydrophobin
-type
functionalized porous P ypA . 215+54 734+13.9MBg/g 10 (only labeling) 40.2+0.5 [19]
. porous silica
silicon
nanoparticles ALO3 (alumina) n.d 2.3+£0.2 MBg/mg 6 (only irradiation) n.d [20]
nanoparticles gold n.d n.d n.d n.d [21]
nanoparticles mesoporous SiOz (silica)  100-150 n.d n.d 70 [22]
HPMA-based block
polymers n.d 1.5-2.5 MBq/pmol n.d >50 [4]
copolymers
HPMA-based block
polymers n.d n.d n.d 10-37  [23]
copolymers
HPMA-based block 38-113
polymers n.d n.d 5-18 [24]
copolymers (h.r)

* The authors calculated this value from the radioactivity-to-mass-ratio.

2.1. '8F-Labeled Quantum Dots

QDs are well known for their versatile optical properties and currently, extensive research is
focused on new methods to exploit these particles. One unique property for biochemical applications
is the fact that QDs often luminesce brightly in the visible area of the spectrum when exposed to UV.
Therefore, these particles could be used for multimodality imaging purposes. However, their applicability
so far has been very limited due to their composition of toxic metals.

In 2008 Ducongé et al. [15] described a novel method for the '*F-labeling of core/shell QDs. The
CdSe/CdZnS QDs [25,26] and the
authors described the use of their labeled QDs for PET and optical whole body imaging.

are well known for their luminescent properties
After preparation, the QDs were encapsulated with polyethylene glycol (PEG-phospholipid micelles)
and this coating was further functionalized with thiol groups. To these functionalities
a coupling via a maleimido-based prosthetic group was performed, which was recently developed
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for the '8F-labeling of peptides. The maleimido reagent 1-[3(2-['*F]fluoropyridin-3-
xyloxy)propyl]pyrrole-2,5-dione (['*F]JFPyME) [27] has been synthesized within 110 min in 20%
yield (not decay corrected). The coupling of the QDs was performed by adding QDs in phosphate
buffered saline (PBS) to the dried '®F-labeled maleimido reagent and subsequent vortexing for
15 min. The QDs were purified by gel filtration on a NAP-10 G25 sephadex cartridge, which yielded
a 1.5 mL solution of 'F-labeled QDs. The total synthesis took 145 min and a activity concentration
of 555-1110 MBg/mL was obtained when the reaction was started with 37 GBq of ['®F]fluoride. The
in vivo experiments showed a long blood circulation time of the QDs with a plasma half-life of 2 h
and only small amounts of radioactivity in urine. In comparison to non-PEG-coated QDs, the uptake
in liver and spleen could significantly be reduced. In ex vivo studies, no cadmium was detected in
urine, indicating that the small amount of radiation found in the urine correspond to a low-molecular-
weight degradation product under the renal threshold, implying that the QDs are not cleared from the
body via the renal pathway.

2.2. 8F-Labeled Nanoparticles

NPs exist in a wide variety of sizes and materials, which is advantageous compared to the QDs.
They can also be functionalized with different organic groups. These groups can be used to extend
circulation time (e.g., PEG) or to conjugate a targeting moiety or a labeling agent. It is further
possible to dope NPs with rare earth elements, which are known for their optical and magnetic
properties, allowing the particles to luminesce or be used in MRI. Modification of these NPs allows
them to serve as multimodality imaging agents.

In 2011 Liu et al. [16] developed '8F-labeled rare earth containing NPs. As a basis for their NPs
Liu et al. used NaYFy, the particles were surface-modified with Gd** by cation exchange for Y** for
use in MRI and different rare earth elements (Yb, Er) for use in luminescence studies. [*F]Fluoride
was incorporated into the NPs through interactions with the rare earth ions in an aqueous [!8F]fluoride
(170 MBq) solution under sonication for 10 min. The NPs were separated by centrifugation and
washed with water (3 times). Radio-TLC indicated an excellent labeling yield of 92%. Surface-
modification of the NPs was carried out by coordination of carboxylic acid functions of different
(bio)molecules to the surface of the NP. Thus, folic acid for active targeting was bound to the NP as
well as oleic acid and aminocaproic acid. /n vitro cell experiments demonstrated low cytotoxicity, in
vivo studies showed a high uptake almost exclusively in the liver (80.9% ID/g) and spleen (36.6%
ID/g) already after 10 min showing a decrease in the liver (53.5% ID/g) and further increase in the
spleen (89.9% ID/g) 2 h p.i.. The rapid accumulation in spleen and liver was confirmed by MRI and
optical imaging studies, furthermore, MRI studies showed a significant contrast enhancement due to
the presence of the NPs. Considering the simple labeling method by just mixing ['*F]fluoride with
metallic (rare earth) NPs, the in vivo-stability is remarkable. An early, but stable bone uptake of ~13%
ID/g revealed an initial loss of ['*F]fluoride from the particles.

Guerrero et al. [17] synthesized and studied '*F-labeled gold-peptide conjugates. Gold NPs were
conjugated to an amphipathic peptide CLPFFD, which showed in a previous study the ability to
remove f-amyloid aggregates, which are involved in Alzheimer’s disease [28,29]. N-Succinimidyl-
4-["¥F]fluorobenzoate (['*F]SFB) was prepared as prosthetic group and used to radiolabel the NPs.
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['®F]SFB was synthesized starting with drying and activating of '°F in the presence of the amino
polyether 1,10-diaza-4,7,13,16,21,24-hexaoxabicyclo[8.8.8]hexacosane (Kryptofix® K2.2.2) and
K2COs. After azeotropic drying, the precursor 4-(fert-butoxycarbonylmethyl)phenyl trimethylamonium
trifluoromethanesulfonate, dissolved in acetonitrile, was added and heated to 90 °C for 10 min. Final
deprotection was facilitated by 1M HCI1 (100 °C, 5 min). ['®F]SFB was purified on a C18-HELA
cartridge. The eluate was treated with 25% methanolic tetramethylammonium hydroxide solution.
After drying, the activated ester was formed by addition of N,N,N’ N, -tetramethyl-O-(/N-
succinimidyl)uronium tetrafluoroborate (TSTU). The product was purified by semipreparative
HPLC with a RCY of 37%, a radiochemical purity (RCP) of >99% and specific activity of
110 + 15 GBg/pmol. The labeling of the NPs was performed by first drying the NPs by centrifugation
and re-dissolving them in DMSO/sodium citrate, followed by the addition of the NPs to 4.44 + 1.11
GBq of dry ['®F]SFB. This mixture was stirred for 1 h before sodium citrate was added and
centrifugation of the whole mixture was performed. Subsequent washing was repeated until no more
radioactivity was released. The residual solid was re-dissolved in a mixture of sodium citrate and
Tween80. Guerrero ef al. reported for the final product an average of 27 '3F atoms per NP (derived
from calculation from the radioactivity-to-mass-ratio) with a labeling yield of 0.8% = 0.3%. During
in vivo studies it was observed that 120 min p.i. a considerable amount of the NPs was trapped by the
reticuloendothelial system (RES) in the spleen. Furthermore, a fast renal clearance was observed
leading to a rapid blood concentration drop during the first minutes p.i.

Ceria based NPs carrying an amino functionality were studied by Rojas et al. [18] Ceria-NPs were
surface modified by silylation with 3-(aminopropyl)triethoxysilane to enable subsequent coupling to
['®F]SFB. The ['®F]SFB was prepared using the standard method already used by Guerrero e al.,
with almost identical results, a RCY of 37% + 5%, a RCP of 98% and a specific activity of 102 + 7
GBg/umol. The ceria-NPs (2.0 mg =+ 0.3 mg) were labeled by stirring them for
1 hin a DMSO (150 uL) phosphate buffer (100 uL; pH = 7.4) mixture with ~2.6 GBq of ['*F]SFB.
After the reaction additional phosphate buffer was added and the mixture was centrifuged. The solid
was then washed twice with phosphate buffer by centrifugation and the supernatant was checked for
radioactivity, leading to a RCY of 18%. After suspension of the NPs in phosphate buffer, they were
injected intravenously in Sprague-Dawley rats. High uptake values in liver, spleen and lungs were
immediately observed after administration. At 2 h p.i., almost all particles were cleared from the
blood. The remaining particles in the blood pool were further cleared via renal excretion. Only a very
limited uptake in the brain was observed.

Sarparante et al. [19] functionalized porous silica NPs with hydrophobin as a self-assembled
protein coating to study the in vitro and in vivo behavior using PET. Thermally hydrocarbonized
porous silicon (THCPSi) NPs were synthesized and labeled with '*F. Labeling was facilitated via a
direct '"®F-fluorination using the Si-F-bond formation as driving force. Dry cryptate complex
(K.2.2.2./K2COs-system) was dissolved in anhydrous DMF containing 4% (v/v) acetic acid. The
solution was added to 1 mg of the NPs suspended in DMF and the mixture was heated to 120 °C for
10 min. The particles were separated by centrifugation and repeatedly washed in ethanol and water
using sonication. Finally, the particles were suspended in ethanol. The radiolabeled particles were
covered with HBFII (which is a fungal protein class II hydrophobin). In in vivo studies (rat model,
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RAW 264.7 macrophages and HepG?2 liver cells), the '*F-HFBII-THCPSi NPs accumulated mainly
in liver and spleen. The HFBII coating improved the pharmacokinetics and biodistribution compared
to the uncoated variant '*F-THCPSi. However, a slow HFBII-leaching from the coated NPs reduced
the benefit of the HFBII coating and restored a fast renal clearance of the NPs.

An elegant direct way of labeling ALO3-NPs with '8F was developed by Pérez-Campafia et al. [20].
AO3-NPs were directly activated in a cyclotron via the nuclear reaction '*O(p,n)'®F. ['%0]A1203-
NPs were obtained by reacting AICI3 in ammonia and '®0-enriched (100%) water. A short irradiation
time (beam time 6 min, current 5 pA) yielded high amounts of radioactivity (2.3 = 0.2 MBg/mg,
saturation yield = 225.45 MBq/pA) of which 71% = 4% could be attributed to '*F, the residue being
assigned to '*N, which is always formed during '8F-production in a cyclotron via the *O(p,a)"*N
reaction. Due to the much shorter half-life of *N (9.7 min) the samples could be left for the *N to
decay without a significant loss of '8F. A second irradiation experiment was carried out with pure
Al>0g3, after irradiation only trace amounts of '*F could be detected as was expected from the natural
abundance of '*0 (0.201%), showing that there are no side reactions on the alumina. PET scans were
carried out in dynamic mode and showed a renal excretion of the NPs, while a long retention of
radioactivity in the heart indicated a long blood circulation half-life. PET imaging further revealed a
minimal uptake in bones, suggesting that '*F might slowly leak from the NPs. Stability tests in rat
serum at 37 °C, however, confirmed a stable '*F-label on the NPs with no degradation over a period
of 8 h.

Unak et al. [21] worked on radiolabeled gold NPs. However, they only tested them in vitro in
cancer cell cultures (MCF7, human breast adenocarcinoma cell line). Gold NPs were labeled
with modified ['FJFDG. The cysteamine derivative ['*FJFDG-CA was synthesized from
a mannose-triflate cysteamine (Man-CA) precursor. Man-CA was produced according to standard
methods, which entailed the addition of mannose-triflate to a mixture of cysteamine and NaCNBH;.
Direct '3F-labeling of Man-CA was performed with ['*F]fluoride (7.4 GBq) in the K2.2.2./K2CO3
system and DMF at 90 °C for 20 min. Purification was facilitated by elution from different ion
exchange columns and a C18 cartridge. Labeling and synthesis of the gold NPs was carried out by
mixing the previous prepared ['SFJFDG-CA with 20 mM HAuCls solution and the addition of a
NaBHs solution (Figure 3). The mixture was stirred at 60 °C for 2 h, giving the desired '*F-labeled
gold NPs. anti-metadherin (anti-MTDH) was conjugated to the particles for an active targeting of
metadherin, which is overexpressed in many breast cancer cell-lines. Coupling of anti-MTDH was
done by using 1,1'-carbonyldiimidazole as a reagent, involving multiple shaking steps, whereof two
were 45 min each. The incorporation of these NPs into MCF7 breast cancer cells was higher than
that of free '8F (2%) or ['®F]FDG-CA alone (3%), 30% and 33% respectively for NPs without and
with anti-MTDH. Additional apoptosis studies showed the expected decrease in the apoptotic effect
for the NPs (20%), when compared to ['*FJFDG-CA with 30% apoptotic effect, which is known for
cysteamine in combination with radiation.
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Figure 3. Radiolabeling of thiol-functionalized Au-NPs using a maleimido-['*F]FDG.
['®F]FDG was produced in accordance with the standard protocol [21].
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Recently, Lee et al. [22] described a bioorthogonal labeling strategy where they applied a
copper-free click reaction in vivo for '8F-(pre)labeling of NPs (Figure 4). The radiotracer used in
this experiment consisted of w-['*F]fluoropentaethylene glycolic azide with a specific activity of
42 GBg/pumol. NPs where modified with azadibenzocyclooctyne (DBCO) and PEG. The reaction
was first tested in PBS at 36.7 °C to test if the copper-free click reaction has a chance to work
in vivo, this gave almost quantitative yields within 15-20 min. The modified NPs were injected and
allowed 24 h to accumulate in tumors via the EPR effect. After 24 h, the radiotracer was injected and
PET images were acquired. A control group was measured, which was given only the radiolabeled
product and not the NPs. The comparison between the two groups showed similar uptake in all tissues
except for the tumor, whereas the pre-targeted animals showed a much higher tumor uptake than the
non-targeted animals which confirms that the copper-free click reaction proceeds efficiently in vivo.
Furthermore, it was found that increasing the amount of radiolabeled compound also increased the
tumor uptake and thereby the signal-to-noise ratio.

2.3. 8F-Labeled Polymers

Polymers can appear in many different compositions and architectures. The fact that polymers are
derived from organic materials means that they can easily be modified using organic chemistry
techniques and that 'F is covalently bound to the molecule, limiting the possibility of leaching.
Polymers can be modified to carry targeting agents and/or their architecture can be varied. Some of
the known polymers are biodegradable in vivo with no toxicity at all. Furthermore, several different
polymer/drug conjugates are known, e.g., pHPMA-doxorubicin [30], and about twelve have been
approved for the market and about fifteen additional conjugates have entered clinical trials to treat
different diseases [31].
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Figure 4. (A) Pre-targeting/labeling protocol for in vivo click reaction. (B) 3D PET
images (upper row) and transversal slides (lower row) of a U87 MG tumor-bearing
mouse injected with o-['*F]fluoro-pentaethylene glycolic azide without pretargeting. (C)
3D PET images (upper row) and transversal slides (lower row) of a U87 MG tumor-
bearing mouse injected with o-['*F]fluoro-pentaethylene glycolic azide with pretargeting
using DBCO-PEG-NPs. Reprinted with permission from S.B. Lee et al. [22]; Copyright
2013 John Wiley and Sons.
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The polymers discussed in the following section were all labeled using the prosthetic group
radiolabeling method for HPMA-based polymers described by Herth et al. in 2009 [4]. Generally,
for the radiolabeling '*F was first dried and activatedas cryptate complex (K2.2.2/K2COs-system).
The precursor ethylene-1,2-ditosylate was added in acetonitrile and heated for 3 min in a sealed vial
to complete the '*F-labeling. Purification from crude mixture was facilitated by HPLC (Lichrosphere
RP18-ECS, acetonitrile/water). The HPLC-fraction containing the 2-['*F]fluoroethyl-1-tosylate
(['"®*F]FETos) was diluted with water (1:4 HPLC fraction/water) and loaded on a C18-Sep-Pak
cartridge (Waters, Milford, MA, USA), dried by a nitrogen stream and eluted with DMSO, ready for
further coupling reactions. The whole preparation takes around 40 min with a RCY from 60% to
80%. Labeling of the polymer was typically done by dissolving about 3 mg of polymer in DMSO
followed by the addition of 1 pL of SN NaOH solution and addition to the ['*F]FETos solution. The
coupling reaction was performed at temperatures between 80 and 150 °C for 20 min. Radio-size
exclusion chromatography (SEC) was used to separate the smaller compounds from the labeled
polymer. The SEC is performed with physiological saline solution and hence, the collected polymer
fraction is directly available for in vivo studies.

Herth and co-workers described the labeling of an HPMA-polymer by using ['*F]FETos, which
was coupled to the hydroxyl group of a tyramine moiety which was previously incorporated in the
polymer during the polymer analogous reaction [4]. Several polymers of different molecular weights
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were labeled with '8F and a systematic study was done to find the optimal '*F-labeling conditions.
Best results were obtained using 120 °C for 10 min in DMSO. Moreover, at 60 °C 20% RCY could
be obtained within 20 min leading the authors to conclude that labeling at room temperature would
be possible. The authors further reported that the compound was cleared from the body
predominantly via the urine and that initially after injection some metabolism was visible.

In 2011 a follow-up was made to this study by Allmeroth and Moderegger et al. [23] where
different polymers were synthesized and '’F-labeled. The polymers were either HPMA
homopolymers or HPMA-ran-LMA (LMA = lauryl methacrylate) copolymers. Different molecular
weight (Mw) polymers were synthesized with sizes ranging from 12,000 to 130,000 g/mol. The
obtained RCY in this study varied and a trend was noticeable that the RCY decreased with increasing
Mw, the RCY also decreased when HPMA-ran-LMA copolymer was used instead of the HPMA-
homopolymer. During in vivo studies, a clear difference was noticeable between the high and low
Mw polymers. Expectedly, the low Mw polymers tended to renal excretion with 12% ID/g in kidneys
while for the high Mw polymers this was reduced to 6.4% ID/g. The authors found a difference in
circulation time between the homo- and ran-LMA-co-polymer with a similar Mw. The HPMA-ran-
LMA copolymer had a much longer blood circulation time with around 30% ID/g for the low Mw
and 60% ID/g for the high Mw polymer still present in the blood at 2 h p.i.

HPMA-bH-LMA block-copolymers were employed in 2013 [24] to study the effect of different
grades of PEGylation. This work was specifically focused on trying to avoid aggregate formation
and reducing protein interactions by coating the polymer with amino-functionalized PEGao0o
fragments. '*F-Labeling of the polymers was again carried out with ['*F]FETos, however, this time
Cs2C0s was used as base instead of K2.2.2/K2COs. The authors came to the conclusion that the
introduction of the PEGzooo as well as the degree of PEGylation has a great influence on the
pharmacokinetics of the polymer. Thus, the polymer with only a small percentage of PEGylation still
showed a fast clearance via the liver and a short blood circulation time. An increase in the PEGylation
grade correlated with an increase in the blood circulation time and an increased tumor uptake in the
Walker-256 carcinoma (rat model).

13F_Labeling of NPs and polymers is just at the very beginning, but the first examples have already
shown their potential in both the suitability of the radiochemistry and the benefit of the
pharmacological information from PET imaging. There is still a broad range of methods for the
8F-introduction to be explored for their applicability to macromolecular drug delivery systems and
further studies and research will quickly follow.

In the next section, the radiolabeling for NPs and polymers and their preliminary preclinical
evaluation using the metallic PET nuclides ®*Ga and **Cu is summarized and discussed.

3. Labeling of Polymers and Nanoparticles with “Cu and *3Ga

There are only a few radiometals suitable for PET, including **Cu, ®®Ga and ¥Zr, which are
attached to (polymeric and nanodimensional) molecules via BFCs. Thus, the chemistry is quite different
from that of covalently bound radionuclides. There are two main roots to label a polymeric or
nanodimensional system (Figure 5). Either the label is attached to the whole polymer/particle, which has
been synthesized in advance, or one compound (in the case of metals this is a BFC) is labeled first
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and subsequently the polymer/particle is formed. Whether to use the so called pre- or
postradiolabeling [32,33] is dependent on several factors, above all the half-life of the chosen
radionuclide. In this section, the approaches in **Cu and **Ga-(nano)chemistry are discussed.

Figure 5. Three general radiolabeling approaches using metallic radionuclides and nanoparticles.
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3.1. Radiolabeling with **Cu

Copper-64 with a half-life of 12.7 h, its a positron energy Ep+max of 655 keV and an B* intensity
of 17% [34] is a frequently used PET nuclide which is available via different production routes.
The most common one is the *Ni(p,n)**Cu nuclear reaction providing good yields of up to
241MBq/pAh [33-35].

As a radiometal, copper-64 requires a BFC for attaching it to biomolecules and forming stable
complexes. The most popular one is DOTA or derivatives of this macrocycle. Originally, DOTA was
designed for lanthanides (e.g., Gd*"), but it can be used for a wide range of (radio)metals as well.
Since DOTA has four carboxylic functions on the side-chains of the macrocycle bearing four
nitrogens, leading to a deformed octahedral complexation of the Cu?*-ion, which is preferred due to
the Jahn-Teller effect [36] thereby leaving two of the acidic functions “free”. Thus, one is available
for the coupling to a molecule (in our case NPs or polymers) and the other one allows further
derivatization or acts as additional hydrophilic group. Additional macrocyclic chelators
are TETA (1,4,8,11-tetraazacyclotetradecane-N,N',N",N""-tetraacetic acid) and NOTA or derivatives
of those.

The general **Cu-labeling conditions in literature are very similar: Since the product of the
bombardment at the accelerator (after target dissolving and work-up) in every case is CuCk in
hydrochloric acid, this species is transferred into the copper(Il)acetate by adding ammonium acetate
buffer. Subsequently, the solution of the polymer/particle is added and the mixture is heated for
30-240 min [32,37] to 40-43 °C [32,37-42] or to 80-95 °C [43-47]. The pH-value varies from
nearly neutral (7.4 [40]) to slightly acidic 5.5 [47-51].
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In the same manner, purification methods of crude labeling mixtures are quite similar. The excess
of copper is removed by either adding another chelating agent (in most cases DTPA [37,40-43,46,50],
but also EDTA is used [44,48,50]), bySEC (with PD10 [38,40] or by a filter centrifugation [47,49-51]).

Table 2 gives an overview on the different approaches in radiolabeling NPs and polymers with
4Cu and %Ga.

Table 2. An overview of different approaches of ®‘Cu-labeled nanoparticles and
polymers and important parameters. (n.d. = no data, RCY = radiochemical yield,

RCP = radiochemical purity, PAA-PMA = polyacrylic acid — polymethacrylic acid,

PS-PAA

= polystyrene—polyacrylic acid, PMMA

PMASI = polymethacryloxy-succinimide).

polymethylmethacrylic acid,

Nanostructure/ Labeling
Material Chelator T[°C] pH RCY (RCP)[%] Specific activity Ref.
system [nm] time
organic polymer mPEG (metoxy-
. 25-70  DOTA n.d. nd. nd n.d. (295%) >3700 kBq/pg [52]
(star or arm) terminated PEG)
PEG, N,N-
dimethylacryla
core-shell arm or .
mide, N- 5-70  DOTA lh 80 n.d. n.d. (=95%) 185-370 GBq/mg  [43]
star copolymers o
acryloxysuccini
mide
PAA-PMA,
organic polymers L 20 TETA 25h 43 7.4 15%-20% (95%) n.d. [40]
PEG (folic acid)
inorganic QDs silicone 15 DOTA n.d. n.d. 5.5 78% n.d. [48]
inorganic NPs iron oxide 30 DOTA 1h 40 6.5 n.d. n.d. [39]
organic polymers PS-PAA 13-47 DOTA 2h 43 n.d. n.d. n.d. [42]
poly(#-butyl
) acrylate), PEG,
organic polymers 18-37 TETA 2-4h 43 n.d. n.d. n.d. [37]
methyl acrylate,
styrene
ic pol PMMA, 10-20 DOTA lh 80 d d. (>95%) 0.4-0.8 MBg/ [46]
organic polymers . n.d. n.d. (= 4-0.
game poty PMASI, PEG ’ ane
CANF (C-atrial
organic polymer natriuretic 20,22 DOTA lh 80 nd.  60:5% +7.3% n.d [45]
factor) comb
CANF (C-atrial
organic polymer natriuretic n.d. DOTA 1h 80 n.d. n.d. n.d. [44]
factor) comb
inorganic NPs iron oxide 68 NOTA 40 min 40 6.5 n.d. n.d. [40]
inorganic NPs silicone 77 DOTA 1h 5.5 n.d. n.d. [49]
organic polymers  glycol chitosan 300 DOTA 30 min 40 n.d. >98% 11 MBg/mg [32]
QDs CdSe 12;21  DOTA 1h 37 5.5 >95% >37 GBg/umol  [51]
dextranated iron
inorganic NP d 20 DTPA 25 min 95 5.5 n.d. 370 MBq/mg Fe  [47]
oxide
QDs CdSe and InAs  2;12  DOTA 1h 37 0155 n.d. n.d. [53]
inorganic NPs iron oxide 20 DOTA 1h 37 5.5 94% (>95%) 2—4 GBg/mmol [40,50]
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As mentioned before, two general radiolabeling approaches are available, pre- and postradiolabeling.
Several examples are described and discussed below.

3.1.1. Post-Radiolabeling

Most of the labeling procedures described here, are “post-radiolabeling” processes [32,33],
meaning that the polymeric or nanoparticular system is formed first, a chelator is coupled to this
system and in the last step the radiolabel is introduced. This procedure has been applied to various
nanodimensional structures, for organic polymers as well as for inorganic NPs.

%4Cu-Labeled Organic Polymers

Pressly and coworkers attached DOTA to a C-type atrial natriuretic factor (CANF) functionalized
Comb-copolymer for targeting the natriuretic peptide clearance receptor in prostate cancer [44,45].
After the self-assembly of the DOTA-CANF-Comb-copolymer to a particle, **Cu-radiolabeling was
done by adding approximately 5 pmol of the readily prepared particles to a solution of 185 MBq®Cu
at pH 5.5 at 80 °C. Subsequently, both purification methods were applied, EDTA-challenge as well
as a desalting column. The *Cu-labeled CANF-Comb-copolymers were tested in CWR22 tumor
mice and compared with a non-targeted version, **Cu-Comb-copolymer. The targeted version
showed significantly higher tumor uptake of 9% ID/g (24 h) than **Cu-Comb-copolymer (~3% ID/g,
24 h). Moreover, the uptake of the **Cu-CANF-Comb-copolymers decreased in all non-targeted
tissues and organs over time (1-24 h), while the tumor accumulation increased over time from ~4%
to ~9% ID/g. Under blockade conditions (100-fold excess of inactiveCANF-Comb-copolymer) the
tumor uptake was significantly reduced, and thus CANF-specificity was confirmed [44].

Welch et al. have chosen a similar root, by coupling DOTA to a polymer via amide formation,
and performed radiolabeling with ®*Cu after self-assembling [52]. It was demonstrated that the shape
of the polymer (star- or arm-shaped) has a stronger influence on its biodistribution in BLAB/C mice
than the size or molecular weight, respectively. Thus, in contrast to the arm polymer, the star polymer
was found to have an extended blood circulation time. Additionally, the arm polymer showed a
greater uptake in liver and spleen than the star polymer [52].

Rossin et al. combined the passive targeting that NPs automatically undergo with active targeting
by attaching folic acid to their shell-cross-linked micelles. Thus, they could ratify the EPR-effect, but
at the same time they could not see a clear difference between the folate-conjugated tracer and the
polymer without targeting-vector [40]. TETA was used as chelating agent and conjugated to shell-
cross-linked nanoparticles (SCKs) composed from an amphiphilic block-copolymer. The SCKs were
mixed with 185 MBq **Cu and reacted at slightly increased temperatures for 2.5 h, before free copper
was removed by a DTPA-challenge, giving a RCP of >95%. Although there was no obvious
difference between the targeted and the non-targeted micelles in tumor uptake (human KB cells,
female nu/nu mice), the liver uptake increased due to the functionalization with folic
acid [40].
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%4Cy-Labeled Inorganic Nanoparticles

In most cases, the inorganic substances that are described are silicon-based or iron-based NPs. In
addition, some groups exploit the physical properties of the metals, such as their magnetic behavior
or their suitability as MRI or CT contrast agents. Such NPs show potential as dual modality imaging
agents. A combination of a morphological imaging technique (MRI/CT) and PET as a functional
imaging technique is one of the most potent imaging systems.

Tu et al. coated manganese-doped silicon QDs with dextrane and coupled a DO3A-derivative as
chelator. *Cu-Radiolabeling was facilitated in acetate buffer (pH 5.5), followed by an EDTA-challenge.
After centrifuge filtration, a RCY of 78% was achieved. In vivo PET images show that the QDs were
retained in the bladder and liver for over 1 h p.i. and can still be found in the liver at 48 h p.i. In
general, a rapid blood clearance was observed (<2.5% ID/g 10 min p.i. in the blood) [48]. Originally,
DOTA-NHS-ester was applied as chelator, but the activated ester did not couple to the particles’
surface. The authors assumed that the side chain was slightly too short and designed a DO3A-
derivative with a propylamine chain. As a result, the coupling worked in satisfying yields and enabled
radiolabeling [48].

Huang et al. loaded mesoporous silica nanoprobes with a near infrared (NIR)-dye, and labeled the
nanostructures with two different metal ions, which were Gd** (Ti-contrast agent in MRI) and **Cu?*
for PET imaging, respectively. As a chelating agent DOTA was employed on the one hand, and on
the other hand the authors exploited the fact that both the copper and the gadolinium embed into the
surface pores. The labeling conditions were 1 h of constant shaking at a pH of 5.5 and
40 °C. Stability tests showed that the procedure delivers a highly stable radiotracer, which exhibits
excellent uptakes in the sentinel lymph node (SLN), which could be demonstrated in PET imaging
using BALB/C mice carrying 4T1 tumors [49,54].

Non-iron and non-silica-based inorganic particles have been radiolabeled by Schipper et al. to
investigate the biodistribution in living mice of CdSe-QDs, which carry DOTA at their surfaces.
They labeled the particles at a pH of 5.5, 37 °C and for 1 h and gained excellent RCYs of >95% and
quite high specific activities of >37 GBg/umol. /n vivo microPET images and biodistribution data
showed a delayed uptake in the organs of the RES (liver and spleen) if the QDs are coated with PEG
or peptide(s). Additionally, the group could show that hydrodynamic diameters of their QDs (12 nm
and 21 nm) had no influence on the biodistribution [51,53].

3.1.2. Pre-Radiolabeling

Recently, Dong-Eun Lee et al. followed a very interesting approach to radiolabel glycol chitosan
nanoparticles (CNPs) [32]. Copper-free click chemistry was applied to attach a **Cu-radiolabeled
alkyne complex to azide-functionalized CNPs in vivo. The general labeling procedure was (due to
DOTA as chelator) 30 min at 40 °C, where a DOTA-DBCO-conjugate was labeled with excellent
RCY's of more than 98% within 30 min at 40 °C. PET imaging in SCC/-tumor-bearing mice showed
promising results with an excellent tumor-to-background contrast. Furthermore, a significant uptake
in liver and kidneys was observed.
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3.2. Radiolabeling with *Ga

The amount of reports about ®*Ga-labeled polymers and NPs is much smaller than for *Cu. Table
3 gives an overview. Gallium-68 decays with a half-life of 67.71 min under p*-decay into stable zinc-
68. It has 89% positron branching accompanied by 3.22% y-emission [55]. Its positron energy
Ep+mean of 740 keV [55] is ideal for PET imaging and provides a high spatial resolution.

Table 3. An overview of the different approaches of ®®Ga-labeled nanoparticles
and polymers and crucial parameters. (n.d. = no data, RCY = radiochemical yield,
RCP =radiochemical purity, CAN = cerium-ammonium-nitrate).

Nanostructure/ Labeling RCY
Material ~ Size [nm] Chelator T [°C] pH Specific activity Ref.
system time [min] (RCP) [%]
organic nanogels PEG 250-270 NODAGA 15 RT 45 >99% >1500 GBq/g [56]
iron oxide,
inorganic NP o 60 NOTA 20 RT 5.0-5.5 n.d. n.d. [57]
oleanic acid
v-Fe203,
inorganic NP CAN; PEG- 44-55 NODAGA 30 60 3.5 84% + 6% n.d. [11]
coat
. iron oxide
superparamagnetic . ]
NP amino-silane 100 none 20 70 n.d. (>95%) 358 MBg/nmol  [58]
S
coated
poly-
glycidyl-
methacrylate
organic polymer (poly-2,3- 144 none 15 82-60 n.d. n.d. 0.2 MBg/mg [59]
epoxy-
propylmetha
crylate)

In contrast to copper-64, gallium-68 is a generator-produced nuclide. It is the daughter of
germanium-68 which has a half-life of 270.8 d and decays under electron capture into gallium-68 [55].
Thus, as a major advantage no on-site cyclotron is required and the costs for nuclide production are
much lower.

Gallium, as well as copper, requires a chelating agent, which can be DOTA (frequently used for
copper), but also NOTA which is a highly potent chelator for the smaller gallium(III)-cation. So far,
only NOTA and its derivatives have been used to radiolabel organic and inorganic nanodimensional
systems with gallium-68.

Due to the fact that the chelator is the same (or at least a derivative of NOTA) the quite different
labeling methods are surprising. Sing et al. nearly had quantitative RCYs by labeling nanogels after
15 min at room temperature [56], whereas Locatelli and coworkers used much higher temperatures
and twice as much time and did not reach more than 90% RCY [11]. Both used NODAGA as
chelating system. Noteworthy, the labeled structures are of fundamental difference. Locatelli et al.
described inorganic NPs composed of y-Fe3O4 and cerium ammonium nitrate, whereas Singh et al.
investigated (organic) polymeric nanogels.
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Locatelli et al. also performed PET imaging studies with male Sprague Dawley rats to find out
that the uptake in liver, spleen and lungs is quite high. A high uptake and long retention in the heart
indicates a long blood circulation time [11].

In contrast to the radiocopper chemistry, in the radiogallium labeling chemistry methods like
DTPA-challenge are rather exotic. Purification methods and procedures for ®*Ga-radiotracers are
commonly based on SPE (solid phase extraction) cartridges as well as SEC. Due to the
time-consuming procedure, the latter is unfavorable. However, Singh et al. employed PD10-columns
to separate the ®*Ga-labeled product from the crude reaction mixture, and Locatelli et al. used
ultracentrifugation for purification [11,56].

Kim et al. applied very mild labeling conditions. By adjusting the pH to 5.0-5.5 [57] they are at
the upper limit of the suitable pH-range for *Ga-labeling reactions. Oleanic acid conjugated iron
oxide NPs (IONPs) (carrying again NOTA) were successfully radiolabeled within 20 min at room
temperature. As a result, a potent dual imaging agent for MRI and PET was prepared. They show
very nicely a significant uptake in the tumor for both imaging systems, MRI and PET [57].

A quite interesting work was reported by Stelter ef al., where they did not use any chelating agent
at all. They simply utilized the fact that primary amines can form stable complexes with gallium(IIT)
and coated their particles with aminosilanes. For radiolabeling, 130 MBq **Ga were added for 20 min
at 70 °C. Afterwards a DTPA-challenge which is common in copper-radiochemistry was employed.
Hence, they could on the one hand eliminate the surplus ®®Ga and on the other hand ensure the
stability of their compound against transchelation. They gained excellent RCPs (>95%) and
demonstrated feasibility in in vivo small animal PET studies in Wistar rats. The compound only
accumulated in liver and spleen [58].

A similar approach, i.e., without chelator, was published by Cartier ef al. in 2007. They used
EPMA-particles (poly-2,3-epoxypropylmethacrylate) and 300 MBq ®Ga for radiolabeling and
started at temperatures of about 82 °C and let it drop to 60 °C during a period of 15 min. After
purification via PD10, the specific activities were 0.2 MBg/mg lattice. Injection into Wistar rats and
PET imaging showed that this compound accumulates in the liver 1 h p.i [59].

In gallium-chemistry, no pre-radiolabeling approach like in copper-chemistry has been published,
yet. Of course, the much shorter half-life of the gallium-68 plays the predominant role, here.
However, only the development of faster labeling methods and rapid coupling/conjugation chemistry
would enable radiolabeling via the pre-radiolabeling approach for ®®Ga. On the other hand, the
existing labeling strategies enable the development of pre-targeting approaches based on ®*Ga, which
is particularly suitable for the application with NPs and polymers.

4. Labeling of Polymers and Nanoparticles with Other Positron Emitters

As already mentioned before, a broad variety of different radionuclides with a wide range of
half-lives available for NPs and polymers is of paramount interest. Such a pool of nuclides is crucial
to meet the imaging requirements for following a slow pharmacological process like the EPR effect
with PET measurements over a longer period (i.e., days). On the other hand, data about the initial
biodistribution and pharmacokinetics have already proven a high significance for the applicability of
a potential drug delivery system. Besides, the major radionuclides '°F, **Cu and *®Ga, several other
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positron emitters have been applied for radiolabeling of NPs and polymers (Table 4). Remarkably,

the corresponding half-lives are spread over a very wide range from minutes to weeks, and thus offer

very interesting possibilities with a great flexibility.

Table 4. Further positron emitters used for radiolabeling of polymers and nanoparticles
and their decay properties [13,60-62].

-+,max-energy

Positron Emitter Half-life Decay Properties (%) [MeV] Production Route Daughter (T%)
e
BN 9.97 min  B* (100) 1.19 1%0(p,a)*N 13C (stable)
e 204min B (99.8)EC (0.2)  0.96 N(p,0)''C 1B (stable)
soy 147h B (33)/EC (66)y 3.14 8681 (p,n)80Y 86Sr (stable)
7%Se(p,n)"°Br
"Br 16.2h B* (55)/EC (45)/y 3.94 oSe(d.2n)*Br 76Se (stable)
2As 26.0h B* (88)/EC (22) 3.33 2Se/?As (generator)  *>Ge (stable)
897r 3.3d B* (23)/EC (77)ly 1.81 Y (p,n)*Zr 89Y (stable)
1241 4.18d B* (23)/EC (77)ly 0.901 124Te(p,n) "1 124Te (stable)
TAs 17.8d B (29)/p (61) 1.54 "Ge(p,n)*As 74Ge (stable)

The PET radionuclides discussed in this section are quite different in their half-lives, and they are

similarly diverse in their (radio)chemistry. Consequently, the following examples show nicely how

the choice of the radionuclide/-chemistry and nanostructures interact. Furthermore, the broad range

of half-lives provides in vivo data from the first initial minutes up to several days. Table 5 gives an

overview on the different combinations of radionuclides and NPs or polymers discussed in this section.

Table 5. An overview of radiolabeled nanoparticles and polymers using various

positron emitters. (n.d.

= no data, RCY = radiochemical yield (decay corrected),

HPMA = N-(2-hydroxypropyl)-methacrylamide, PEO =  polyethyleneoxide,
h.d. = hydrodynamic radii).
Positron Nanostructure/ Size Labeling Time T RCY (RCP) Specific
Material Ref.
Emitter (Ty) System [nm] [min] [°C] [%] Activity
10—
BN (9.97 min) nanoparticle AlOs3 (alumina) 10.000 6 (beam time) nd. 1.9MBg/mg 1.9MBg/mg [10]
iron oxide-COOH 16 0.3
. . iron oxide-NHa 16 5 min 2.3
11C (20.4 min)  nanoparticle . . 125 n.d. [63]
silica-NHz 32 (methylation) 32
platinum-COOH 2.5 7.6
86Y (14.7 h) nanotube carbon 47+ 17 30 60 n.d. (90) 555GBq/g  [64]
polymer/dendri-
76Br (16.2 h) PEO 12 (h.r) 20 RT nd. (95)  190kBq/ug  [65]
mer
2As (26.0 h) 100
polymer HPMA n.d. 60-120 30-70 20-90 [12]
74As (17.8 d) kBg/pmol
87r (3.3 d) nanoparticle 592 GBq/g  [66]
1241 (4.18 d) nanoparticle iron oxide [67]
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Pérez-Campana et al. irradiated commercial ALO3-NPs with a proton beam (16 MeV) and utilized
the '°0O(p,0))!*N nuclear reaction to produce '*N-labeled NPs [10]. In the same manner, they already
produced '®F-labeled NPs via the '*O(p,n)'®F nuclear reaction on '*0-enriched Al203-NPs and
demonstrated the feasibility of this approach [20]. Furthermore, the in vivo data (Sprague-Dawley rats)
revealed an uptake plateau of the '®F-labeled NPs in organs after 1 h. Consequently, the
cost-intensive '*0-enrichment of Al203-NPs can be avoided by facilitating the '°O(p,a)'*N nuclear
reaction and the shorter-lived radionuclide *N (9.97 min). NPs of 10, 40, 150 nm and 10 pm were
applied. The short half-life of 9.97 min enabled an in vivo PET imaging over a period of 68 min,
thus, sufficient to track the pharmacokinetics and biodistribution of those NPs. The NPs were
irradiated as solid in an aluminum capsule for 6 min with a 16 MeV proton beam of 5 pA. Subsequent
suspension of the NPs into physiological saline and centrifugation already gave the injectable
solution. /n vivo PET studies in Sprague-Dawley rats show an expected biodistribution in strong
dependence on the particles’ size (Figure 6). Accordingly, the smallest NPs of 10 nm exhibited an
exclusively renal excretion with all radioactivity in kidneys and bladder/urine. With increasing size,
the renal glomerular filtration cut-off was quickly reached and *N-NPs of 40 nm still showed a renal
fraction, but already a high uptake in liver. The tendency to lung accumulation increased with the
larger particles, hence, 10 um NPs were only found in lungs.

Figure 6. (A-D) PET images of '*N-nanoparticles of different size in Sprague-Dawley
rats (60 min p.i.). (A) 10 nm, (B) 40 nm, (C) 150 nm, (D) 10 um. (E) Schematic
anatomical overview with localization of important organs. (F) The corresponding
particles size distribution of the employed NPs. Reprinted with permission from
Pérez-Campaia C. et al. [10]; Copyright 2013 American Chemical Society.
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For the development of NPs for dual imaging (PET and MRI), Sharma et al. radiolabeled iron
oxide NPs with the short-lived PET-radionuclide carbon-11 (T =20.4) [63]. Additionally, they used
silica and platinum NPs to establish the ''C-labeling procedure. The radiolabeling was based on the
commonly used ''C-methylation via [''C]methyl iodide, which was produced on a commercial
radiosynthesis module (Microlab, GE Medical Systems, Wauwatosa, WI, USA). !'C-methylation of the
different NPs was enabled by surface modification with either amino functionalities or carboxylic acids,
leading to the NPs (size) iron oxide-COOH (16 nm), iron oxide-NH2 (16 nm), silica-NHz (32 nm) and
platinum-COOH (2.5 nm). The 'C-methylation was facilitated by heating to 125 °C in DMF or
DMSO for 5 min. RCY were varying from 0.3% to 7.6% in dependence of the NPs (see Table 5).
The 'C-labeled NPs were purified only by washing and centrifugation. The low RCY for iron oxide
NPs was assumed to be a result of particle agglomeration and low ligand density on the NP’s surface.
However, the ''C-labeled NPs were stable (>95%) in plasma at 37 °C for at least 120 min. In proof
of concept in vivo studies using the !'C-labeled magnetic iron oxide NPs in mice, dual imaging of
the liver showed perfect matches for PET and MRI in fused images.

A PET radionuclide with a convenient half-life of 14.7 h is ¥Y. McDevitt and co-workers used
86Y for the radiolabeling of carbon nanotubes (CNT) and studied the in vivo behavior in nude
mice [64]. The surface of single walled carbon nanotubes was amino-functionalized and derivatized
using p-NCS-DOTA for a stable thiourea formation with primary amino functions. The DOTA-CNT
were mixed with a [**Y]YCls-solution (296 MBq) for 30 min (60 °C, pH 5.5). The *Y-DOTA-CNT
was isolated via SEC (P6 resin (BioRad)). 3Y-DOTA-CNT was obtained in good radiochemical
purities of >90% and with a specific activity of 555 GBq/g. The ¥Y-labeled nanotubes were applied
to healthy nude mice to study their in vivo behavior. In vivo PET imaging at 3 h p.i. showed major
uptake in liver, kidneys and spleen, which was confirmed by ex vivo biodistribution studies 24 h p.i.
giving 15.2% + 1.5%, 5.96% + 1.20% and 0.82% + 0.04% ID/g, respectively. No further background
activity was observed, only a minor accumulation in bones was detectable. Interestingly, the authors
compared the in vivo data of two different administration protocols, intravenous and intraperitoneal
injection. Both methods gave almost similar results in kidneys and spleen, only the liver uptake being
higher after i.v. administration.

With an almost similar half-life (16.2 h), the radiohalogen "°Br was employed by Almutairi ef al.
for radiolabeling of a dendritic polymer [65]. Based on a core-shell architecture, an eight-branched
polyethylene oxide (PEO) dendrimer was synthesized via NHS-esters. The dendrimer was
functionalized with tyrosine moieties for a direct electrophilic radiobromination. Furthermore, the
PEO-branches were coupled to cRDG peptides (~5 RDG/dendrimer) for active targeting the avf3
intergin for angiogenesis imaging. "°Br-Radiobromination was facilitated in phosphate buffer
(pH 7) in the presence of chloramine-T (CAT). After 20 min radiolabeling, purification via SEC
(HiTrap cartridge, GE healthcare) gave the product in high radiochemical purities of >95%. In in
vitro cell assays, the multivalent cRDG-dendrimer provided a 50fold increase in affinity (avidity)
due to the multivalency with an ICso value of 0.18 nM instead of 10.4 nM (mono-cRDG peptide).
Similarly, a 6-fold increase in endocytosis was observed using the multivalent dendrimers. The "*Br-
labeled dendrimers were further applied to mice with a hind limb ischemia. /n vivo PET imaging 24
h p.i. showed high uptake in the diseased regions and ex vivo biodistribution studies 4 h, 24 h and 48



169

h p.i. indicated a relatively fast renal clearance, whereby a prolonged retention in kidneys was
assigned to a specific binding/uptake of the RDG-groups.

Herth et al. developed the radiolabeling of HPMA-based polymers for 7?7#As (Figure 7) [12].
Radioarsenic was achieved from a proton (15 MeV) irradiation of a natural germanium target leading
to 4 GBq "*As (30 pA beam current) and 400 MBq "*As (200 pA beam current), respectively. To
enable the radiolabeling of four different HPMA-based polymers, the polymers were functionalized
with dithiobenzoic ester end groups which can be reduced to free thiol moieties by tris(2-
carboxyethyl)phosphine (TCEP) and covalently bind to arsenic (Figure 7).

Figure 7. Thiol-functionalization of HPMA-based polymers and radiolabeling strategy
for 7/ As-labeled HPMA-based polymers.
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Four different HPMA-based polymers were modified, three of them with a thiol content of
0.5%—-1.0%. Another HPMA-polymer was especially designed to exhibit a higher thiol content of
10% by introducing additional disulfide sidechains (Figure 7). For radiolabeling, the radioarsenic
was separated from the germanium target by distillation and after further work-up, 7*As was
available in PBS solution (pH 7) [62]. The different polymers were radiolabeled in aqueous solutions
at 70 °C (low thiol) or 30 °C (high-thiol) and gave RCY's of ~20% for low-thiol-content polymers
and up to 90% for the high-thiol-content polymer. The "*7*As-labeled HPMA-polymers were tested
in vitro towards their stability. All new 7>7*As-labeled HPMA-polymers showed an excellent
stability in physiological saline over a time period of 48 h. The radiolabeled polymers were not
further investigated or evaluated.

In similarity to McDevitt et al. [64], single walled nanotubes (SWNTs) were employed in
combination with the longer-lived ¥Zr by Ruggiero et al. [66]. The SWNTs were amino-
functionalized and further derivatized with the chelator DFO for *Zr-radiolabeling. Moreover, the
SWNTs were coupled to an antiVE-cad (vascular endothelial cadherin) antibody (E4G10) for active
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targeting of neo-vascularization (angiogenesis). %°Zr-Radiolabeling was facilitated using *Zr-oxalate
at pH 5 for 60 min at 60 °C. The *Zr-SWNTs were isolated via SEC. The new
89Zr-nanotubes were applied to in vivo PET studies using a human colon adenocarcinoma model
(LS174T) in mice. PET imaging was performed daily over one week. The imaging studies revealed
a fast blood clearance within one hour and a specific and high uptake in the targeted sites.

Choi et al. applied '>*I to iron oxide NPs [67]. The magnetic radiolabeled NPs are intended to act
as a dual-modality imaging agent for MRI/PET imaging of SLNs. Synthesized magnetic iron oxide
NPs were highly monodispersed (o < 5%) with a size of 15 nm. To facilitate the radioiodination, the
surface of the NP was coated with serum albumin, of which the tyrosine groups offer the possibility
of direct electrophilic iodination in the ortho-position. The hydrodynamic size of the albumin-coated
particles was 32 nm. The radiolabeling was performed using ['**I]Nal in presence of Todo-Beads as
oxidant. The '**I-labeled NPs were evaluated in Sprague-Dawley rats applying PET and MRI
imaging with the focus on SLN detection. Using both modalities for functional and morphological
information, a clear visualization of two brachial lymph nodes in rats was achieved. Furthermore, a
dissection of the corresponding lymph node ducts in which the radiolabeled NPs were detected, confirmed
the imaging results.

5. Conclusions

Radiolabeling approaches for NPs and polymers are essential tools in the development of potential
drug delivery systems. In this regard, positron emitters are of special interest as they allow PET
imaging. Furthermore, a radiolabeled analog of a drug delivery system for PET enables patient
selection, therapy planning and monitoring by molecular imaging.

Several radiolabeling strategies with quite a variety of different PET isotopes have been developed
and show very promising results. In principle, the very wide range of half-lives (see “Clock-Of-
Nuclides”, Figure 2) allows tracking and detection of nanodimensional probes from the time point of
administration to several days and even weeks p.i. Interestingly, several examples with short-lived
isotopes (i.e., '°F, ®*Ga and even *N) demonstrate the fundamental importance of the initial few
hours. Moreover, short-lived isotopes have been used in pre-targeting concepts, which offer a great
flexibility regarding the time point of imaging.

However, there are quite a number of problems one has to deal with during the evaluation of
nanoparticular and polymeric systems for PET imaging. It starts with the synthesis of the structures
and the decision of what labeling approach should be investigated or is suitable for the biological
question asked (half-life; biological target). Subsequently, the radiosynthesis comes to the fore,
meaning how to get the NPs or polymers labeled (direct labeling, prosthetic group labeling or in situ
generation of the radionuclide) in sufficient RCY's and in the right formulation, like volume activity
and/or purification. If all the physicochemical properties can be fulfilled, the in vitro and
in vivo testing begins. In vitro tests of some QDs showed an increased toxicity, which could be
decreased by using the known concept of PEGylation. It has also been shown that coating NPs with
biocompatible/biodegradable structures has a positive effect on the in vitro/in vivo behavior. If the
toxicity of the NPs and polymers could be excluded micro-PET studies were conducted.
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The next step is the use of the radiolabeling and PET imaging platform for systematic optimization
of NPs and polymers towards specific applications. A major aspect, which repeats throughout all in
vivo evaluations of NPs or polymeric structures, is their accumulation in either the liver/spleen (large
sizes) or the kidneys (small sizes). Noticeable is that not only the size of the particles matters, rather
its architecture, which significantly determines the biodistribution. However, as long as new
nanomaterials for potential drug delivery systems are developed, there is still a demand for new
methods and strategies in radiolabeling of NPs and polymers to provide a suitable (dual)system for
the asked biological question. Further research in this exciting field can be expected, ideally with a
NP or polymer which accumulates specifically at target sites and can be tracked in vivo, and/or can
transport a therapeutic agent.

Author Contributions

Katharina Stockhofe: ®*Ga- & ®Cu-chapter, Figures 1 and 5, Tables 2 and 3; Johan Postema:
18F_chapter, Figure 3 and Table 1; Hanno Schieferstein: Abstract, Introduction, Conclusions, Figure
2 and proof-reading; Tobias L. Ross: Chapter about other positron emitters, Figures 2 and 7, Tables
4 and 5, and proof-reading.

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

1. Weissleder, R.; Pittet, M.J. Imaging in the era of molecular oncology. Nature 2008, 452,
580-589.

2. Duncan, R. Polymer conjugates as anticancer nanomedicines. Nat. Rev. Cancer 2006, 6,
688-701.

3. Hagooly, A.; Rossin, R.; Welch, M.J. Small Molecule Receptors as Imaging Targets. In Handbook
of Experimental Pharmacology; Springer: Berlin, Germany, 2008; pp. 93—129.

4. Herth, M.M.; Barz, M.; Moderegger, D.; Allmeroth, M.; Jahn, M.; Thews, O.; Zentel, R.;
Rosch, F. Radioactive labeling of defined HPMA-based polymeric structures using [ 18F]FETos
for in vivo imaging by positron emission tomography. Biomacromolecules 2009, 10, 1697—-1703.

5. Matsumura, Y.; Maeda, H. A New Concept for Macromolecular Therapeutics in Cancer
Chemotherapy : Mechanism of Tumoritropic Accumulation of Proteins and the Antitumor
Agent Smancs A New Concept for Macromolecular Therapeutics in Cancer Chemotherapy:
Mechanism of Tumoritropic Accum. Cancer Res. 1986, 46, 6387-6392.

6. Duncan, R. The dawning era of polymer therapeutics. Nat. Rev. Drug Discov. 2003, 2,
347-360.

7. lyer, A.K.; Khaled, G.; Fang, J.; Maeda, H. Exploiting the enhanced permeability and retention
effect for tumor targeting. Drug Discov. Today 2006, 11, 812-818.



172

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Morales-avila, E.; Ferro-Flores, G.; Ocampo-Gracia, B.E.; de Maria Ramirez, F. Radiolabeled
Nanoparticles for Molecular Imaging. In Molecular Imaging; Schaller, B., Ed.; IntechOpen:
Rijeka, Croatia, 2012.

De Barros, A.B.; Tsourkas, A.; Saboury, B.; Cardoso, V.N.; Alavi, A. Emerging role of
radiolabeled nanoparticles as an effective diagnostic technique. E/NMMI Res. 2012, 2, 39.
Pérez-Campafia, C.; Goémez-Vallejo, V.; Puigivila, M.; Martin, A.; Calvo-Fernandez, T.;
Moya, S.E.; Ziolo, R.F.; Reese, T.; Llop, J. Biodistribution of different sized nanoparticles
assessed by positron emission tomography: A general strategy for direct activation of metal
oxide particles. ACS Nano 2013, 7, 3498-3505.

Locatelli, E.; Gil, L.; Israel, L.L.; Passoni, L.; Naddaka, M.; Pucci, A.; Reese, T.; Gomez-Vallejo,
V.; Milani, P.; Matteoli, M.; et al. Biocompatible nanocomposite for PET/MRI hybrid imaging.
Int. J. Nanomed. 2012, 7, 6021-6033.

Herth, M.M.; Barz, M.; Jahn, M.; Zentel, R.; Rosch, F. 72/74As-labeling of HPMA based
polymers for long-term in vivo PET imaging. Bioorg. Med. Chem. Lett. 2010, 20, 5454—-5458.
Koehler, L.; Gagnon, K.; McQuarrie, S.; Wuest, F. Todine-124: A promising positron emitter
for organic PET chemistry. Molecules 2010, 15, 2686-2718.

Xie, H.; Wang, Z.J.; Bao, A.; Goins, B.; Phillips, W.T. In vivo PET imaging and biodistribution
of radiolabeled gold nanoshells in rats with tumor xenografts. Int. J. Pharm. 2010, 395,
324-330.

Ducongg, F.; Pons, T.; Pestourie, C.; Hérin, L.; Thézé, B.; Gombert, K.; Mahler, B.; Hinnen, F.;
Kiihnast, B.; Doll¢, F.; et al. Fluorine-18-labeled phospholipid quantum dot micelles for
in vivo multimodal imaging from whole body to cellular scales. Bioconjug. Chem. 2008, 19,
1921-1926.

Liu, Q.; Sun, Y.; Li, C; Zhou, J; Li, C.; Yang, T.; Zhang, X.; Yi, T. '®F-Labeled
Magnetic-Upconversion. ACS Nano 2011, 5, 3146-3157.

Guerrero, S.; Herance, J.R.; Rojas, S.; Mena, J.F.; Gispert, J.D.; Acosta, G.A; Albericio, F.;
Kogan, M.J. Synthesis and in vivo evaluation of the biodistribution of a 18F-labeled conjugate
gold-nanoparticle-peptide with potential biomedical application. Bioconjug. Chem. 2012, 23,
399-408.

Rojas, S.; Gispert, J.D.; Abad, S.; Buaki-Sogo, M.; Victor, V.M.; Garcia, H.; Herance, J.R.
In Vivo Biodistribution of Amino-Functionalized Ceria Nanoparticles in Rats Using Positron
Emission Tomography. Mol. Pharm. 2012, 9, 3543-3550.

Sarparanta, M.; Bimbo, L.M.; Rytkdnen, J.; Mékild, E.; Laaksonen, T.J.; Laaksonen, P.;
Nyman, M.; Salonen, J.; Linder, M.B.; Hirvonen, J.; et al. Intravenous delivery of
hydrophobin-functionalized porous silicon nanoparticles: Stability, plasma protein adsorption
and biodistribution. Mol. Pharm. 2012, 9, 654—-663.

Pérez-Campaiia, C.; Gomez-Vallejo, V.; Martin, A.; San Sebastian, E.; Moya, S.E.; Reese, T.;
Ziolo, R.F.; Llop, J. Tracing nanoparticles in vivo: A new general synthesis of positron emitting
metal oxide nanoparticles by proton beam activation. Analyst 2012, 137, 4902—4906.



21.

22.

23.

24,

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.
36.

173

Unak, G.; Ozkaya, F.; Medine, E.I.; Kozgus, O.; Sakarya, S.; Bekis, R.; Unak, P.; Timur, S.
Gold nanoparticle probes: Design and in vitro applications in cancer cell culture. Colloids Surf.
B Biointerfaces 2012, 90, 217-226.

Lee, S.B.; Kim, H.L.; Jeong, H.-J.; Lim, S.T.; Sohn, M.-H.; Kim, D.W. Mesoporous silica
nanoparticle pretargeting for PET imaging based on a rapid bioorthogonal reaction in a living
body. Angew. Chem. Int. Ed. Engl. 2013, 52, 10549-10552.

Allmeroth, M.; Moderegger, D.; Biesalski, B.; Koynov, K.; Rosch, F.; Thews, O.; Zentel, R.
Modifying the body distribution of HPMA-based copolymers by molecular weight and
aggregate formation. Biomacromolecules 2011, 12, 2841-2849.

Allmeroth, M.; Moderegger, D.; Giindel, D.; Buchholz, H.-G.; Mohr, N.; Koynov, K.; Résch, F.;
Thews, O.; Zentel, R. PEGylation of HPMA-based block copolymers enhances tumor
accumulation in vivo: A quantitative study using radiolabeling and positron emission
tomography. J. Control. Release 2013, 172, 77-85.

Zhu, H.; Prakash, A.; Benoit, D.N.; Jones, C.J.; Colvin, V.L. Low temperature synthesis of ZnS
and CdZnS shells on CdSe quantum dots. Nanotechnology 2010, 21, 255604.

Yang, P.; Ando, M.; Murase, N. Facile synthesis of highly luminescent CdSe/CdxZn1—xS
quantum dots with widely tunable emission spectra. Colloids Surfaces A Physicochem.
Eng. Asp. 2011, 390, 207-211.

De Bruin, B.; Kuhnast, B.; Hinnen, F.; Yaouancq, L.; Amessou, M.; Johannes, L.; Samson, A.;
Boisgard, R.; Tavitian, B.; Dollé, F. 1-[3-(2-[18F]fluoropyridin-3-yloxy)propyl]pyrrole-2,5-
dione: Design, synthesis, and radiosynthesis of a new [18F]fluoropyridine-based maleimide
reagent for the labeling of peptides and proteins. Bioconjug. Chem. 2005, 16, 406-420.

Araya, E.; Olmedo, 1.; Bastus, N.G.; Guerrero, S.; Puntes, V.F.; Giralt, E.; Kogan, M.J.
Gold Nanoparticles and Microwave Irradiation Inhibit Beta-Amyloid Amyloidogenesis.
Nanoscale Res. Lett. 2008, 3, 435-443.

Kogan, M.J.; Bastus, N.G.; Amigo, R.; Grillo-Bosch, D.; Araya, E.; Turiel, A.; Labarta, A.;
Giralt, E.; Puntes, V.F. Nanoparticle-mediated local and remote manipulation of protein
aggregation. Nano Lett. 2006, 6, 110-115.

Lu, Z.-R. Molecular imaging of HPMA copolymers: Visualizing drug delivery in cell, mouse
and man. Adv. Drug Deliv. Rev. 2010, 62, 246-257.

Duncan, R.; Vicent, M.J. Polymer therapeutics-prospects for 21st century: The end of the
beginning. Adv. Drug Deliv. Rev. 2013, 65, 60-70.

Lee, D.-E.; Na, J.H.; Lee, S.; Kang, C.M.; Kim, H.N.; Han, S.J.; Kim, H.; Choe, Y.S.; Jung, K.-H.;
Lee, K.C.; et al. Facile method to radiolabel glycol chitosan nanoparticles with (64)Cu via
copper-free click chemistry for MicroPET imaging. Mol. Pharm. 2013, 10, 2190-2198.

Liu, Y.; Welch, M.J. Nanoparticles labeled with positron emitting nuclides: Advantages,
methods, and applications. Bioconjug. Chem. 2012, 23, 671-682.

Welch, M.J.; Redvanly, C.S. Handbook of Radiopharmaceuticals: Radiochemistry and
Applications; Wiley: Hoboken, NJ, USA, 2003; pp. 1-471.

Smith, S.V. Molecular imaging with copper-64. J. Inorg. Biochem. 2004, 98, 1874—1901.
Riedel, E. Anorganische Chemie, 5th ed.; de Gruyter: Berlin, Germany, 2002; p. 736.



174

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Sun, X.; Rossin, R.; Turner, J.L.; Becker, M.L.; Joralemon, M.J.; Welch, M.J.; Wooley, K.L.
An assessment of the effects of shell cross-linked nanoparticle size, core composition, and
surface PEGylation on in vivo biodistribution. Biomacromolecules 2005, 6, 2541-2554.

Cai, W.; Wu, Y.; Chen, K.; Cao, Q.; Tice, D.A.; Chen, X. In vitro and in vivo characterization
of **Cu-labeled Abegrin, a humanized monoclonal antibody against integrin alpha v beta 3.
Cancer Res. 2006, 66, 9673-9681.

Xie, J.; Chen, K.; Huang, J.; Lee, S.; Wang, J.; Gao, J.; Li, X.; Chen, X. PET/NIRF/MRI triple
functional iron oxide nanoparticles. Biomaterials 2010, 31, 3016-3022.

Yang, X.; Hong, H.; Grailer, J.J.; Rowland, 1.J.; Javadi, A.; Hurley, S.A.; Xiao, Y.; Yang, Y.;
Zhang, Y.; Nickles, R.J.; et al. cRGD-functionalized, DOX-conjugated, and ®*Cu-labeled
superparamagnetic iron oxide nanoparticles for targeted anticancer drug delivery and PET/MR
imaging. Biomaterials 2011, 32, 4151-4160.

Rossin, R.; Pan, D.; Qi, K.; Turner, J.L.; Sun, X.; Wooley, K.L.; Welch, M.J. Radio2herapy:
Synthesis, Radiolabeling, and Biologic Evaluation. J. Nucl. Med. 2005, 46, 1210-1218.

Sun, G.; Xu, J.; Hagooly, A.; Rossin, R.; Li, Z.; Moore, D.A.; Hawker, C.J.; Welch, M.J.;
Wooley, K.L. Strategies for Optimized Radiolabeling of Nanoparticles for in vivo PET Imaging.
Adv. Mater. 2007, 19, 3157-3162.

Fukukawa, K.; Rossin, R.; Hagooly, A.; Pressly, E.D.; Hunt, J.N.; Messmore, B.W.;
Wooley, K.L.; Welch, M.J.; Hawker, C.J. Synthesis and characterization of core-shell star
copolymers for in vivo PET imaging applications. Biomacromolecules 2008, 9, 1329—1339.
Pressly, E.D.; Pierce, R.A; Connal, L.A; Hawker, C.J.; Liu, Y. Nanoparticle PET/CT imaging
of natriuretic peptide clearance receptor in prostate cancer. Bioconjug. Chem. 2013, 24,
196-204.

Liu, Y.; Pressly, E.D.; Abendschein, D.R.; Hawker, C.J.; Woodard, G.E.; Woodard, P.K.;
Welch, M.J. Targeting angiogenesis using a C-type atrial natriuretic factor-conjugated
nanoprobe and PET. J. Nucl. Med. 2011, 52, 1956—-1963.

Pressly, E.D.; Rossin, R.; Hagooly, A.; Fukukawa, K.; Messmore, B.W.; Welch, M.J.;
Wooley, K.L.; Lamm, M.S.; Hule, R.A.; Pochan, D.J.; et al. Structural Effects on the
Biodistribution and Positron Emission Nanoparticles Comprised of Amphiphilic Block Graft
Copolymers. Biomacromolecules 2007, 8, 3126-3134.

Nahrendorf, M.; Zhang, H.; Hembrador, S.; Panizzi, P.; Sosnovik, D.E.; Aikawa, E.; Libby, P.;
Swirski, F.K.; Weissleder, R. Nanoparticle PET-CT imaging of macrophages in inflammatory
atherosclerosis. Circulation 2008, 117, 379-387.

Tu, C.; Ma, X.; House, A.; Kauzlarich, S.M.; Louie, A.Y. PET Imaging and Biodistribution of
Silicon Quantum Dots in Mice. ACS Med. Chem. Lett. 2011, 2, 285-288.

Huang, X.; Zhang, F.; Lee, S.; Swierczewska, M.; Kiesewetter, D.O.; Lang, L.; Zhang, G.;
Zhu, L.; Gao, H.; Choi, H.S.; et al. Long-term multimodal imaging of tumor draining sentinel
lymph nodes using mesoporous silica-based nanoprobes. Biomaterials 2012, 33, 4370—4378.
Glaus, C.; Rossin, R.; Welch, M.J.; Bao, G. In vivo evaluation of (64)Cu-labeled magnetic
nanoparticles as a dual-modality PET/MR imaging agent. Bioconjug. Chem. 2010, 21, 715-722.



51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

6l1.

62.

63.

64.

175

Schipper, M.L.; Cheng, Z.; Lee, S.-W.; Bentolila, L.A; Iyer, G.; Rao, J.; Chen, X.; Wu, A.M,;
Weiss, S.; Gambhir, S.S. microPET-based biodistribution of quantum dots in living mice.
J. Nucl. Med. 2007, 48, 1511-1518.

Welch, M.J.; Hawker, C.J.; Wooley, K.L. The advantages of nanoparticles for PET. J. Nucl. Med.
2009, 50, 1743—-1746.

Schipper, M.L.; Iyer, G.; Koh, A.L.; Cheng, Z.; Ebenstein, Y.; Aharoni, A.; Keren, S.;
Bentolila, L.A; Li, J.; Rao, J.; et al. Particle size, surface coating, and PEGylation influence the
biodistribution of quantum dots in living mice. Small 2009, 5, 126—-134.

Hooker, J.M. Modular strategies for PET imaging agents. Curr. Opin. Chem. Biol. 2010, 14,
105-111.

Roesch, F. Maturation of a key resource—The germanium-68/gallium-68 generator:
Development and new insights. Curr. Radiopharm. 2012, 5,202-211.

Singh, S.; Bingdl, B.; Morgenroth, A.; Mottaghy, F.M.; Moller, M.; Schmaljohann, J.
Radiolabeled nanogels for nuclear molecular imaging. Macromol. Rapid Commun. 2013, 34,
562-567.

Kim, S.-M.; Chae, M.K.; Yim, M.S.; Jeong, I.H.; Cho, J.; Lee, C.; Ryu, E.K. Hybrid
PET/MR imaging of tumors using an oleanolic acid-conjugated nanoparticle. Biomaterials
2013, 34, 8114-8121.

Stelter, L.; Pinkernelle, J.G.; Michel, R.; Schwartldnder, R.; Raschzok, N.; Morgul, M.H.;
Koch, M.; Denecke, T.; Ruf, J; Baumler, H.; et al. Modification of aminosilanized
superparamagnetic nanoparticles: Feasibility of multimodal detection using 3T MRI, small
animal PET, and fluorescence imaging. Mol. Imaging Biol. 2010, 12, 25-34.

Cartier, R.; Kaufner, L.; Paulke, B.R.; Wiistneck, R.; Pietschmann, S.; Michel, R.; Bruhn, H.;
Pison, U. Latex nanoparticles for multimodal imaging and detection in vivo. Nanotechnology
2007, 18, 195102.

Qaim, S.M. Development of novel positron emitters for medical applications: Nuclear and
radiochemical aspects. Radiochim. Acta 2011, 99, 611-625.

Qaim, S.M. The present and future of medical radionuclide production. Radiochim. Acta 2012,
100, 635-651.

Jahn, M.; Radchenko, V.; Filosofov, D.V.; Hauser, H.; Eisenhut, M.; Résch, F.; Jennewein, M.
Separation and purification of no-carrier-added arsenic from bulk amounts of germanium for
use in radiopharmaceutical labelling. Radiochim. Acta 2010, 98, 807-812.

Sharma, R.; Xu, Y.; Kim, S.W.; Schueller, M.J.; Alexoff, D.; Smith, S.D.; Wang, W.; Schlyer, D.
Carbon-11 radiolabeling of iron-oxide nanoparticles for dual-modality PET/MR imaging.
Nanoscale 2013, 5, 7476-7483.

McDevitt, M.R.; Chattopadhyay, D.; Jaggi, J.S.; Finn, R.D.; Zanzonico, P.B.; Villa, C.; Rey, D.;
Mendenbhall, J.; Batt, C.A; Njardarson, J.T.; et al. a PET imaging of soluble yttrium-86-labeled
carbon nanotubes in mice. PLoS One 2007, 2, ¢907.



176

65.

66.

67.

Almutairi, A.; Rossin, R.; Shokeen, M.; Hagooly, A.; Ananth, A.; Capoccia, B.; Guillaudeu, S.;
Abendschein, D.; Anderson, C.J.; Welch, M.J.; ef al. Biodegradable dendritic positron-emitting
nanoprobes for the noninvasive imaging of angiogenesis. Proc. Natl. Acad. Sci. USA 2009, 106,
685-690.

Ruggiero, A.; Villa, C.H.; Holland, J.P.; Sprinkle, S.R.; May, C.; Lewis, J.S.; Scheinberg, D.A.;
McDevitt, M.R. Imaging and treating tumor vasculature with targeted radiolabeled carbon
nanotubes. Int. J. Nanomed. 2010, 5, 783-802.

Choi, J.; Park, J.C.; Nah, H.; Woo, S.; Oh, J.; Kim, K.M.; Cheon, G.J.; Chang, Y.; Yoo, J.;
Cheon, J. A hybrid nanoparticle probe for dual-modality positron emission tomography and
magnetic resonance imaging. Angew. Chem. Int. Ed. Engl. 2008, 47, 6259-6262.



Chapter 7: Targeted Brain Imaging






179

Synthesis and Preliminary Evaluation of a 2-Oxoquinoline
Carboxylic Acid Derivative for PET Imaging the Cannabinoid
Type 2 Receptor

Linjing Mu, Roger Slavik, Adrienne Miiller, Kasim Popaj, Stjepko Cermak, Markus Weber,
Roger Schibli, Stefanie D. Krimer and Simon M. Ametamey

Abstract: Cannabinoid receptor subtype 2 (CB2) has been shown to be up-regulated in activated
microglia and therefore plays an important role in neuroinflammatory and neurodegenerative
diseases such as multiple sclerosis, amyotrophic lateral sclerosis and Alzheimer’s disease. The CB2
receptor is therefore considered as a very promising target for therapeutic approaches as well as for
imaging. A promising 2-oxoquinoline derivative designated KP23 was synthesized and radiolabeled
and its potential as a ligand for PET imaging the CB2 receptor was evaluated. [''C]JKP23 was
obtained in 10%-25% radiochemical yield (decay corrected) and 99% radiochemical purity. It
showed high stability in phosphate buffer, rat and mouse plasma. In vitro autoradiography of rat and
mouse spleen slices, as spleen expresses a high physiological expression of CB2 receptors,
demonstrated that ['!'C]JKP23 exhibits specific binding towards CB2. High spleen uptake of
[''C]KP23 was observed in dynamic in vivo PET studies with Wistar rats. In conclusion, [ ''C]KP23
showed promising in vitro and in vivo characteristics. Further evaluation with diseased animal model
which has higher CB2 expression levels in the brain is warranted.
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Weber, M.; Schibli, R.; Krdmer, S.D.; Ametamey, S.M. Synthesis and Preliminary Evaluation of a
2-Oxoquinoline Carboxylic Acid Derivative for PET Imaging the Cannabinoid Type 2 Receptor.
Pharmaceuticals 2014, 7, 339-352.

1. Introduction

The use of cannabis as a therapeutic agent dates back about 5,000 years with descriptions of its
numerous effects including alterations in mood, cognitive functions, memory and perception of the
user [1]. The plant cannabis sativa, commonly known as marijuana contains over 60 compounds.
The major psychoactive constituent is delta-9-tetrahydrocannabinol (A°-THC). Cannabinoids exert
their effects through an endogenous cannabinoid system in the central and peripheral nervous system.
Currently two subtypes of cannabinoid receptors have been isolated and cloned: CB1 and CB2. There
is also some evidence that other cannabinoid receptors GPR18 and GPR55 may exist [2,3]. Not much is
known about GPR18 and GPRS55 subtypes and current research efforts in the field of cannabinoid
receptors are directed towards exploring their pharmacology and physiological roles. The CB1
receptor is the most studied receptor of the endocannabinoid system and is densely expressed in the
CNS by many classes of neurons [4,5]. The CB2 receptor on the other hand is found predominantly
in cells of the immune system, spleen, lymph nodes but has very low or undetectable expression
levels in the CNS under basal conditions [6,7]. Under pathological conditions, however, the CB2
receptor can be up-regulated on activated microglia (macrophages of the brain). It is well known that
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cannabinoid receptors are involved in a broad range of processes including appetite, anxiety,
memory, cognition, immune regulation and inflammation [8], however, the function of CB2 in
neuroinflammation, microglia activation and intrusion of immune cells is not yet fully understood.
Visualization and quantification of CB2 receptor expression by non-invasive PET imaging provides
a high potential for understanding the role of CB2 in the development and progression of
neuroinflammatory and neurodegenerative diseases.

In the past decade, substantial progress has been made in the synthesis and evaluation of
radiotracers for PET imaging of the CB1 receptor [9—11]. ['* F]MK-9470 has been used in the clinical
setting to support CB1 receptor drug development for measuring receptor occupancy, to investigate
CBI1 receptor variability with gender and normal ageing and in studying pathophysiological
conditions [12—14]. Although the pharmacological and therapeutic potential of selective CB2 ligands
has been studied and reviewed extensively in the literature [15,16], the field of non-invasive CB2
imaging remains largely unexplored. Only a limited number of CB2 radioligands have been
synthesized and tested as PET tracers [17-21], among them the 2-oxoquinoline-3-carboxamide
derivative, ['!C]NE40, which has been evaluated in healthy volunteers. ['!C]NE40 exhibited the
expected uptake in lymphoid tissue and appropriate brain kinetics [22]. Herein, we report the
radiolabeling, in vitro and in vivo evaluation of a 2-oxoquinoline containing structure, [''C]JKP23, as
a potential PET radiotracer for imaging cannabinoid type 2 receptors.

2. Experimental Section
2.1. Materials and Methods

Animal experiments were in accordance with the Swiss Animal Welfare legislation and were
approved by the Veterinary Office of the Canton Zurich. Six week old female NMRI mice and male
Wistar rats were purchased from Charles River (Sulzfeld, Germany) and kept under standard conditions.

All chemicals, unless otherwise stated, were purchased from Sigma-Aldrich (Zug, Switzerland)
or Merck (Buchs, Switzerland) and used without further purification. Solvents for extractions,
column chromatography and thin layer chromatography (TLC) were purchased as commercial grade.
Organic reactions were monitored by TLC analysis using Sigma-Aldrich silica gel 60 plates (2-25 pum).
Mobile phase for TLC was a mixture of pentane and ethyl acetate at suitable ratios. Developed TLCs
were visualized under UV light at 254 nm. Nuclear magnetic resonance (NMR) spectra (‘H and
13C-NMR) were recorded in Fourier transform mode at the field strength specified on Bruker Avance
FT-NMR spectrometers. The measured chemical shifts are reported in 6 (ppm) and the residual signal
of the solvent was used as the internal standard. Multiplicities in the "H-NMR spectra are described
as: s = singlet, d = doublet, t = triplet, m = multiplet, b = broad; coupling constants are reported in
Hz. High resolution mass spectrometry (HRMS) was performed with a Bruker FTMS 4.7 T
BioAPEXII spectrometer.

High-performance liquid chromatography (HPLC) analyses were performed using a reversed
phase column (ACE column, C18, 3 pum). The mobile phase consisted of 0.1% TFA in water and
acetonitrile. The acetonitrile gradient from 30% to 95% over 10 min at 1 mL/min flow rate was
applied. Analytical radio-HPLC was performed on an Agilent 1100 series system equipped with a
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Raytest Gabi Star radiodetector (Agilent Technologies, Morges, Switzerland). Semi-preparative
HPLC purifications were carried out using a reversed phase column (ACE column, Symmetry C8
Sum; 7.8 x 50 mm) under the following conditions: 0.1% H3PO4 in H20 (solvent A), MeCN (solvent
B); 0.0-1.0 min, 30% B; 1.1-12.0 min, 30%—-90% B; 12.1-20 min, 90% B; 20.1-40 min, 30% B;
flow rate: 4 mL/min. A Merck-Hitachi L2130 system equipped with a radiation detector VRM 202
(Veenstra Instrument, Joure, the Netherlands) was used for semi-preparative HPLC. Specific activity
was calculated by comparing ultraviolet peak intensity of the final formulated products with
calibration curves of corresponding non-radioactive standards of known concentrations. For the in
vitro and ex vivo stability studies, an Ultra-performance liquid chromatography (UPLC™) system
from Waters with a Waters Acquity UPLC BEH C18 column (2.1 x 50 mm, 1.7 um) and an attached
Berthold co-incidence detector (FlowStar LB513, Berthold Technologies, Bad Wildbad,) was used.
The mobile phase consisted of a gradient of acetonitrile in water with 0.1% TFA from 10% to 95%
over 2 min, flow rate 0.6 mL/min.

2.2. Chemistry
2.2.1. Synthesis of Compound 7 as Precursor for '®F-Radiolabeling

To a solution of 8-butoxy-N-(2-hydroxy-2-phenylethyl)-7-methoxy-2-oxo-1,2-dihydroquinoline-3-
carboxamide (6, 615 mg, 1.5 mmol) in dichloromethane (DCM, 5 mL) was added triethylamine (300
mg, 3.0 mmol). The mixture was cooled to 0 °C in an ice-bath and a solution of methanesulfonyl
chloride (205 mg, 1.8 mmol) in DCM (3 mL) was added dropwise. The mixture was stirred over
night at RT. The reaction mixture was diluted with EtOAc (200 mL) and washed with 0.2 M aq. HCI1
(3 x 20 mL) and brine (2 x 10 mL). The organic layer was dried over Na2SO4 and solvents were
removed under reduced pressure. The crude was purified over 100 g silica gel using EtOAc/Hexan 1:1
afforded 8-butoxy-N-(2-chloro-2-phenylethyl)-7-methoxy-2-oxo-1,2-dihydroquinoline-3-carboxamide
(7, 263 mg, 0.614 mmol, 41% yield), but not the expected mesylated product. "H-NMR (400 MHz,
CDCl): 6 10.00 (t, J= 5.7 Hz, 1H), 9.30 (s, LH), 8.85 (s, 1H), 7.48-7.44 (m, 3H), 7.40-7.31 (m, 3H),
6.94 (d, J = 4.5 Hz, 1H), 5.15 (dd, J;: = 5.4 Hz, J> = 8.5 Hz, 1H), 4.18-4.07 (m, 3H), 3.97 (s, 3H),
3.94-3.87 (m, 1H), 1.83-1.76 (m, 2H), 1.55-1.46 (m, 2H), 0.99 (t, /= 7.4 Hz, 3H). HRMS: calculated
for [M+H]" C23H26CIN204 is 429.1581; found 429.1576; Purity by HPLC: 98%.

2.2.2. Synthesis of Compound KP26 as Precursor for !'C-Radiolabeling

To a solution of 8-butoxy-N-(2-fluoro-2-phenylethyl)-7-methoxy-2-oxo-1,2-dihydroquinoline-3-
carboxamide (KP23, 660 mg, 1.6 mmol) in DMF (15 mL) was added lithium chloride (1.36 g,
32 mmol). The mixture was heated to reflux for 4 hours. After cooling to RT, the mixture was diluted
with EtOAc (400 mL) and washed with aq. HC1 (0.2 M, 3 x 30 mL) and brine (2 x 30 mL) and dried
over Na2SOa. Solvents were removed under reduced pressure and column chromatography of the crude
over 200 g silica gel using EtOAc/hexane/EtOH 1:1:0.1 gave pure 8-butoxy-N-(2-fluoro-2-
phenylethyl)-7-hydroxy-2-oxo-1,2-dihydroquinoline-3-carboxamide (KP26, 458 mg, 1.150 mmol,
71.8% yield). 'H-NMR (400 MHz, CDCl3): § 9.91 (s, 1H), 9.23 (s, 1H), 8.84 (s, 1H), 8.50 (br. s,
1H), 7.34 (d, J = 8.7 Hz, 1H), 7.28-7.22 (m, 1H), 7.05-7.00 (m, 2H), 6.98-6.95 (m, 1H), 6.90 (dt,



182

Ji=2.1Hz, J:=8.4Hz, 1H), 4.13 (t, /= 6.9 Hz, 2H), 3.77-3.71 (m, 2H), 2.95 (t, J = 7.2 Hz, 2H),
1.83-1.76 (m, 2H), 1.52-1.43 (m, 2H), 0.96 (t, J = 7.4 Hz, 3H). '3C-NMR (100 MHz, CDCl3):
8 164.3,162.1, 145.4, 133.9, 131.0, 130.0, 129.9, 125.9, 124.5, 124.4, 115.8, 115.5, 114.3, 113.58,
113.5, 113.3, 73.8, 41.0, 35.5, 32.2, 19.1, 13.8. HRMS: calculated for [M + H]* C22H2aN204 is
399.1715; found 399.1711; Purity by HPLC: 98%.

2.3. Radiochemistry
2.3.1. Radiosynthesis of ['*F]KP23

No-carrier-added (n.c.a) ['®F]fluoride was produced via the '*O(p,n)'F nuclear reaction using an
IBA Cyclone 18/9 cyclotron (IBA, Ottignies-Louvain-la-Neuve, Belgium). For this, >98%
isotopically enriched '*0-water (Nukem GmbH, city, Germany) was irradiated by 18 MeV proton
beams. Produced ['*F]fluoride/['*O]water solution was transferred using a helium stream from the
target to a shielded hot cell equipped with a manipulator where radiosynthesis was performed. The
activity was trapped on a QMA cartridge (preconditioned with 0.5 M aq. K2COs (1 x 5 mL) and then
H20 (1 x 5 mL) and dried in air. The trapped ['3F]fluoride was eluted from the cartridge and eluted
with a solution of Kryptofix (K222, 5 mg) and K2COs (1 mg) in acetonitrile (1.4 mL) and water
(0.6 mL) or tetrabutylammonium hydroxide (0.6 mL, 0.18 mM) into a 10 mL sealed reaction vessel.
The ['8F]fluoride (ca. 10—15 GBq) was dried by azeotropic distillation of acetonitrile at 110 °C under
vacuum with a stream of nitrogen. The azeotropic drying process was repeated 3 times with 1 mL of
acetonitrile. To the dried K222/K['*F]F complex was added the chlorinated compound 7 (ca. 2 mg)
in different anhydrous solvents such as DMF, DMSO or acetonotrile (0.3 mL), and the reaction
mixture was heated and analyzed by HPLC.

2.3.2. Radiosynthesis of [!!C]KP23

Carbon-11 was produced via the ""N(p,a)''C nuclear reaction at a Cyclone 18/9 cyclotron (18
MeV, IBA) in the form of [''C]CO2. [''C]Methyl iodide ([''C]Mel) was generated in a 2-step
reaction sequence involving the catalytic reduction of [!!C]COz to ['!C]methane and subsequent gas
phase iodination. ['!C]KP23 was prepared by reaction of the desmethyl precursor compound (0.5-1
mg) with [''C]Mel (ca. 40-50 GBq) in DMF solution in the presence of Cs2CO3 (5 mg)
at 120 °C for 3 min. The crude product was diluted with water (1.3 mL) and injected onto a
semi-preparative HPLC. The radiolabeled product was collected, diluted with water (10 mL), passed
through a preconditioned C18 cartridge (Waters, Boston, MA, USA, preconditioned with
5 mL EtOH and 10 mL water), washed with water (5 mL), and eluted with EtOH (0.5 mL). After
adding 9.5 mL of water, the 5% ethanol solution containing ['!C]JKP23 was then passed through a
sterile filter (0.2 wm) and used for all in vitro/in vivo studies.
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2.4. In Vitro Characterization
2.4.1. Competition Binding Assay

Frozen membrane preparations from CHO-K1 cells transfected with human CB1 (hCB1) and CB2
(hCB2), respectively (PerkinElmer, Waltham, MA, USA), were thawed on ice and diluted to a final
protein concentration of 1 pg/mL in assay buffer (50 mM TRIS/HCI, 1 mM EDTA (Applichem,
Darmstadt, Germany), 3 mM MgCl,, pH 7.4, containing 0.05% bovine serum albumin, BSA).
Membrane dilutions (0.5 pg protein in 550 pL final volume) were incubated at 30 °C with KP23 at
concentrations between 107> and 107" M and 1.4 nM [*H]CP-55,940 (PerkinElmer, Waltham, MA,
USA), a hCB1 and hCB2 agonist with Ki values of 0.58 and 0.68 nM, respectively. Nonspecific
binding of [*H]CP-55,940 was determined after addition of 5 uM hCB1/hCB2 agonist WIN-55212-2
(Ki 1.89 and 0.28 nM, respectively) [23]. All samples were prepared in triplicates. After 90 min,
3 mL ice cold assay buffer was added and samples were immediately filtered through Whatman
GF/C filters (pre-soaked in 0.05% polyethylenimine) and washed twice with 3 mL ice cold assay
buffer. Bound [*H]CP-55,940 was quantified in a Beckman LS 6500 Liquid Scintillation Counter
(Beckman™, Brea, CA, USA) and ICso values were determined by non-linear regression analysis [24].
Ki values were determined with the equation from Cheng-Prusoff and are means from three independent
experiments (Kp values of 0.14 and 0.11 nM from PerkinElmer were used for [’H]CP-55,940 binding
to hCB1 and hCB2 receptors, respectively).

2.4.2. In Vitro Stability Studies

To test the plasma stability of the radioligand, 10 uL (4 MBq) of [''C]KP23 solution were added
to phosphate buffer (300 pL, 4 mM NaH2PO4/Na:HPO4, 155 mM NaCl, pH 7.4), mouse and rat
plasma (300 pL), respectively. The mixture was vortexed and four aliquots of 70 uL were incubated
at 37 °C. Ice cold acetonitrile (100 pL) was added to stop the enzymatic reactions at different time
points (0, 10, 20 and 40 min). After centrifugation (10,000 g, 3 min), the supernatant was passed
through a filter (0.45 pm, Minisart SRP 4, Sartorius Stedim Biotech, Goettingen, Germany) and
analyzed by UPLC.

2.4.3. In Vitro Autoradiography

In vitro autoradiography with [''C]JKP23 was performed on 20 um tissue slices (rat/mouse spleen)
adsorbed to SuperFrost Plus slides. Slices were thawed (10 min) on ice before pre-incubation with
incubation buffer (50 mM TRIS/HCI, pH 7.4, containing 5% BSA) at 4 °C for 10 min. Excess
solution was carefully removed and the tissue slices were dried in a ventilated hood for 10 min. Then
slides were incubated with 0.6 or 0.2 nM ['!C]KP23 alone or together with specific CB2 agonist
(GW405833, 1 uM) in incubation buffer. After incubation for 15 min at RT in a humid chamber,
slides were washed twice with ice cold washing buffer (50 mM TRIS/HCI, pH 7.4, 1% BSA, 5%
EtOH) for 2 min each and dipped twice in water. Dried slides were exposed to a phosphor imager
plate for 30 min and the plate was scanned in a BAS5000 reader (Fujifilm, Dielsdorf, Switzerland).
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2.5. In Vivo Characterization
2.5.1. In Vivo PET Imaging

PET scanning was performed with the GE VISTA eXplore PET/CT tomograph (Sedecal, Madrid,
Spain). The scanner is characterized by high sensitivity (absolute central point source sensitivity of
4% for the 250-700 eV energy windows) and an axial field of view of 4.8 cm [25]. Male Wistar rats
(278 £ 2 g, n = 2) were immobilized by isoflurane inhalation and the tracer was injected into a tail
vein on the tomographic bed [26]. Tracer accumulation in the spleen or brain were recorded by
dynamic one-bed position PET scans over 60 min starting with the injection of 13 respectively
40 MBq (0.05 to 0.15 nmol) of [''C]JKP23. PET data was reconstructed by 3-dimensional
FORE/2-dimensional OSEM in user-defined time frames with a voxel size of 0.3875 x 0.3875 x
0.775 mm. Singles and random corrections but no attenuation correction were applied. Image files
were evaluated with the software PMOD v3.4 (PMOD Technologies Inc., Zurich, Switzerland). Time
activity curves (TACs) of brain regions were generated with the implemented rat brain region of
interest (ROI) template and TACs of the abdominal region with the respective ROIs generated by
the PMOD segmentation tool. Spleen, liver and background TACs were confirmed by analysis of
manually drawn regions of interest. Standardized uptake values (SUV) were calculated as tissue
activities (Bg/cm?®), normalized to the injected dose per body weight (Bq/g).

2.5.2. Metabolite Studies

[''C]KP23 was administered intravenously to a restrained Wistar rat (413 g) by tail vein injection
(ca. 160 MBq). The animal was sacrificed by decapitation 30 min p.i. and blood and urine were
collected. Whole blood was collected in heparin-coated tubes (BD Vacutainers, Plymouth, UK) and
centrifuged at 5,000 g for 5 min, 4 °C. The proteins of the supernatant plasma and urine were
precipitated by addition of an equal volume of acetonitrile and centrifuged at 5,000 g for another
5 min. The supernatants were filtered and analyzed by UPLC. For the determination of in vivo
radiometabolites at 15 min p.i. blood samples were withdrawn from the tail vein opposite to the
injection site.

3. Results and Discussion
3.1. Chemistry and Radiochemistry

The non-radioactive standard reference compound KP23 was synthesized based on the modified
procedure described by Turkman [27]. Compound 2 was obtained in 30% yield by the aromatic
nitration of 3-hydroxy-4-methoxybenzaldehyde (1) with nitric acid. Then O-alkylation with
1-bromobutane afforded compound 3 in 89% yield. Reduction of compound 3 using iron powder
followed by reaction in situ with dimethyl malonate yielded compound 4. The acid compound 5 was
produced quantitatively by saponification reaction of the methyl ester compound 4 under basic
conditions. Amide bond formation using the acid compound 5 with either 2-amino-1-phenylethanol
or 2-fluoro-2-phenylethanamine free base led to compound 6 and KP23, respectively. Compound 6
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was reacted with mesylchloride to afford chloro derivative 7, which was used as supposed to be a
precursor for fluorine-18 labeling. Demethylation of compound KP23 was performed with LiCl to
afford the precursor compound KP26 for carbon-11 labeling. The newly synthesized compounds
were characterized by mass spectrometry and NMR and their chemical purities were assessed
by HPLC.

Scheme 1. Synthesis of the standard reference KP23 and precursors 7 and KP26 for radiolabeling.
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The structure of compound KP23 (Scheme 1) is amenable to radiolabeling with either
fluorine-18 or carbon-11 (Scheme 2), therefore, the corresponding chloro and phenolic precursor
compounds 7 and KP26 were prepared and tested for radiolabeling. For the fluorine-18 radiolabeling
of KP23, it was originally planned to synthesize a precursor with a sulfonate leaving group. Initial
attempts to tosylate compound 6 to afford a precursor with a tosyl leaving group were unsuccessful.
Mesylation, however, exclusively afforded chloro analog 7 in 41% yields. This result has also been
observed for other similar compounds in the literature [28,29]. It is suggested that this conversion
occurs via spontaneous displacement of the sulfonate group by nitrogen (anchimeric assistance) with
formation of reactive aziridinium ion intermediate. Consequent collapse of the aziridinium ion pair
to the more stable chloride then occurs, upon exchange of the mesylate counterion with chloride [30].
18F_radiolabeling was unsuccessful even using different solvents e.g., MeCN, DMF or DMSO and
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combined with different ['*F]-reagents such as K222/K['"*F]F or ['*F]TBAF. Neither increasing the
reaction temperature, duration of the radiolabeling reaction nor precursor concentrations had any
positive influence on the outcome of radiolabeling yield. This can be explained by the fact that
chloride is a poor leaving group.

KP23 was successfully labeled with carbon-11 in a one-step reaction by reacting the phenolic
precursor with ['C]methyl iodide (Scheme 2). [''C]KP23 (ca. 1-3 GBq) was obtained in 99%
radiochemical purity after semi-preparative HPLC purification. The total radiolabeling time was
around 40 min after delivery of [!!C]CO:2 from the cyclotron to the hot-cell. Specific activity was
high and ranged from 80 to 240 GBq/umol at the end of synthesis. The radiochemical yield was
10%—25% (decay corrected).

Scheme 2. Radiosyntheses of compounds ['*F]KP23 and ['!C]KP23.
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3.2. In Vitro Characterization

In vitro competitive binding assays were performed with membranes obtained from CHO-K1 cells
stably transfected with human CB1 and CB2, respectively, using [PH]-CP-55940. The binding
affinity of the nonradioactive KP23 obtained from three independent experiments was 6.8 + 5.8 nM
towards human CB2 and > 10,000 nM towards CB1, slightly lower affinity than the reported data of
0.8 = 0.3 nM towards human CB2 and >10,000 nM towards CB1 [27]. The affinity and selectivity of
KP23 towards CB2 are the highest among the known 2-oxoquinoline carboxylic acid derivatives
including [''C]NE40, the first CB2 PET tracer evaluated in healthy human subjects which exhibits a
Ki value of 9.6 nM. Autoradiography with slices from rat and mouse spleen, an organ with high CB2
levels [31], demonstrated high binding which was blocked by excess GW4058233 (CB2 specific
agonist), indicating specific binding of ['!CJKP23 to CB2 (Figure 1) in both cases. However,
relatively high non-specific binding was observed in the spleen tissue (Figures 1 A2 and B2) which
is not surprising considering the calculated LogP value of 3.81.
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Figure 1. Autoradiography of rat (A) and mouse (B) spleen sections incubated with

0.6 nM [''C]KP23 in the absence of blocking agent (A1 and B1) or in the presence of
excess blocking agent 1 uM GW4058233 (A2 and B2).
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In vitro plasma stability tests were carried out in PBS, mouse and rat plasma over a period of
40 min at 37 °C. No radioactive degradation products of ['!C]KP23 were detected (Figure 2).

Figure 2. Radio-UPLC profiles of ['!C]KP23 (tr = 2.1 min) after 2 h in PBS and after
40 min in mouse and rat plasma.
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3.3. In Vivo PET Imaging of [''C]JKP23

Retention time {min)

Figure 3A shows PET images of a coronal section and maximal intensity projection (MIP) of the

abdominal region of a rat fused to the respective CT, and averaged from 6 to 15 min p.i. [''C]KP23

accumulated in spleen, liver and intestines. The high spleen uptake is in accordance with the

expression pattern of CB2 while the high accumulation in liver suggests a hepatobiliary elimination
pathway. Background radioactivity in muscle tissue was relatively low. The TACs of liver, spleen
and peripheral tissue outside the rips are shown in Figure 3B. Radioactivity peaked around 4 min p.i.
for liver; the level of activity concentration steadily increased during the initial 8 min p.i. in spleen
and then slowly washed out. During the whole data acquisition, the level of activity concentration
was higher in the spleen region than in the background (flank).
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Figure 3. PET/CT images of ['!\C]KP23 in the spleen-liver region in rat. (A) Coronal
section and maximal intensity projection (MIP) averaged from 6 to 15 min p.i. (B) TACs
of [''C]JKP23 in spleen, liver and flank.
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Distribution of the tracer in rat brain was evaluated by PET (Figure 4A). Region of interest TAC
analysis showed low uptake in healthy rat brain which is in line with the low expression level of CB2
receptor (Figure 4B). Radioactivity levels in brain were lower than in peripheral tissues in general.
The expression profile of CB2 provides great opportunities for PET imaging with low background
in the brain region, whereas under inflammation conditions a 10-100-fold higher CB2 receptor
density is expected in activated microglia [32].

Figure 4. [''C]KP23 PET images of a rat brain superimposed on an MRI template . A:
From left, axial, sagittal and coronal sections. In the last coronal image, regions of
interest are encircled and used for TAC analysis shown in B. a, cortex; b, cerebellum; c,
caudate putamen; d, hippocampus. Images are averaged from 2—60 min p.i. B TACs of
rat brain regions of [''C]KP23.
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3.4. In Vivo Metabolic Studies

The metabolic fate of [''C]KP23 was studied using blood and urine samples of a Wistar rat.
In blood plasma samples, two to three radiometabolites which were more hydrophilic than the parent
tracer, [!!C]KP23, were detected. As illustrated in Figure 5, one major radiometabolite slightly more
polar than the parent compound was generated in blood plasma samples. The percentage of parent
tracer radioactivity decreased to 40% at 15 min p.i., 25% at 30 min p.i. No intact compound could
be found in the urine sample after 30 min p.i.
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Figure 5. Radio-UPLC profiles of [''CJKP23 metabolites in blood plasma samples
obtained at 15 min and 30 min p.i. and in the urine sample obtained at 30 min p.i.
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4. Conclusions

[''C]KP23 showed promising in vitro characteristics. Its affinity and selectivity for CB2 is the
highest among the known 2-oxoquinoline carboxylic acid derivatives. In vitro autoradiography with
slices from rat and mouse spleen demonstrated specific binding. High spleen uptake of [!!C]KP23
was also observed in dynamic PET studies with Wistar rats. As expected, distribution to healthy rat
brain was relatively low in the in vivo PET experiments. Further evaluation of [''C]KP23 using
neuroinflammation animal models which has higher CB2 expression levels in the brain is warranted.
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Asymmetric Synthesis of Spirocyclic 2-Benzopyrans for
Positron Emission Tomography of 61 Receptors in the Brain

Katharina Holl, Dirk Schepmann, Steffen Fischer, Friedrich-Alexander Ludwig,
Achim Hiller, Cornelius K. Donat, Winnie Deuther-Conrad, Peter Brust and
Bernhard Wiinsch

Abstract: Sharpless asymmetric dihydroxylation of styrene derivative 6 afforded chiral triols (R)-7
and (S)-7, which were cyclized with tosyl chloride in the presence of Bu:SnO to provide
2-benzopyrans (R)-4 and (S)-4 with high regioselectivity. The additional hydroxy moiety in the
4-position was exploited for the introduction of various substituents. Williamson ether synthesis and
replacement of the Boc protective group with a benzyl moiety led to potent i1 ligands with high
oi/oz-selectivity. With exception of the ethoxy derivative 16, the (R)-configured enantiomers
represent eutomers with eudismic ratios of up to 29 for the ester (R)-18. The methyl ether (R)-15
represents the most potent o1 ligand of this series of compounds, with a Ki value of 1.2 nM and an
eudismic ratio of 7. Tosylate (R)-21 was used as precursor for the radiosynthesis of ['*F]-(R)-20,
which was available by nucleophilic substitution with K['®F]F K222 carbonate complex. The
radiochemical yield of ['*F]-(R)-20 was 18%—-20%, the radiochemical purity greater than 97% and
the specific radioactivity 175-300 GBg/umol. Although radiometabolites were detected in plasma,
urine and liver samples, radiometabolites were not found in brain samples. After 30 min, the uptake
of the radiotracer in the brain was 3.4% of injected dose per gram of tissue and could be reduced by
coadministration of the o1 antagonist haloperidol. ['*F]-(R)-20 was able to label those regions of the
brain, which were reported to have high density of 61 receptors.

Reprinted from Pharmaceuticals. Cite as: Holl, K.; Schepmann, D.; Fischer, S.; Ludwig, F.-A.;
Hiller, A.; Donat, C.K.; Deuther-Conrad, W.; Brust, P.; Wiinsch, B. Asymmetric Synthesis of
Spirocyclic 2-Benzopyrans for Positron Emission Tomography of o1 Receptors in the Brain.
Pharmaceuticals 2014, 7, 78—112.

1. Introduction

The o receptor was firstly described in 1976 by Martin et al. It was named after the ligand
SKF-10047 and initially regarded as opioid receptor subtype [1]. Further research resulted in the
classification of ¢ receptors as a distinct receptor class. In 1990, the existence of at least two ¢
receptor subtypes was discovered, which were named o1 and o2 receptor [2]. The o1 receptor has
been cloned from different species and tissues including guinea pig liver [3], mouse and rat brain
and a human placental tumor cell line. The transmembrane protein consists of 223 amino acids [4]
with a molecular weight of 25.3 kDa. A homology with another known mammalian protein was not
found, but a 30% homology with the yeast enzyme sterol-A%/A’-ismerase, encoded by the gene
ERG2, was detected [3]. The o1 receptor has not been crystallized so far, but a structural model was
published in 2002 [5] and a 3D homology model was established in 2011 [6]. o1 receptors are found
in the central nervous system [7], but also in peripheral organs, like liver, kidney [8] and heart [9].
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Endogenous ligands have not been clearly identified so far, although some neurosteroids (e.g.,
progesterone, dehydro-epiandrosterone) and N, N-dimethyltryptamine were proposed as endogenous
ligands [10,11]. The o1 receptor is supposed to have an influence the permeability of ion channels [12,13]
and the activity of neurotransmitter systems [14,15]. In 2007, Hayashi and Su postulated the role of
the o1 receptor as a ligand-operated chaperon [16].

Because of the manifold modulatory effects of the o1 receptor, potent and selective o1
receptor ligands represent potential therapeutics mainly for neurological and psychiatric
diseases such as Alzheimer’s Disease [17], neuropathic pain [18], schizophrenia [19,20] and Major
Depression [15,21,22]. PET tracers, which are able to label selectively o1 receptors, are of high
interest not only to gain further insight into the physiological role of the o1 receptor, but also for the
diagnosis of diseases in which the o1 receptor is involved.

A number of PET tracers for the imaging of 61 receptors, labeled with [!!C] or ['*F], have already
been developed [23-26]. Very recently, we have reported on the homologous series of fluorinated
spirocyclic piperidines 2a—d (n = 1-4, Figure 1), which were derived from the potent o1 receptor
antagonist 1. The use of the 2-benzofuran-based ['*F]-labeled spirocyclic o1 receptor ligands ['8F]2
was carefully evaluated in vivo [27-31]. Moreover, (R)- and (S)-configured enantiomers of 2a—c
(n = 1-3) were prepared and it was shown that the corresponding enantiomers differ considerably in
o1 receptor affinity, selectivity over the 62 subtype, rate of biotransformation and number and nature
of formed metabolites. Additionally, the accumulation of the enantiomeric fluorinated PET tracers
in the central nervous system was considerably different [32-34].

Figure 1. Development of fluorinated PET tracers
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The fluoroalkyl substituted 2-benzofurans 2a—d (n = 1-4) were derived from the spirocyclic
2-benzofuran 1; the potent o1 antagonist 3 represents the lead for the enantiomerically pure
2-benzopyrans 4. Although the 2-benzopyran 3 (Ki = 1.3 nM) represents a very potent 61 receptor
antagonist [35], enantiomers of 2-benzopyran based o1 ligands were not yet investigated. Due to their
structural similarity to the spirocyclic 3-substituted 2-benzopyrans 3 [36] and 2-benzofurans 1 and 2,
4-substituted 2-benzopyrans 4 were considered as new type of o1 receptor ligands. Moreover, the
2-benzopyran scaffold was not exploited for the development of a fluorinated PET tracer so far. In
this communication we report the first enantioselective synthesis of 4-substituted spirocyclic
2-benzopyrans of type 4, their affinity towards o receptors and the generation and biological
evaluation of a ['®F]-labeled PET tracer based on this scaffold.

2. Experimental
2.1. Synthesis
2.1.1. General

Solvents: THF: distilled from sodium/benzophenone; CH2Clz: distilled from calcium hydride.
Flash chromatography: silica gel 60 (40—63 pm); parentheses include: diameter of the column (o),
height of the stationary phase (%), eluent and fraction size (V). Thin layer chromatography: TLC silica
gel 60 Fas4 on aluminum sheets. Melting points (mp): uncorrected. Polarimetry: sodium D line (589
nm); length (/): 1 dm; temperature +20 °C; unit of specific rotation [deg mL dm™' g '] is omitted;
parentheses include: concentration of the sample [mg/mL] and solvent: 'H-NMR: 400.3 MHz;
BC-NMR: 100.3 MHz; chemical shifts in [ppm] against TMS; in some cases, 'H and
3C-NMR spectroscopy were supported by 2D NMR techniques. IR spectroscopy: ATR technique.

Mass spectrometry: Exact masses (APCI and LC-MS): Deviations of the found exact masses from
the calculated exact masses: 5 mDa or less. LC-HRMS: column: Kinetex™, 2.6 um, C18,
100 A; 50 mm/2.1 mm, guard column: Security Guard Standard C18 Cartridge, 4 mm/2mm,
temperature: 30 °C, solvents: A: acetonitrile-NHsHCOO (10 mM) = 10:90 + 0.1% (v/v) HCO:2H, B:
acetonitrile-NH4HCO2 (10 mM) = 90:10 + 0.1% (v/v) HCO:2H, gradient elution: (A%): 0—5 min:
gradient from 100% to 0%, flow rate: 0.4 mL/min, 5-6.5 min: 0%, flow rate: 0.4 mL/min, 6.5—7 min:
gradient from 0% to 100%, flow rate: 0.4 mL/min, 10 min: 100%, flow rate: 0.6 mL/min, injection
volume: 0.5-1 pL, sample temperature: 5 °C, UV detection wavelength: 200-350 nm.

HPLC for determination of compound purity (method 1): column: LiChrospher® 60 RP-select B
(5 um), LiChroCART® 250-4 mm cartridge; guard Column: LiChrospher™ 60 RP-select B (5 um),
LiCroCART® 4-4 mm cartridge (No.: 1.50963.0001) using manu-CART® NT cartridge holder;
solvents: A: water with 0.05% (v/v) trifluoroacetic acid; B: acetonitrile with 0.05% (v/v)
trifluoroacetic acid; gradient elution: (A %): 0—4 min: 90%, 4-29 min: gradient from 90% to 0%,
29-31 min: 0%, 31-31.5 min: gradient from 0% to 90%, 31.5-40 min: 90%; flow rate: 1.0 mL/min;
injection volume: 5.0 uL; UV detection wavelength: 210 nm; stop time: 30.0 min. Chiral HPLC for
determination of enantiomeric purity (method 2): UV detection wavelength: 210 nm; stop time: 30.0
min; parentheses include: column, solvent, flow rate, injection volume.
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2.1.2. Synthetic Procedures
tert-Butyl-4-hydroxy-4-(2-vinylphenyl)piperidine- 1-carboxylate (6)

2-Bromostyrene (5, 3.1 g, 16.9 mmol) was dissolved in THF (125 mL). The solution was cooled to
—78 °C under N2 atmosphere. A solution of z#-butyllithium in hexanes (15 mL, 24 mmol) was added
dropwise and the mixture was stirred for 15 min. Then terz-butyl 4-oxopiperidine-1-carboxylate
(4 m, 4.1 g, 20.6 mmol), dissolved in THF (50 mL), was added and the mixture was stirred at
—78 °C for 2.5 h. Then the solution was warmed to ambient temperature. A solution of LiBH4 in THF
(5 mL, 20 mmol) was added dropwise and the mixture was stirred for 1 h at ambient temperature.
The reaction was stopped by the addition of water and a 1 M aqueous solution of HCl. After
separation of the layers, the aqueous layer was extracted with CH2Clz (3%). The combined organic
layers were dried (Na2SOa4), filtered and the solvent was removed in vacuo. The crude product was
purified by flash column chromatography (@ = 8 cm, h = 16 cm, cyclohexane-ethyl acetate = 9:1,
V =100 mL) to give 6 as a colorless solid (Rr = 0.34, cyclohexane-ethyl acetate = 8:2), mp 104 °C,
yield 3.83 g (75%). CisH2sNOs (303.4 g/mol). Purity (HPLC method 1): 99.4%, tr = 20.4 min.
Exact mass (APCI): m/z = 304.1882 (calcd. 304.1907 for CisH26NO3 [M+H]"). 'H-NMR (CDCl3):
S (ppm) = 1.47 (s, 9H, CO2C(CH3)3), 1.64 (s br, 1H, OH), 1.93-2.10 (m, 4H, N(CH2CH2)2),
3.32-3.36 (m, 2H, N(CH2CH2)2), 3.89-4.13 (m, 2H, N(CH2CH2)2), 5.28 (dd, J=10.9/1.8 Hz, 1H,
HC=CH), 5.51 (dd, J=17.4/1.8 Hz, 1H, HC=CH>), 7.24-7.31 (m, 2H, 3-Harom., 4-Harom.), 7.34-7.39
(m, 1H, 6-Harom.), 7.45-7.50 (m, 1H, 5-Harom.), 7.65 (dd, J = 17.4/10.9 Hz, 1H, HC=CH>). *C NMR
(CDCl): 6 (ppm) = 28.6 (3C, CO2C(CHs)3), 37.4 (br, 2C, N(CH2CH2)2), 39.5 (br, 1C, N(CH2CHa)2),
40.3 (br, 1C, N(CH2CH2)2), 72.5 (1C, ArCOH ), 79.6 (1C, CO2C(CH3)3), 115.7 (1C, HC=CHz»), 124.9
(1C, C-6arom.), 127.7 (1C, C-4arom.), 127.8 (1C, C-3arom.), 129.1 (1C, C-5arom.), 137.9 (1C, C-2arom.),
138.0 (1C, HC=CH>), 143.8 (1C, C-larom.), 155.0 (1C, CO2C(CH3)3). FT-IR (neat): ¥ (cm ') = 3387
(O-H), 2967, 2932, (C-H), 1655 (C=0), 756 (1,2-disubst. arom.).

tert-Butyl (R)-4-[2-(1,2-dihydroxyethyl)phenyl]-4-hydroxypiperidine- 1-carboxylate ((R)-7)

AD-mix-f (27.1 g) was added to a mixture of ferz-butyl alcohol (600 mL) and water (600 mL).
The mixture was cooled to 0 °C, 6 (5.9 g, 19.5 mmol) was added and the reaction mixture was stirred
at 0 °C for 3 d. Then sodium sulfite (29 g) was added and the mixture was allowed to warm to room
temperature and stirred for 20 min. Ethyl acetate was added to the reaction mixture, and after
separation of the layers, the aqueous layer was extracted with ethyl acetate (3x). The combined
organic layers were dried (Na2SOa), filtered and the solvent was removed in vacuo. The crude
product was purified by flash column chromatography (@ = 8 cm, h = 18 c¢m, cyclohexane-ethyl
acetate = 1:2 — ethyl acetate, V. = 100 mL) to give (R)-7 as a colorless solid (Rr = 0.11,
cyclohexane-ethyl acetate = 5:5), mp 93 °C, yield 5.4 g (82%). Ci1sH27NOs (337.4 g/mol). Specific
rotation: [a] if: =-24.5 (3.5; CH2Cl2). Purity (HPLC method 1): 99.5%, tr = 15.3 min.
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tert-Butyl (S5)-4-(2-[1,2-dihydroxyethyl)phenyl]-4-hydroxypiperidine-1-carboxylate ((S)-7)

AD-mix-a (15.2 g) was added to a mixture of fert-butyl alcohol (325 mL) and water (325 mL).
The mixture was cooled to 0 °C, 6 (4.5 g, 14.9 mmol) was added and the reaction mixture was stirred
overnight at 0 °C. Then methanesulfonamide (1.0 g, 10.5 mmol) was added and the mixture was
stirred overnight at ambient temperature. Then sodium sulfite (16.2 g) was added and the mixture
stirred for 30 min. Ethyl acetate was added to the reaction mixture, and after separation of the layers,
the aqueous layer was extracted with ethyl acetate (3x). The combined organic layers were washed
with a 2 M aqueous solution of NaOH, dried (Na2SOa4), filtered and the solvent was removed
in vacuo. The crude product was purified by flash column chromatography (@ = 8 cm, h = 15 cm,
cyclohexane-ethyl acetate = 1:2 — ethyl acetate, V = 100 mL) to give (§)-7 as a colorless solid
(Re=0.11, cyclohexane:ethyl acetate = 5:5), mp 87 °C, yield 2.7 (74%) CisH27NOs (337.4 g/mol).
Specific rotation: [o] 7y : = +25.8 (3.7; CH2Cl2). Purity (HPLC method 1): 95.5%, tr = 15.5 min.

Spectroscopic data for (R)-7 and (S)-7

LC-HRMS: m/z = 360.1800 (calcd. 360.1781 for CisH27NNaOs [M+Na]"). 'H-NMR (CDCls):
S (ppm) = 1.47 (s, 9H, CO2(CHs5)3), 1.82-2.11 (m, 4H, N(CH2CH2)2), 3.24 (t, J = 12.6 Hz, 2H,
N(CH2CHz)2), 3.78 (dd, J = 10.9/4.2 Hz, 1H, HOCHCH>0OH), 3.86 (dd, J = 10.9/7.7 Hz, 1H,
HOCHCH:0H), 3.95-4.05 (m, 2H, N(CH2CH2)2), 5.64 (dd, J = 7.7/4.2 Hz, 1H, HOCHCH20H),
7.23-7.32 (m, 3H, Harom.), 7.48-7.52 (m, 1H, Harom.). Signals for the OH protons are not visible in
the spectrum. *C-NMR (CDCl3): § (ppm) = 28.6 (3C, CO2C(CH3)3), 38.3 (br, 1C, N(CH2CH2)2),
38.6 (br, 1C, N(CH2CH2)2), 39.4 (br, 1C, N(CH2CH2)2), 40.0 (br, 1C, N(CH2CH2)2), 68.0 (1C,
HOCHCH20H), 72.1 (1C, HOCHCH20H), 72.7 (1C, ArCOH), 79.8 (1C, CO2C(CHs)3), 125.6 (1C,
Carom.), 127.8 (1C, Carom.), 127.9 (1C, Carom.), 129.1 (1C, Carom.), 139.5 (1C, Carom.), 145.0 (1C, Carom.),
155.1 (1C, CO2C(CH3)3). IR (neat): ¥ (cm ') = 3387 (O-H), 2974, 2925, (C-H), 1663 (C=0), 1246,
1161 (C-O-C ester), 756 (1,2-disubst. arom.).

tert-Butyl (S)-3-[(tosyloxy)methyl]-3 H-spiro[[2]benzofuran-1,4"-piperidine]-1'-carboxylate ((S)-8)

(R)-7 (98 mg, 0.29 mmol) was dissolved in CH2Cl> (10 mL). 4-Dimethylaminopyridine (12 mg,
0.10 mmol), triethylamine (210 pL, 1.5 mmol) and 4-toulenesulfonyl chloride (110 mg, 0.58 mmol)
were added and the mixture was stirred for 3 h at ambient temperature. Then water was added and
after separation of the layers, the aqueous layer was extracted with CH2Clz (3x). The combined
organic layers were dried (Na2SO4), filtered and the solvent was removed in vacuo. The crude
product was purified by flash column chromatography (@ = 2 cm, h = 16 cm, cyclohexane-ethyl
acetate =9:1, V=10 mL) to give (§)-8 as a colorless oil (Rr= 0.28, cyclohexane-ethyl acetate = 8:2),
mp 124 °C, yield 69 mg (50%). C2sH31NOsS (473.6 g/mol). Specific rotation: [a]} : = +19.2 (7.6;
CH2Clz). Purity (HPLC method 1): 98.8%, tr = 22.8 min. Exact mass (APCI): m/z=474.1969 (calcd.
474.1945 for C25H3:NO6S [M+H]"). 'TH-NMR (CDCl3): § (ppm) = 1.48 (s, 9H, CO2C(CH3)3), 1.51-1.70
(m, 2H, N(CH2CH2)2), 1.70 (td, J = 13.1/4.8 Hz, 1H, N(CH2CH2)2), 1.82 (td, J = 13.1/4.8 Hz, 1H,
N(CH2CHa)), 2.44 (s, 3H, CH3), 3.02 (td, J = 12.9/2.9 Hz, 1H, N(CH2CH2)2), 3.12 (td, /= 12.9/2.9 Hz,
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1H, N(CH2CH2)2), 3.95-4.07 (m, 2H, N(CH2CH2)2), 4.15 (dd, J=10.2/5.3 Hz, 1H, CH20Tos), 4.24
(dd, J=10.2/4.1 Hz, 1H, CH20Tos), 5.37 (t, J = 4.7 Hz 1H, ArCHO), 7.04-7.08 (m, 1H, Harom.),
7.12-7.17 (m, 1H, Harom.), 7.24-7.35 (m, 4H, 3-Hutosyl, 5-Htosyl, Harom. (2H)), 7.71-7.75 (m, 2H, 2-
Hiosyl, 6-Hiosy). *C-NMR (CDCl3): & (ppm) = 21.8 (1C, CH3), 28.6 (3C, CO2C(CH3)3), 37.2 (1C,
N(CH2CH2)2), 37.9 (1C, N(CH2CH2)2), 40.4 (1C, N(CH2CH2)2), 40.6 (1C, N(CH2CH2)2), 72.2 (1C,
CH>0Tos), 79.4 (1C, ArCHO), 79.6 (1C, CO2C(CHs)3), 85.4 (1C, ArCO), 121.1 (1C, Carom.), 122.0
(1C, Carom.), 128.1 (2C, C-2t0sy1, C-610sy1), 128.3 (1C, Carom.), 128.8 (1C, Carom.), 130.0 (2C, C-3tosy1, C-
Stosyl), 133.0 (1C, Carom.), 136.9 (1C, Carom.), 145.1 (1C, Carom.), 145.8 (1C, Carom.), 155.1 (1C,
CO2C(CH3)3). IR (neat): ¥ (cm!) =2978, 2870 (C-H), 1686 (C=0), 1362 (0=S=0), 1234, 1173 (C-
0O-C, ester), 1069 (C-O-C, ether), 768 (1,2-disubst. arom.).

tert-Butyl (R)-4-hydroxy-3,4-dihydrospiro[[2]benzopyran-1,4"-piperidine]-1'-carboxylate ((R)-11)

(R)-7 (908 mg, 2.7 mmol) was dissolved in THF (25 mL). Dibutyltin oxide (75 mg, 0.30 mmol),
triethylamine (744 pL, 5.4 mmol) and toluene-4-sulfonyl chloride (1.0 g, 5.3 mmol) were added and
the mixture was stirred for 3 h at ambient temperature. Then water and CH2Cl2 were added. After
separation of the layers, the aqueous layer was extracted with CH2Clz (3x). The combined organic
layers were dried (Na2SOa), filtered and the solvent was removed in vacuo. The crude product was
purified by flash column chromatography (@ = 5 cm, h = 15 cm, cyclohexane-ethyl acetate = 3:1,
V =30 mL) to give (R)-11 as a colorless solid (Rr= 0.25, cyclohexane-ethyl acetate = 2:1), mp 161 °C,
yield 538 mg (62%). C1sH2sNO4 (319.4 g/mol). Specific rotation: [o] 7y : = —4.9 (11.0; CH2Clo).
Purity (HPLC method 1): 96.0%, tr = 18.6 min. Enantiomeric ratio (HPLC method 2, Daicel
Chiralpak AD-H, 5 um, 250 mm/4.6 mm, isohexane:methanol = 95:5, flow rate: 1.0 mL/min,
injection volume: 10 puL): (R):(S) =92.5:7.5, tr = 11.4 min.

tert-Butyl (S)-4-hydroxy-3,4-dihydrospiro[[2]benzopyran-1,4'-piperidine]-1'-carboxylate ((S)-11)

(8)-7 (996 mg, 3.0 mmol) was dissolved in THF (15 mL). Dibutyltin oxide (86 mg, 0.35 mmol),
triethylamine (2.0 mL, 14.8 mmol) and toluene-4-sulfonyl chloride (2.1 g, 6.3 mmol) were added
and the mixture was stirred for 3 days at ambient temperature. Then water and CH2Cl2 were added.
After separation of the layers, the aqueous layer was extracted with CH2Cl2 (3%). The combined
organic layers were dried (Na2SOa), filtered and the solvent was removed in vacuo. The crude
product was purified by flash column chromatography (@ = 5 cm, h = 15 c¢m, cyclohexane-ethyl
acetate = 3:1, V = 65 mL) to give (§)-11 as a colorless solid (Rf = 0.25, cyclohexane-ethyl
acetate = 2:1), mp 158 °C, yield 447 mg (47%). CisH2sNO4 (319.4 g/mol). Specific rotation:
[o] ZDO: = +5.2 (4.4; CH2Cl2). Purity (HPLC method 1): 98.3%, tr = 18.3 min. Enantiomeric ratio
(HPLC method 2, Daicel Chiralpak AD-H, 5 um, 250 mm/4.6 mm, isohexane:methanol = 95:5, flow
rate: 1.0 mL/min, injection volume: 10 pL): (R):(S) = 11.4:88.6, tr = 20.7 min.

Spectroscopic data for (R)-11 and (S)-11

Exact mass (APCI): m/z = 320.1894 (calcd. 320.1856 for CisH26NO4 [M+H]"). 'H-NMR (CDCl3):
S (ppm) = 1.49 (s, 9H, CO2(CH3)3), 1.69-1.83 (m, 2H, N(CH2CH2)2), 1.90-2.05 (m, 2H,
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N(CH2CHaY2), 3.11 (t, J = 13.0 Hz, 1H, N(CH:CHa)n), 3.22 (t, J = 13.0 Hz, 1H, N(CH:CHz)a), 3.92 (dd,
J=12.1/3.3 Hz, IH, HOCHCH-0), 3.98 (dd, J= 12.1/2.7 Hz, 1H, HOCHCH-0), 3.99-4.07 (m, 2H,
N(CH:CHa)a), 4.54 (t, J = 3.0 Hz, 1H, HOCHCH0), 7.10 (dd, J = 7.4/1.6 Hz, 1H, 8-Hurom),
7.25-7.34 (m, 2H, 6-Harom., 7-Harom.), 7.42 (dd, J = 7.2/1.8 Hz, 1H, 5-Harom.). A signal for the OH
proton is not visible in the spectrum. *C-NMR (CDCls): § (ppm) = 28.6 (3C, CO2C(CH3)3), 34.3
(br, 1C, N(CH2CHz)), 37.6 (br, 1C, N(CH>CHay), 39.5 (br, 1C, N(CH:CHa)n), 40.1 (br, 1C,
N(CH2CH2)2), 64.8 (1C, HOCHCH:0), 66.0 (1C, HOCHCH20), 73.8 (1C, ArCO), 79.7 (1C,
CO2C(CH3)3), 125.2 (1C, C-8urom), 127.3 (1C, C-6arom), 128.6 (1C, C-Tarom), 129.1 (1C, C-Sarom),
1353 (1C, C-8auom), 141.2 (1C, C-4auom), 155.1 (1C, CO:C(CHs)s). IR (neat): ¥ [em™]=3314 (O-
H), 2974, 2928 (C-H), 1686 (C=0), 1169 (C-O-C cther), 768 (1,2-disubst. arom.).

(R)-1'-Benzyl-3,4-dihydrospiro[[2]benzopyran-1,4"-piperidin]-4-ol ((R)-12)

(R)-11 (105 mg, 0.33 mmol) was dissolved in CH2Cl2 (4 mL). The solution was cooled to 0 °C.
Then trifluoroacetic acid (200 pL) was added and the mixture was stirred for 3.5 h at 0 °C. Then a 2
M aqueous solution of sodium hydroxide (4 mL) was added, and after separation of the layers, the
aqueous layer was extracted with CH2Clz2 (3%). The combined organic layers were dried (Na2SOs4),
filtered and the solvent was removed in vacuo. The residue was dissolved in CH2Cl2 (5 mL),
benzaldehyde (35 pL, 0.35 mmol) and sodium triacetoxyborohydride (85 mg, 0.40 mmol) were
added and the mixture was stirred overnight at ambient temperature. The reaction was stopped by
the addition of a 2 M aqueous solution of sodium hydroxide, and after separation of the layers, the
aqueous layer was extracted with CH2Clz (4%). The combined organic layers were dried (Na2SOs4),
filtered and the solvent was removed in vacuo. The crude product was purified by flash
column chromatography (@ = 1.5 cm, h = 16 cm, cyclohexane-ethyl acetate = 5:1 + 1% N,N-
dimethylethylamine, V = 5 mL) to give (R)-12 as a colorless solid (Rr = 0.14, cyclohexane-ethyl
acetate = 5:5), mp 55 °C), yield 57 mg (56%). C20H23NO2 (309.4 g/mol). Specific rotation:
[a]7): =—8.4(2.3; CH2Cl). Purity (HPLC method 1): 95.3%, tr = 13.5 min. Enantiomeric ratio (HPLC
method 2, Daicel Chiralpak AD-H, 5 pm, 250 mm/4.6 mm, isohexane-isopropanol = 95:5, flow rate:
1.0 mL/min, injection volume: 10 pL): (R):(S) = 96.1:3.9, tr = 9.7 min).

(5)-1"-Benzyl-3,4-dihydrospiro[2-benzopyran-1,4"-piperidin]-4-ol ((S)-12)

(R)-11 (56 mg, 0.18 mmol) was dissolved in CH2Cl2 (10 mL). Trifluoroacetic acid (200 uL) was
added and the mixture was stirred overnight at ambient temperature. Then water was added, and after
separation of the layers, the aqueous layer was extracted with CH2Cl2 (3%). The combined organic
layers were dried (Na2S0Os4), filtered and the solvent was removed in vacuo. The residue was dissolved
in CH2Clz (10 mL), benzaldehyde (50 pL, 0.45 mmol) and sodium triacetoxyborohydride (50 mg,
0.24 mmol) were added and the mixture was stirred for 5.5 h at ambient temperature. Then benzaldehyde
(50 pL, 0.35 mmol) and sodium triacetoxyborohydride (60 mg, 0.28 mmol) were added and the
mixture was stirred overnight at ambient temperature). The reaction was stopped by the addition of
a 2 M aqueous solution of sodium hydroxide, and after separation of the layers, the aqueous layer
was extracted with CH2Clz (3%). The combined organic layers were dried (Na2SOs), filtered and the
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solvent was removed in vacuo. The crude product was purified by flash column chromatography
(®=1cm, h=15 cm, cyclohexane-ethyl acetate = 5:1 + 1% N, N-dimethylethylamine, V=5 mL) to
give (§)-12 as a colorless solid (Rf = 0.14, cyclohexane-ethyl acetate = 5:5) mp 53 °C, yield 12 mg
(22%). C20H23NO2 (309.4 g/mol). Specific rotation: [a] 3 : = +8.8 (2.2; CH2Cl2). Purity (HPLC
method 1): 98.3%, tr = 13.4 min. Enantiomeric ratio (HPLC method 2, Daicel Chiralpak AD-H, 5 um,
250 mm/4.6 mm, isohexane:isopropanol = 95:5, flow rate: 1.0 mL/min, injection volume: 10 pL):
(R):(S)=11.9:88.1, tr = 12.9 min.

Spectroscopic data for (R)-12 and (S)-12

Exact mass (APCI): m/z=310.1802 (calcd. 310.1802 for C20H24NO2 [M+H]"). "H-NMR (CDCls):
d (ppm) = 1.78-1.98 (m, 3H, N(CH2CHa)2), 2.18 (td, J= 13.1/4.6 Hz, 1H, N(CH2CH>)2), 2.39 (dd, J
= 11.9/3.0 Hz, 1H, N(CH>:CHa)2), 2.46-2.54 (m, 1H, N(CH:CHa)), 2.75 (t, J = 13.1/Hz, 2H,
N(CH>CHz)2), 3.58 (s, 2H, NCH2Ph), 3.89 (dd, J = 12.1/3.3 Hz, 1H, CHCH20), 3.97 (dd,
J =12.1/2.6 Hz, 1H, CHCH20), 4.51 (t, J = 2.9 Hz, 1H, CHCH20), 7.20-7.41 (m, 9H, Harom.).
A signal for the OH proton is not visible in the spectrum. *C-NMR (CDCl3): § (ppm) = 34.7 (1C,
N(CH2CH2)z2), 38.0 (1C, N(CH2CH2)2), 49.3 (1C, N(CH2CHz)2), 49.3 (1C, N(CH2CHz2)2), 63.5 (1C,
NCH:2Ph), 64.5 (1C, CHCH:20 ), 66.1 (1C, CHCH:20), 73.9 (1C, ArCO), 125.3 (1C, Carom), 127.0
(1C, Carom.), 127.1 (1C, Carom.), 128.3 (2C, Carom.), 128.5 (1C, Carom.), 128.9 (1C, Carom.), 129.4 (2C,
Carom), 135.5 (1C, Carom.), 138.6 (1C, Carom), 141.8 (1C, Carom.). IR (neat): ¥ (cm )= 3329 (O-H), 2924,
2817 (C-H), 1072 (C-0-C), 733 (1,2-disubst. arom.), 698 (monosubst. arom.).

tert-Butyl (R)-4-methoxy-3,4-dihydrospiro[[2]benzopyran-1,4'-piperidine]-1'-carboxylate ((R)-13)

(R)-10 (450 mg, 1.4 mmol) was dissolved in THF (12 mL). NaH (60% dispersion in paraffin
liquid, 112 mg, 2.8 mmol) was added and the mixture was stirred for 1 h at ambient temperature.
Then iodomethane (176 pL, 2.8 mmol) was added dropwise and the mixture was stirred for 1 h at
ambient temperature. The solvent was removed in vacuo. The crude product was purified by flash
column chromatography (@ = 2.5 cm, h = 16.5 cm, cyclohexane-ethyl acetate = 9:1, V=10 mL) to
give (R)-13 as a colorless oil (Rf = 0.28, cyclohexane-ethyl acetate = 8:2), yield 465 mg (99%).
C19H27NO4 (333.4 g/mol). Specific rotation: [o] 5 = —8.0 (4.4; CH2Cl2). Purity (HPLC method 1):

96.6%, tr = 20.4 min.
tert-Butyl (S)-4-methoxy-3,4-dihydrospiro[2-benzopyran-1,4'-piperidine]-1'-carboxylate ((S)-13)

(8)-10 (180 mg, 0.56 mmol) was dissolved in THF (2.5 mL). NaH (60% dispersion in paraffin
liquid, 50 mg, 1.3 mmol) was added and the mixture was stirred for 1 h at ambient temperature. Then
iodomethane (77 puL, 1.2 mmol) was added dropwise and the mixture was stirred overnight at ambient
temperature. The solvent was removed in vacuo. The crude product was purified by flash column
chromatography (@ =2 c¢cm, h = 15 cm, cyclohexane:ethyl acetate = 9:1, V = 10 mL) to give (§)-13
as a pale yellow oil (Rr = 0.28, cyclohexane:ethyl acetate = 8:2), yield 128 mg (69%). CisH27NO4
(333.4 g/mol). Specific rotation: [a]; : = +7.4 (7.9; CH2Clz). Purity (HPLC method 1): 97.7%,

tr = 20.4 min.
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Spectroscopic data for (R)-13 and (5)-13

Exact mass (APCI): m/z = 334.2009 (calcd. 334.2013 for C19H2sNO4 [M+H]"). 'H-NMR (CDCl5):
8 (ppm) = 1.49 (s, 9H, COxCHs)3), 1.75 (td, J = 13.2/49 Hz, 1H, N(CH2CH2)2),
1.84-1.99 (m, 3H, N(CH2CH2)2), 3.03-3.28 (m, 2H, N(CH2CH2)2), 3.50 (s, 3H, OCH3), 3.93-4.06
(m, 4H, N(CH2CH2)2(2), CHCH20 (2)), 4.19 (t,J=3.4 Hz, 1H, CHCH20), 7.11 (dd, J=7.7/1.4 Hz,
1H, Harom.), 7.25 (td, J = 7.4/1.4 Hz, 1H, Harom.), 7.30 (td, J = 7.4/1.6 Hz, 1H, Harom.), 7.37 (dd, J =
7.4/1.6 Hz, 1H, Haom). BC-NMR (CDCl3): & (ppm) = 28.6 (3C, CO2C(CH3)3), 34.9 (br, 1C,
N(CH2CH2)2), 37.0 (br, 1C, N(CH2CH2)2), 39.4 (br, 1C, N(CH2CH2)z2), 40.2 (br, 1C, N(CH2CH2)2),
56.9 (1C, OCHs), 61.6 (1C, CHCH20), 73.5 (1C, ArCO), 74.0 (1C, CHCH20), 79.5 (1C,
CO2C(CH3)3),125.1 (1C, Carom.), 126.7 (1C, Carom.), 128.4 (1C, Carom.), 129.1 (1C, Carom.), 132.8 (1C,
Carom.), 141.8 (1C, Carom.), 155.0 (1C, CO2C(CHs)s). IR (neat): ¥ (cm ™) =2970, 2928 (c-1), 1686 (c-0),
1084 (c-0-C ether), 756 (1,2-disubst. arom.).

tert-Butyl (R)-4-ethoxy-3,4-dihyrospiro[[2]benzopyran-1,4'-piperidine]-1'-carboxylate ((R)-14)

(R)-10 (210 mg, 0.66 mmol) was dissolved in THF (15 mL). NaH (60% dispersion in paraffin
liquid, 80 mg, 2.0 mmol) was added and the mixture was stirred for 1 h at ambient temperature. Then
iodoethane (0.53 mL, 6.6 mmol) was added dropwise and the mixture was stirred for 2.5 h at ambient
temperature. A 1 m solution of lithium bis(trimethylsilyl)amide (4.5 mL) was added and the mixture
was heated to reflux overnight. The mixture was allowed to cool to ambient temperature and stirred
overnight. Then water and CH2Cl2 were added. After separation of the layers, the aqueous layer was
extracted with CH2Clz2 (3%). The combined organic layers were dried (Na2SO4), filtered and the
solvent removed in vacuo. The crude product was purified by flash column chromatography (@ = 2
cm, h = 15 cm, cyclohexane-ethyl acetate = 9:1, V = 10 mL) to give (R)-14 as a pale yellow oil
(Rr=0.15, cyclo-hexane-ethyl acetate = 9:1), yield 66 mg (29%). C20H20NO4 (347.4 g/mol). Specific
rotation: [a] 7 : = —2.2 (3.2; CH2Cl2). Purity (HPLC method 1): 96.3%, tr = 21.3 min.

tert-Butyl (S)-4-ethoxy-3,4-dihydrospiro[[2]benzopyran-1,4'-piperidine]-1'-carboxylate ((S)-14)

($)-10 (200 mg, 0.63 mmol) was dissolved in THF (5 mL). A 1 m solution of lithium
bis(trimethylsilyl)amide (6.3 mL) was added and the mixture was stirred for 1 h at ambient
temperature. Then iodoethane (500 pL, 6.3 mmol) was added dropwise and the mixture was stirred
for 16 h at ambient temperature. NaH (60% dispersion in paraffin liquid, 250 mg, 6.3 mmol) and
iodoethane (500 pL, 6.3 mmol) were added and the mixture was heated to reflux overnight. The
mixture was allowed to cool to ambient temperature and stirred for 3 days. Then water was added.
After separation of the layers, the aqueous layer was extracted with ethyl acetate (3x). The combined
organic layers were dried (Na2SOa), filtered and the solvent was removed in vacuo. The crude
product was purified by flash column chromatography three times (1. @ = 2 cm, h = 15 cm,
cyclohexane-ethyl acetate = 9:1, V.= 10 mL; 2. @ = 1.5 cm, h = 15 cm, cyclohexane-ethyl
acetate = 9:1, V=5mL; 3. @ = 1.5 cm, h = 15 cm, cyclohexane-ethyl acetate = 95:5, V=5 mL) to
give (S)-14 as a pale yellow oil (Rr = 0.15, cyclohexane-ethyl acetate = 9:1), yield 110 mg (50%).
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C20H29NO4 (347.4 g/mol). Specific rotation: [a]} : = +2.4 (3.9; CH2Clz). Purity (HPLC method 1):
98.4%, tr = 21.5 min.

Spectroscopic data for (R)-14 and (5)-14

Exact mass (APCI): m/z =348.2199 (calcd. 348.2169 for C20H30NO4 [M+H]"). 'H-NMR (CDCl3):
d (ppm) = 1.28 (t, J = 7.0 Hz, 3H, OCH2CH3), 1.49 (s, 9H, CO2(CH3)3), 1.76-1.86 (m, 2H,
N(CH2CH?2)2), 1.86—1.96 (m, 2H, N(CH2CH>)2), 3.04-3.26 (m, 2H, N(CH2CHz2)2), 3.64-3.78 (m, 2H,
OCH:CH3), 3.86-4.08 (m, 2H, N(CH2CHz2)2), 3.89 (dd, J = 12.0/5.4 Hz, 1H, CHCH:0), 4.00 (dd,
J=12.0/3.7 Hz, 1H, CHCH:0), 4.35 (t, J = 4.5 Hz, 1H, CHCH20), 7.08 (dd, J = 7.2/2.0 Hz, 1H,
Harom), 7.20-7.32 (m, 2H, Harom)), 7.42 (dd, J = 6.9/2.3 Hz, 1H, Huom). *C-NMR (CDCl3):
d (ppm) = 15.9 (1C, OCH2CH3), 28.7 (3C, CO2C(CHs3)3), 35.8 (br, 1C, N(CH2CH2)2), 36.4 (br, 1C,
N(CH2CHz)2), 39.5 (br, 1C, N(CH2CHz)2), 40.3 (br, 1C, N(CH2CH2)2), 62.1 (1C, CHCH20), 64.9
(1C, OCH2CH3), 72.4 (1C, CHCH20), 73.7 (1C, CO2C(CH3)3), 79.6 (1C, ArCO), 125.1 (1C, Carom.),
126.8 (1C, Carom.), 128.1 (1C, Carom.), 128.5 (1C, Carom.), 134.0 (1C, Carom.), 141.8 (1C, Carom.), 155.1
(1C, CO2C(CH3)3). IR (neat): ¥ (cm™!) = 2970, 2928 (C-H), 1690 (C=0), 1092 (C-O-C ether), 756
(1,2-disubst. arom.).

(R)-1'-Benzyl-4-methoxy-3,4-dihydrospiro[[2]benzopyran-1,4"-piperidine] ((R)-15)

(R)-13 (360 mg, 1.1 mmol) was dissolved in CH2Cl> (5 mL). The solution was cooled to 0 °C.
Trifluoroacetic acid (0.7 mL) was added and the mixture was stirred for 2 h at 0 °C. Then a 2 M
aqueous solution of NaOH was added. After separation of the layers, the aqueous layer was extracted
with CH2Cl2 (3%). The combined organic layers were dried (Na2SOa4), filtered and the solvent was
removed in vacuo. The residue was dissolved in CH2Clz (5 mL). Benzaldehyde (30 puL, 0.30 mmol)
and sodium triacetoxyborohydride (76 mg, 0.36 mmol) were added and the mixture was stirred for
26 h at ambient temperature. Then a 2 M aqueous solution of NaOH (3 mL) and water (3 mL) were
added. After separation of the layers, the aqueous layer was extracted with CH2Clz (3x). The combined
organic layers were dried (Na2SO4), filtered and the solvent was removed in vacuo. The crude
product was purified by flash column chromatography (@ = 0.75 cm, h = 15 cm, cyclohexane-ethyl
acetate = 4:1, V. = 5 mL) to give (R)-15 as a colorless oil (Rf = 0.27, cyclohexane-ethyl
acetate = 5:5), yield 31 mg (9%). C21H2sNO> (323.4 G/mol). Specific rotation: [a]} : = —8.6 (2.8;
CH2Clz). Purity (HPLC method 1): 98.2%, tr = 15.8 min. Enantiomeric ratio (HPLC method 2,
Daicel Chiralpak IB, 5 um, 250 mm/4.6 mm, isohexane-methanol = 97:3, flow rate: 1.0 mL/min,
injection volume: 5 pL): (R):(S) = 94.8:5.2, tr = 7.2 min.

(5)-1'-Benzyl-4-methoxy-3,4-dihydrospiro[[2]benzopyran-1,4"-piperidine] ((S)-15)

(8)-13 (50 mg, 0.15 mmol) was dissolved in CH2Cl2 (5§ mL). Trifluoroacetic acid (200 pL) was
added and the mixture was stirred for 4.5 h at ambient temperature. Then a 2 M aqueous solution of
NaOH was added. After separation of the layers, the aqueous layer was extracted with CH2Clz (3x%).
The combined organic layers were dried (Na:SOs), filtered and the solvent was removed
in vacuo. The residue was dissolved in CH2Clz2 (10 mL). Benzaldehyde (70 pL, 0.69 mmol) and
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sodium triacetoxyborohydride (96 mg, 0.45 mmol) were added and the mixture was stirred overnight
at ambient temperature. The reaction was stopped by the addition of a 2 M aqueous solution of NaOH.
After separation of the layers, the aqueous layer was extracted with CH2Clz (3%). The combined organic
layers were dried (Na2SOs), filtered and the solvent was removed in vacuo. The crude product was
purified by flash column chromatography twice (1. @ = 1.5 cm, h = 16 cm, cyclohexane-ethyl
acetate =4:1, V=5mL; 2. @ = 1.5 cm, h = 15 cm, cyclohexane-ethyl acetate = 6:1, V=5 mL) to
give (S)-15 as a yellowish oil (Rr = 0.27, cyclohexane-ethyl acetate = 5:5), yield 39 mg (80%).
C21H2sNO2 (323.4 g/mol). Specific rotation: [a] 5 : = +7.7 (8.3; CH2Clz). Purity (HPLC method 1):
97.3%, tr = 15.6 min. Enantiomeric ratio (HPLC method 2, Daicel Chiralpak IB, 5 pm, 250 mm/4.6
mm, isohexane:methanol = 97:3, flow rate: 1.0 mL/min, injection volume: 5 uL): (R):(S) =9.0:91.0,
tr = 8.6 min.

Spectroscopic data for (R)-15 and (S)-15

Exact mass (APCI): m/z =324.1950 (calcd. 324.1958 for C21H26NO2 [M+H]"). 'H-NMR (CDCls):
S (ppm) = 1.87-1.95 (m, 3H, N(CH2CH2)2), 2.13 (td, J = 13.0/4.6 Hz, 1H, N(CH2CH2)2), 2.36-2.44
(m, 1H, N(CH>CH2)2), 2.51 (td, J=13.0/2.5 Hz, 1H, N(CH2CH2)2), 2.70-2.79 (m, 2H, N(CH2CH2)2),
3.50 (s, 3H, OCH3), 3.56 (d, J = 13.0 Hz, 1H, NCH>Ph), 3.60 (d, J = 13.0 Hz, 1H, NCH2Ph),
3.93-4.06 (d, J = 3.6 Hz, 2H, CHCH20), 4.19 (t, J = 3.6 Hz, 1H, CHCH20), 7.21-7.39 (m, 9H,
Harom.). *C-NMR (CDCls): § (ppm) = 35.5 (1C, N(CH2CH2)2), 37.3 (1C, N(CH2CH2)2), 49.4 (1C,
N(CH2CH2)2), 49.4 (1C, N(CH2CH2)2), 56.9 (1C, OCH3), 61.3 (1C, CHCH20), 63.5 (1C, NCH2Ph),
73.5 (1C, ArCO), 74.1 (1C, CHCH20), 125.3 (1C, Carom)), 126.5 (1C, Carom.), 127.1 (1C, Carom.),
128.3 (1C, Carom.), 128.3 (2C, 3-Cbenzyl, 5-Crenzy1), 129.0 (1C, 6-Carom.), 129.4 (2C, 2-Cbenzy1, 6-Cbenzy1),
133.1 (1C, 2-Carom), 1387 (1C, 1-Cbenzyl), 142.5 (IC, 1-Carom.). IR (neat):
¥ (cm™) =2924, 2816 (C-H), 1088 (C-0O-C), 737 (1,2-disubst. arom.), 737 (monosubst. arom.).

(R)-1'-Benzyl-4-ethoxy-3,4-dihydrospiro[[2]benzopyran-1,4"-piperidine] ((R)-16)

(R)-14 (49 mg, 0.14 mmol) was dissolved in CH:Cl2 (10 mL). Trifluoroacetic acid (200 uL) was
added and the mixture was stirred for 3 h at ambient temperature. Then a 2 M aqueous solution of
NaOH (10 mL) was added. After separation of the layers, the aqueous layer was extracted with
CH2Cl2 (3%). The combined organic layers were dried (Na2SOs4), filtered and the solvent was
removed in vacuo. The residue was dissolved in CH2Clz (10 mL). Benzaldehyde (60 pL, 0.59 mmol)
and (after 45 min) sodium triacetoxyborohydride (181 mg, 0.85 mmol) were added and the mixture
was stirred overnight at ambient temperature. The reaction was stopped by the addition of a 2 M
aqueous solution of NaOH. After separation of the layers, the aqueous layer was extracted with
CH2Cl2 (2%) and ethyl acetate (1x). The combined organic layers were dried (Na2SOs4), filtered and
the solvent was removed in vacuo. The crude product was purified by flash column chromatography
twice (1. @ =1.5 cm, h =17 cm, cyclohexane-ethyl acetate =4:1, V=5mL; 2. @=1.5cm,h=17 cm,
cyclohexane-ethyl acetate = 6:1, V.= 5 mL) to give (R)-16 as a pale yellow oil (Rr = 0.31,
cyclohexane-ethyl acetate = 5:5), yield 33 mg (70%). C22H27NO2 (337.5 g/mol). Specific rotation: [o]
i?: =-3.3 (7.7; CH2Cl2). Purity (HPLC method 1): 99.1%, tr = 17.0 min.
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(S)-1"-Benzyl-4-ethoxy-3,4-dihydrospiro[[2]benzopyran-1,4'-piperidine] ((:S)-16)

(8)-14 (63 mg, 0.18 mmol) was dissolved in CH2Cl2 (5§ mL). Trifluoroacetic acid (300 uL) was
added and the mixture was stirred for 2 h at ambient temperature. Then a 2 M aqueous solution of
NaOH was added. After separation of the layers, the aqueous layer was extracted with ethyl acetate
(3%). The combined organic layers were dried (Na2SO4), filtered and the solvent was removed
in vacuo. The residue was dissolved in CHClz (5§ mL). Benzaldehyde (40 puL, 0.39 mmol) and after
15 min, sodium triacetoxyborohydride (120 mg, 0.57 mmol) were added and the mixture was stirred
at ambient temperature for 8 h. The reaction was stopped by the addition of a 2 M aqueous solution
of NaOH. After separation of the layers, the aqueous layer was extracted with CH2Cl2 (3%). The
combined organic layers were dried (Na2SOs), filtered and the solvent was removed in vacuo. The
crude product was purified by flash column chromatography (@ = 1.25 cm, h = 15 c¢m, cyclohexane-
ethyl acetate = 6:1, V =5 mL) to give (5)-16 as a pale yellow oil (Rf = 0.31, cyclohexane-ethyl
acetate = 5:5), yield 28 mg (46%). C22H27NO2 (337.5 g/mol). Specific rotation: [a]} : =+2.6 (11.7;

CH:2Cl2). Purity (HPLC method 1): 96.6%, tr = 17.0 min.
Spectroscopic data for (R)-16 and (S)-16

Exact mass (APCI): m/z = 338.2130 (calcd. 338.2115 for C22H2sNO2 [M+H]") '"H-NMR (CDCls):
S (ppm) = 1.20 (t, J = 6.9 Hz, 3H, OCH2CH3), 1.74-2.04 (m, 4H, N(CH2CHz)2), 2.28-2.24 (m, 2H,
N(CH2CHz2)2), 2.62-2.70 (m, 2H, N(CH2CH2)2), 3.50 (s, 2H, NCH:Ph), 3.58-3.68 (m, 2H,
OCH>CH3), 3.79 (dd, J = 11.9/5.4 Hz, 1H, CHCH:0), 3.93 (dd, J = 11.9/3.9 Hz, 1H, CHCH:0),
4.28 (t, J = 4.6 Hz, 1H, CHCH:0), 7.11-7.35 (m, 9H, Harom.). *C-NMR (CDCl3): § (ppm) = 15.9
(1C, OCH2CH3), 36.3 (1C, N(CH2CHz2)2), 36.7 (1C, N(CH2CH2)2), 49.3 (1C, N(CH2CH2)2), 49.5
(1C, N(CH2CH2)2), 61.8 (1C, CHCH:0), 63.6 (1C, NCH2Ph), 64.8 (1C, OCH2CH3), 72.5 (1C,
CHCH:0), 73.7 (1C, ArCO), 125.2 (1C, Carom.), 126.6 (1C, Carom.), 127.1 (1C, Carom.), 128.0 (1C,
Carom.), 128.2 (1C, Carom.), 128.3 (2C, Carom.), 129.4 (2C, Carom.), 134.2 (1C, Carom.), 138.7 (1C, Carom.),
142.4 (1C, Carom.). IR (neat): ¥ (cm ') = 2928, 2812 (C-H), 1092 (C-O-C ether), 737 (1,2-disubst.
arom.), 698 (monosubst. arom.).

tert-Butyl (R)-4-(2-ethoxy-2-oxoethoxy)-3.,4-dihydrospiro[[2]benzopyran-1,4'-piperidine]-1'-
carboxylate ((R)-17)

(R)-11 (1.6 g, 5.0 mmol) was dissolved in THF (60 mL). A 1 M solution of lithium bis(trimethyl-
silyl)amide (41 mL, 41 mmol) was added and the mixture was stirred for 1 h at ambient temperature.
Then ethyl 2-bromoacetate (4.6 mL, 41.5 mmol) and tetrabutylammonium iodide (191 mg,
0.52 mmol) were added and the mixture was heated to reflux overnight. The solvent was removed
in vacuo. The crude product was purified by flash column chromatography (@ = 5.5 cm, h =15 cm,
cyclohexane-ethyl acetate = 9:1, V. = 65 mL) to give (R)-17 as a pale yellow oil (Rr = 0.17,
cyclohexane-ethyl acetate = 5:1), yield 1.2 g (59%). C22H31NOe¢ (405.5 g/mol). Specific rotation:
[a]}): =—14.7 (5.5; CH2Cl2). Purity (HPLC method 1): 97.3%, tr = 21.3 min.
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tert-Butyl (S)-4-(2-ethoxy-2-oxoethoxy)-3,4-dihydrospiro[2-benzopyran-1,4'-piperidine]-1'-
carboxylate ((S)-17)

($)-11 (2.0 g, 6.3 mmol) was dissolved in THF (50 mL). A 1 M solution of lithium bis(trimethyl-
silyl)amide (50 mL, 50 mmol) was added and the mixture was stirred for 45 min at ambient
temperature. Then ethyl 2-bromoacetate (50 mL, 50.5 mmol) and tetrabutylammonium iodide
(247 mg, 0.67 mmol) were added and the mixture was heated to reflux overnight. The solvent was
removed in vacuo. The crude product was purified by flash column chromatography (@ = 5 cm,
h = 17 cm, cyclohexane-ethyl acetate = 9:1, V = 30 mL) to give (S)-17 as a pale yellow oil
(Rr=0.17, cyclo-hexane-ethyl acetate = 5:1), yield 1.4 g (55%). C22H31NOs (405.5 g/mol). Specific
rotation: [a] 5 : = +14.3 (3.6; CH2Cl2). Purity (HPLC method 1): 96.0%, tr = 20.9 min.

Spectroscopic data for (R)-17 and (S)-17

Exact mass (APCI): m/z = 406.2224 (calcd. 406.2224 for C22H32NOs [M+H]"). 'H-NMR (CDCls):
S (ppm) = 1.29 (t, J = 7.1 Hz, 3H, CH2CH3), 1.49 (s, 9H, CO2C(CH3)3), 1.68-1.79 (m, 1H,
N(CH2CH2)2), 1.83-2.02 (m, 3H, N(CH2CHz)2), 3.01-3.29 (m, 2H, N(CH2CHz2)2), 3.93—4.11 (m, 4H,
N(CH2CH2)2 (2H), CHCH20 (2H)), 4.17-4.28 (m, 4H, CH>CHs (2), OCH2CO2 (2)), 4.52 (t, J=3.4
Hz, 1H, CHCH20), 7.11 (dd, J = 7.6/1.5 Hz, 1H, Harom.), 7.25-7.35 (m, 2H, Harom.), 7.55 (dd,
J = 7.5/1.7 Hz, 1H, Harom). “C-NMR (CDCl3): § (ppm) = 14.4 (1C, CH2CH3), 28.7 (3C,
CO2C(CHs)3), 34.7 (br, 1C, N(CH2CH2)2), 37.1 (br, 1C, N(CH2CHz2)2), 39.5 (br, 1C, N(CH2CH2)2),
40.1 (br, 1C, N(CH2CHz)2), 61.0 (1C, CH2CH3), 62.0 (1C, CHCH:20), 65.7 (1C, OCH2COz),
72.6 (1C, CHCH20), 73.6 (1C, CO2C(CH3)3), 79.6 (1C, ArCO), 125.0 (1C, Carom.), 127.0 (1C, Carom.),
128.8 (1C, Carom.), 129.5 (1C, Carom.), 131.8 (1C, Carom.), 142.1 (1C, Carom.), 155.0 (1C, CO2C(CH3)3),
170.9 (1C, OCH2CO2). IR (neat): ¥ (cm ') =2974, 2928 (C-H), 1751, 1690 (C=0), 1165, 1099 (C-
O-C ether), 759 (1,2-disubst. arom.).

Ethyl (R)-2-[(1'-benzyl-3,4-dihydrospiro[[2]benzopyran-1,4'-piperidin]-4-yl)oxy]acetate ((R)-18)

(R)-17 (86 mg, 0.21 mmol) was dissolved in CH2Clz (4 mL). Trifluoroacetic acid (200 pL) was
added and the mixture was stirred overnight at ambient temperature. Then water was added. After
separation of the layers, the aqueous layer was extracted with ethyl acetate (3x). The combined
organic layers were dried (Na2S0Os4), filtered and the solvent was removed in vacuo. The residue was
dissolved in CH2Cl2 (2 mL). Benzaldehyde (103 pL, 1.0 mmol) and sodium triacetoxyborohydride (161
mg, 0.76 mmol) were added and the mixture was stirred at ambient temperature for 4 days. The
reaction was stopped by the addition of a 2 M aqueous solution of NaOH. After separation of the
layers, the aqueous layer was extracted with CH2Clz (3%). The combined organic layers were dried
(Na2S0a4), filtered and the solvent was removed in vacuo. The crude product was purified by flash
column chromatography (@ = 1.5 cm, h = 14 cm, cyclohexane-ethyl acetate = 3:1, V=5 mL) to give
(R)-18 as a yellowish oil (Rf=0.16, cyclohexane-ethyl acetate = 5:5), yield 36 mg (43%). C24H29NO4
(395.5 g/mol). Specific rotation: [o] 7y : = —16.0 (3.3; CH2Cl2). Purity (HPLC method 1): 95.4%,

trR = 17.7 min.
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Ethyl (S)-2-[(1"-benzyl-3,4-dihydro-3,4-dihydrospiro[2-benzopyran-1,4'-piperidin]-4-
yl)oxy]acetate ((S)-18)

(8)-17 (1.3 mg, 3.2 mmol) was dissolved in CH2Cl> (60 mL). Trifluoroacetic acid (3.5 mL) was
added and the mixture was stirred for 7 h at ambient temperature. Then a 2 M aqueous solution of
NaOH was added. After separation of the layers, the aqueous layer was extracted with CH2Cl2 (3x).
The combined organic layers were dried (Na:SOs), filtered and the solvent was removed
in vacuo. The residue was dissolved in CH2Clz2 (50 mL). Benzaldehyde (1.0 mL, 9.9 mmol) and, after
15 min, sodium triacetoxyborohydride (2.0 g, 9.4 mmol) were added and the mixture was stirred
overnight at ambient temperature. The reaction was stopped by the addition of a 2 M aqueous solution
of NaOH and worked up as described for (R)-18. The crude product was purified by flash column
chromatography (@ =5 cm, h = 15 cm, cyclohexane-ethyl acetate = 3:1, V = 30 mL) to give (S)-18
as a yellowish oil (Rr = 0.16, cyclohexane-ethyl acetate = 5:5), yield 36 mg (43%). C2aH290NO4
(395.5 g/mol). Specific rotation: [o] 7 : = +15.3 (3.4; CH2Cl2). Purity (HPLC method 1): 93.1%,

tr =17.3 min.
Spectroscopic data for (R)-18 and (S)-18

Exact mass (APCI): m/z=396.2177 (calcd. 396.2169 for C24H30NO4 [M+H]"). 'TH-NMR (CDCls):
S (ppm) = 1.30 (t, J = 7.1 Hz, 3H, CH2CH3), 1.87-1.95 (m, 3H, N(CH2CH2)2), 2.16 (td,
J = 13.1/4.6 Hz, 1H, N(CH2CHz)2), 2.34-2.45 (m, 1H, N(CH>CHz)), 2.47-2.55 (m, 1H,
N(CH2CHz)2), 2.70-2.81 (m, 2H, N(CH2CH2)2), 3.57 (d, J = 13.1 Hz, 1H, NCH:Ph), 3.61 (d,
J=13.1 Hz, 1H, NCH2Ph), 3.98 (dd, J= 12.4/3.3 Hz, 1H, CHCH20), 4.05 (dd, J=12.4/3.8 Hz, 1H,
CHCH20), 4.16-4.29 (m, 4H, CH.CH3 (2H), OCH2CO:z (2H)), 4.53 (t,J = 3.5 Hz, CHCH20), 7.22-7.41
(m, 8H, Harom)), 7.53-7.57 (m, 1H, Harom.). *C-NMR (CDCl3): & (ppm) = 14.4 (1C, CH2CH3),
35.1 (1C, N(CH2CH2)2), 37.4 (1C, N(CH2CH2)2), 49.3 (1C, N(CH2CH2)2), 49.4 (1C, N(CH2CH2)2),
61.0 (1C, CH2CH3), 61.7 (1C, CHCH20), 63.5 (1C, NCH2Ph), 65.6 (1C, OCH2CO»), 72.7 (1C,
CHCH20), 73.6 (1C, ArCO), 125.2 (1C, Carom.), 126.8 (1C, Carom.), 127.1 (1C, Carom.), 128.3 (2C,
Carom.), 128.6 (1C, Carom.), 129.4 (1C, Carom.), 129.4 (2C, Carom.), 132.0 (1C, 4a-Carom.), 138.6 (1C,
1-Chenzyl), 142.8 (1C, 8a-Carom.), 170.9 (1C, OCH2CO2). IR (neat): ¥ (cm') = 2920, 2866 (C-H),
1748 (C=0), 1099, 1053 (C-O-C ether), 737 (1,2-disubst. arom.), 698 (monosubst. arom.).

(R)-2-[(1'-Benzyl-3,4-dihydrospiro[[2]benzopyran- 1,4'-piperidin]-4-yl)oxy]ethanol ((R)-19)

(R)-18 (480 mg, 1.21 mmol) was dissolved in THF (5 mL). A 1 m solution of LiAlH4 in THF
(6 mL, 6 mmol) was added and the mixture was stirred overnight at ambient temperature. Then water
was added. After separation of the layers, the aqueous layer was extracted with CH2Cl2 (3%).
The combined organic layers were washed with water (2x) and brine (1x), dried (Na2SO4), filtered
and the solvent was removed in vacuo. The crude product was purified by flash column
chromatography (@ =3 c¢cm, h = 15 cm, cyclohexane-ethyl acetate = 5:5, V =20 mL) to give(R)-19
as a yellowish oil (Rr= 0.06, ethyl acetate), yield 254 mg (59%). C22H27NO3 (353.5 g/mol). Specific
rotation: [a] ,zf :=-2.2 (1.7; CH2Cl2). Purity (HPLC method 1): 95.1%, tr = 13.8 min.
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(5)-2-[(1"-Benzyl-3,4-dihydrospiro[[2]benzopyran-1,4'-piperidin]-4-yl)oxy]ethanol ((S)-19)

(8)-18 (451 mg, 1.14 mmol) was dissolved in THF (10 mL). A 1 M solution of LiAlH4 in THF
(2.5 mL, 2.5 mmol) was added and the mixture was stirred overnight at ambient temperature.
Then water and CH2Cl2 were added. The reaction was worked up as described for (R)-19. The crude
product was purified by flash column chromatography (@ = 2 cm, h = 15 cm, cyclohexane-ethyl
acetate = 5:5, V = 10 mL) to give (S)-19 as a pale yellow oil (Rr = 0.06, ethyl acetate), yield
302 mg (75%). C22H27NO3 (353.5 g/mol). Specific rotation: o] f)o :=+2.1 (1.8; CH2Cl). Purity (HPLC

method 1): 94.3%, tr = 13.9 min.
Spectroscopic data for (R)-19 and (S)-19

Exact mass (APCI): m/z =354.2039 (calcd. 354.2064 for C22H2sNO3 [M+H]"). "TH-NMR (CDCls):
S (ppm) = 1.85-1.99 (m, 3H, N(CH2CH2)2), 2.13 (td, J = 13.3/4.6 Hz, 1H, N(CH2CHa)2), 2.30-2.44
(s br, 1H, OH), 2.40 (td, J = 10.9/4.6 Hz, 1H, N(CH2CHz2)2), 2.45-2.53 (m, 1H, N(CH2CH2)2),
2.70-2.79 (m, 2H, N(CH2CHz)2), 3.58 (s, 2H, NCH2Ph), 3.72-3.81 (m, 4H, OCH2CH>0OH), 3.94 (dd,
J=12.3/3.3 Hz, 1H, CHCH:0), 4.01 (dd, J = 12.3/3.9 Hz, 1H, CHCH20), 4.36 (t, J = 3.6 Hz, 1H,
CHCH:0), 7.22-7.39 (m, 9H, Harom.). *C-NMR (CDCl3): § (ppm) = 35.4 (1C, N(CH2CHa)2), 37.4
(1C, N(CH2CH2)2), 49.3 (1C, N(CH2CH2)2), 49.4 (1C, N(CH2CHz)2), 61.6 (1C, CHCH20), 62.2 (1C,
OCH2CH20H), 63.5 (1C, NCHz2Ph), 70.1 (1C, OCH2CH20H), 73.1 (1C, CHCH20), 73.7 (1C,
ArCO),125.4 (1C, Carom.), 126.7 (1C, Carom.), 127.1 (1C, Carom.), 128.3 (2C, Carom.), 128.5 (1C, Carom.),
128.9 (1C, Carom), 129.4 (2C, Carom.), 133.1 (1C, Carom.), 138.7 (1C, Carom.), 142.5 (1C, Carom.).
IR (neat): ¥ (cm ') = 3399 (O-H), 2924, 2816 (C-H), 1092, 1076 (C-O-C, ether), 741 (1,2-disubst.
arom.), 698 (monosubst. arom.).

(R)-1'-Benzyl-4-(2-fluoroethoxy)-3,4-dihydrospiro[[2 ]benzopyran-1,4'-piperidine] ((R)-20)

(Diethylamino)difluorosulfonium tetrafluoroborate (Xtal-Fluor E®, 46 mg, 0.20 mmol) and
triethylamine trihydrofluoride (45 pL, 0.28 mmol) were dissolved in CH2Cl2 (1 mL). The solution
was cooled to =78 °C. (R)-19 (48 mg, 0.14 mmol) was added and the mixture was stirred at —78 °C
for 1 h, then at 0 °C for 1 h and at ambient temperature for 1 h. A 5% aqueous solution of NaHCOs
(3 mL) was added and the mixture was stirred for 15 min. The aqueous layer was extracted with
CH2Cl2 (2%). The combined organic layers were dried (Na2SOs4), filtered and the solvent was
removed in vacuo. The crude product was purified by flash column chromatography (@ = 0.75 cm,
h = 16 cm, cyclohexane-ethyl acetate = 2:1, V = 5 mL) to give (R)-20 as a pale yellow oil
(Rr=0.34, cyclohexane-ethyl acetate = 5:5), yield 27 mg (54%). C22H26FNO2 (355.4 g/mol). Specific
rotation: [a] 7 : = —6.4 (5.8; CH2Clz). Purity (HPLC method 1): 97.0%, tr = 16.4 min.

(S)-1"-Benzyl-4-(2-fluoroethoxy)-3,4-dohydrospiro[[2]benzopyran-1,4"-piperidine] ((S)-20)

(Diethylamino)difluorosulfonium tetrafluoroborate (Xtal-Fluor E®, 120 mg, 0.52 mmol) and
triethylamine trihydrofluoride (305 pL, 1.87 mmol) were dissolved in CH2Cl2 (2 mL). The solution
was cooled to =78 °C. (5)-19 (120 mg, 0.34 mmol) dissolved in CH2Cl2 (2 mL), was added and the
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mixture was stirred at -78 °C for 1 h, then at 0 °C for 1 h and at ambient temperature overnight.
A 20% aqueous solution of NaHCO3 (4 mL) was added and the mixture was stirred for 15 min. The
aqueous layer was extracted with CH2Clz (2%). The combined organic layers were dried (Na2SOs4),
filtered and the solvent was removed in vacuo. The crude product was purified by flash column
chromatography (@ = 1.5 cm, h = 18 cm, cyclohexane-ethyl acetate = 3:1, V = 5 mL) to give
(5)-20 as a pale yellow oil (Rr = 0.34, cyclohexane-ethyl acetate = 5:5), yield 86 mg (71%).
C22H26FNO: (355.4 g/mol). Specific rotation: [a] 5 : = +5.9 (4.4; CH2Cl). Purity (HPLC method 1):

95.1%, tr = 16.1 min.
Spectroscopic data for (R)-20 and (S)-20

Exact mass (APCI): m/z = 356.2032 (calcd. 356.2020 for C2:H27FNO: [M+H]"). 'H-NMR
(CDCI3): 6 (ppm) = 1.85-2.00 (m, 3H, N(CH2CH>)2), 2.10 (td, J = 13.3/4.6 Hz, 1H, N(CH2CH>)z2),
2.39 (td, J = 11.6/3.1 Hz, 1H, N(CH2CH2)2), 2.48 (td, J = 11.6/2.5 Hz, 1H, N(CH2CH2)2), 2.69-2.78
(m, 2H, N(CH2CHa)2), 3.57 (s, 2H, NCH2Ph), 3.78-3.87 (m, 1H, OCH2CHzF), 3.87-3.94 (m, 1H,
OCH>CH?F), 3.94 (dd, J=12.1/4.7 Hz, 1H, CHCH:0), 4.01 (dd, J=12.1/3.7 Hz, |H, CHCH:0), 4.45
(t,J=4.2 Hz, 1H, CHCH:0), 4.59 (dt, J = 47.7/4.2 Hz, 2H, OCH2CH-F), 7.21-7.38 (m, 8H, Harom.),
7.41-7.44 (m, 1H, Haom). *C-NMR (CDCl3): § (ppm) = 35.7 (1C, N(CH2CH2)2), 37.0 (1C,
N(CH2CH2)2), 49.3 (1C, N(CH2CH2)2), 49.4 (1C, N(CH2CHz)2), 61.8 (1C, CHCH20), 63.5 (1C,
NCH2Ph), 68.0 (d, J =20.3 Hz, 1C, OCH2CH2F), 73.1 (1C, CHCH:0), 73.6 (1C, ArCO), 83.5 (d,
J=179.1 Hz, 1C, OCH2CH2F), 125.3 (1C, Carom.), 126.7 (1C, Carom.), 127.2 (1C, Carom.), 128.4 (2C,
Carom.), 128.7 (1C, Carom.), 129.5 (2C, Carom.), 129.6 (1C, Carom.), 133.0 (1C, Carom.), 138.4 (1C, Carom.),
142.5 (1C, Carom.). IR (neat): ¥ (cm™') = 2934, 2812 (C-H), 1096 (C-O-C, ether), 737
(1,2-disubst. arom.), 698 (monosubst. arom.).

{(R)-2-[(1'-Benzyl-3,4-dihydrospiro[[2]benzopyran-1,4'-piperidin]-4-yl)oxy]ethyl} 4-
methylbenzene-sulfonate ((R)-21)

(R)-19 (90 mg, 0.25 mmol) was dissolved in CH2Cl2 (13 mL). 4-Dimethylaminopyridine (8 mg,
0.07 mmol), triethylamine (176 pL, 1.3 mmol) and 4-toulenesulfonyl chloride (108 mg, 0.57 mmol)
were added and the mixture was stirred overnight at ambient temperature. Then a 2 M aqueous
solution of NaOH was added. After separation of the layers, the aqueous layer was extracted with
CH2Cl2 (3%). The combined organic layers were dried (Na2SOs4), filtered and the solvent was
removed in vacuo. The crude product was purified by flash column chromatography (@ = 1.5 cm,
h = 16 cm, cyclohexane-ethyl acetate = 7:3, V = 5 mL) to give (R)-21 as a colorless oil (Rr= 0.13,
cyclohexane-ethyl acetate = 5:5), yield 59 mg (46%). C20H33NOsS (507.6 g/mol). Specific rotation:
[a]: =—5.9 (21.8; CH2Cl2). Purity (HPLC method 1): 94.5%, tr = 20.3 min.

{(S)-2-[(1"-Benzyl-3,4-dihydrospiro[[2]benzopyran-1,4"-piperidin]-4-yl)oxy]ethyl} 4-
methylbenzene-sulfonate ((S)-21)

(5)-19 (140 mg, 0.40 mmol) was dissolved in CH2Cl2 (20 mL). Triethylamine (274 pL, 2.0 mmol),
4-dimethylaminopyridine (16 mg, 0.13 mmol) and 4-toulenesulfonyl chloride (152 mg, 0.80 mmol)
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were added and the mixture was stirred overnight at ambient temperature. Then reaction was worked
up as described for (R)-21. The crude product was purified by flash column chromatography (@ = 2
cm, h =15 cm, cyclohexane-ethyl acetate = 7:3, V =10 mL) to give (5)-21 as a yellow oil (Rr=0.13,
cyclohexane-ethyl acetate = 5:5), yield 66 mg (32%). C20H33NOsS (507.6 g/mol). Specific rotation:
[a] 3 : =+7.5 (23.8; CH2Cl2). Purity (HPLC method 1): 95.1%, tr = 19.6 min.

Spectroscopic data for (R)-21 and (S)-21

Exact mass (APCI): m/z = 508.2151 (calcd. 508.2152 for C20H3sNOsS [M+H]"). 'H-NMR
(CDCl3): 8 (ppm) = 1.78-1.90 (m, 2H, N(CH2CH2)2), 1.91-2.03 (m, 1H, N(CH2CH2)2), 2.14 (br t,
J=12.9 Hz, 1H, N(CH2CH2)2), 2.41 (s, 3H, CH3), 2.45-2.62 (m, 2H, N(CH2CHa)2), 2.77-2.82 (m,
2H, N(CH2CH2)2), 3.62 (s, 2H, NCH2Ph), 3.70-3.87 (m, 3H, OCH2CH20Tos (2H), CHCH:0 (1H)),
391 (dd, J = 12.2/3.4 Hz, 1H, CHCH:20), 4.094.25 (m, 2H, OCH2CH:0Tos), 4.33 (t,
J = 3.8 Hz, CHCH20), 7.08-7.57 (m, 11H, Harom.), 7.71-7.83 (m, 2H, H-2i0sy1, H-610sy1). '*C-NMR
(CDCl): 6 (ppm) = 21.8 (1C, CH3), 35.2 (1C, N(CH2CHz2)2), 36.8 (1C, N(CH2CH2)2), 49.2 (1C,
N(CHz2CH2)2), 49.3 (1C, N(CH2CH2)2), 61.7 (1C, CHCH20), 63.3 (1C, NCH2Ph), 66.1 (1C,
OCH2CH20Tos), 69.7 (1C, OCH2CH20Tos), 73.0 (1C, CHCH20), 73.4 (1C, ArCO), 125.2 (1C,
Carom.), 126.1 (1C, Carom.), 126.7 (1C, Carom.), 128.1 (2C, Carom.), 128.4 (2C, Carom.), 128.7 (1C, Carom.),
128.8 (2C, Carom.), 129.6 (1C, Carom.), 129,9 (2C, Carom.), 132.2 (1C, Carom.), 133.0 (1C, Carom.), 133.9
(1C, Carom.), 144.9 (1C, Carom), 146.0 (1C, Carom.). IR (neat): ¥ [em '] = 2924, 2812 (C-H),
1358(m), 1177 (O=S=0), 1096 (C-O-C), 741 (1,2-disubst. arom.), 698 (monosubst. arom.).

2.2. Receptor Bindings Studies
2.2.1. Materials

The guinea pig brain and rat liver for the o1 and o2 receptor binding assays were commercially
available (Harlan-Winkelmann, Borchen, Germany). Homogenizer: Elvehjem Potter (B. Braun
Biotech International, Melsungen, Germany). Cooling centrifuge model Rotina 35R (Hettich,
Tuttlingen, Germany) and High-speed cooling centrifuge model Sorvall RC-5C plus (Thermo Fisher
Scientific, Langenselbold, Germany). Multiplates: standard 96-well multiplates (Diagonal,
Muenster, Germany). Shaker: self-made device with adjustable temperature and tumbling speed
(scientific workshop of the institute). Vortexer: Vortex Genie 2 (Thermo Fisher Scientific,
Langenselbold, Germany). Harvester: MicroBeta FilterMate-96 Harvester. Filter: Printed Filtermat
Typ A and B. Scintillator: Meltilex (Typ A or B) solid state scintillator. Scintillation analyzer:
MicroBeta Trilux (all Perkin Elmer LAS, Rodgau-Jiigesheim, Germany). Chemicals and reagents
were purchased from different commercial sources and of analytical grade.

2.2.2. Preparation of Membrane Homogenates from Guinea Pig Brain

According to [35-37]: five guinea pig brains were homogenized with the Potter (500—800 rpm,
10 up-and-down strokes) in 6 volumes of cold 0.32 M sucrose. The suspension was centrifuged at
1,200 x g for 10 min at 4 °C. The supernatant was separated and centrifuged at 23,500 x g for
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20 min at 4 °C. The pellet was resuspended in 5-6 volumes of buffer (50 mM TRIS, pH 7.4) and
centrifuged again at 23,500 x g (20 min, 4 °C). This procedure was repeated twice. The final pellet
was resuspended in 5-6 volumes of buffer and frozen (=80 °C) in 1.5 mL portions containing about
1.5 mg protein/mL.

2.2.3. Preparation of Membrane Homogenates from Rat Liver

According to [35-37]: two rat livers were cut into small pieces and homogenized with the Potter
(500-800 rpm, 10 up-and-down strokes) in 6 volumes of cold 0.32 M sucrose. The suspension was
centrifuged at 1,200 x g for 10 min at 4 °C. The supernatant was separated and centrifuged at
31,000 x g for 20 min at 4 °C. The pellet was resuspended in 5—6 volumes of buffer (50 mM TRIS, pH
8.0) and incubated at room temperature for 30 min. After the incubation, the suspension was
centrifuged again at 31,000 x g for 20 min at 4 °C. The final pellet was resuspended in 5-6 volumes of
buffer and stored at —80 °C in 1.5 mL portions containing about 2 mg protein/mL.

2.2.4. Protein Determination

The protein concentration was determined by the method of Bradford [38], modified by
Stoscheck [39]. The Bradford solution was prepared by dissolving 5 mg of Coomassie Brilliant Blue
G 250 in 2.5 mL of EtOH (95%, v/v). 10 mL deionized H20 and 5 mL phosphoric acid (85%, m/v)
were added to this solution, the mixture was stirred and filled to a total volume of 50.0 mL with
deionized water. The calibration was carried out using bovine serum albumin as a standard in 9
concentrations (0.1, 0.2, 0.4, 0.6, 0.8, 1.0, 1.5, 2.0 and 4.0 mg/mL). In a 96-well standard multiplate,
10 pL of the calibration solution or 10 uL of the membrane receptor preparation were mixed with
190 pL of the Bradford solution, respectively. After 5 min, the UV absorption of the protein-dye complex
at A = 595 nm was measured with a platereader (Tecan Genios, Tecan, Crailsheim, Germany).

2.2.5. General Protocol for the Binding Assays

According to [35-37]: the test compound solutions were prepared by dissolving approximately
10 umol (usually 2—4 mg) of test compound in DMSO so that a 10 mM stock solution was obtained.
To obtain the required test solutions for the assay, the DMSO stock solution was diluted with the
respective assay buffer. The filtermats were presoaked in 0.5% aqueous polyethylenimine solution
for 2 h at room temperature before use. All binding experiments were carried out in duplicates in
96-well multiplates. The concentrations given are the final concentrations in the assay. Generally, the
assays were performed by addition of 50 pL of the respective assay buffer, 50 puL test compound
solution in various concentrations (107, 107, 1077, 10, 10 and 107'° mol/L), 50 pL of
corresponding radioligand solution and 50 pL of the respective receptor preparation into each well
of the multiplate (total volume 200 pL). The receptor preparation was always added last. During the
incubation, the multiplates were shaken at a speed of 500—600 rpm at the specified temperature.
Unless otherwise noted, the assays were terminated after 120 min by rapid filtration using the
harvester. During the filtration each well was washed five times with 300 pL of water. Subsequently,
the filtermats were dried at 95 °C. The solid scintillator was melted on the dried filtermats at a
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temperature of 95 °C for 5 min. After solidifying of the scintillator at room temperature, the trapped
radioactivity in the filtermats was measured with the scintillation analyzer. Each position on the
filtermat corresponding to one well of the multiplate was measured for 5 min with the [°’H]-counting
protocol. The overall counting efficiency was 20%. The 1Cso-values were calculated with the
program GraphPad Prism® 3.0 (GraphPad Software, San Diego, CA, USA) by non-linear regression
analysis. Subsequently, the ICso values were transformed into Ki-values using the equation of Cheng
and Prusoff [40]. The Ki-values are given as mean value + SEM from three independent experiments.

2.2.6. Protocol of the 61 Receptor Binding Assay

According to [35-37]: the assay was performed with the radioligand [*H]-(+)-pentazocine
(22.0 Ci/mmol; Perkin Elmer). The thawed membrane preparation of guinea pig brain cortex
(about 100 pg of protein) was incubated with various concentrations of test compounds, 2 nM
[*H]-(+)-pentazocine, and TRIS buffer (50 mM, pH 7.4) at 37 °C. The non-specific binding was
determined with 10 uM unlabeled (+)-pentazocine. The Kd-value of (+)-pentazocine is 2.9 nM [41].

2.2.7. Protocol of the 62 Receptor Binding Assay

According to [35-37]: the assays were performed with the radioligand [*'H]DTG (specific activity
50 Ci/mmol; ARC, St. Louis, MO, USA). The thawed membrane preparation of rat liver (about
100 pg of protein) was incubated with various concentrations of the test compound, 3 nM [*H]DTG
and buffer containing (+)-pentazocine (500 nM (+)-pentazocine in 50 mM TRIS, pH 8.0) at room
temperature. The non-specific binding was determined with 10 uM non-labeled DTG. The Ka value
of [PH]DTG is 17.9 nM [42].

2.3. Radiochemistry
2.3.1. General

For Solid Phase Extraction (SPE), Sep-Pak® C18 cartridges Plus, Plus short and Plus light
(Waters, Eschborn, Germany) as well as Chromabond HR-X® cartridges (Machery-Nagel, Diiren,
Germany) were tried and C18 cartridges Plus were applied routinely.

Analytical radio-HPLC was performed using an Jasco device series 2000 consisting of
autosampler, quaternary pump, degasser, UV-Vis detector, and Nal(Tl)-scintillation detector (bte,
Braunschweig, Germany) for gamma detection. A Multospher 120 RP18-AQ column (250x4.6 mm,
particle size 5 um p.s.; CS Chromatographie Service, , Langerwehe, Germany) was applied in
gradient mode (0—10 min: 5% MeCN+ 20 mM NH4OAc aq.; 10-55 min: 10%—-80% MeCN + 20 mM
NH4OAc aq.) at a flow rate of 1.0 mL/min.

Separation of the crude '®F-labeled product was conducted via semi-preparative radio-HPLC in
isocratic mode using a Multospher 120 RP18-AQ column (150x10 mm, 5 pm) with 50% acetonitrile
+ 20 mM NH4OAc aq. as eluent at a flow rate of 2 mL/min. The device consisted of an S1021 pump
(SYKAM Chromatographie, Fiirstenfeldbruck, Germany), UV detector (Well-ChromK-2001,
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KNAUER, Berlin, Germany), and Nal(TI)-counter and data acquisition was performed by NINA
software version 4.8 rev. 4 (Nuclear Interface, Miinchen, Germany).

Radioluminescence thin-layer chromatography (radio-TLC) was performed on alumina coated
platelets (Alugram® ALOX N/UVass) with petroleum ether/ethyl acetate 7:3 (v/v) as solvent.
Radioactive spots were visualised by radioluminescence using a BAS-1800 II system (Bioimaging
Analyzer, Fuji Film, Disseldorf, Germany). Images were evaluated with AIDA 2.31 software
(raytest, Straubenhardt, Germany) using the non-radioactive reference compounds after visualization
under UV (254 nm).

2.3.2. Synthesis of ['*F]fluoride Labeled Radiotracer ['*F]-(R)-20

Aqueous ['®F]fluoride was added to a solution of K222 (11.2 mg, 29.7 pumol) and aqueous K2COs3
(1.78 mg, 12.9 umol) in acetonitrile (0.5 mL). The solvent was removed azeotropically in an Ar
atmosphere under reduced pressure to produce anhydrous reactive K['®F]F-K222-carbonate
complex. To this mixture a solution of tosylate precursor (R)-21 (2.0-2.5 mg) in acetonitrile
(0.5 mL) was added and the reaction mixture was heated to 82 °C for 20 min (total reaction volume
1.0 mL). These optimized reaction conditions led to reproducible labelling yields of 25%—-32%
(n = 8) as determined by radio-TLC (petroleum ether-ethyl acetate 7: 3 (v/v). TLC retention values:
["F]-(R)-20: R = 0.83; (R)-21: R=10.27.

2.4. In vitro stability and lipophilicity of ['SF]-(R)-20

For pharmacological characterization of the radiotracer ['*F]-(R)-20, chemical stability was
investigated in vitro in different buffer systems over 2 h at 40 °C: 50 mM phosphate buffer (pH 7.2),
phosphate-saline-solution (Dulbecco; pH 7.2) and 0.01 M TRIS-HCI (pH 7.4). In-vitro stability in
native mouse plasma was investigated by incubation of 200 uL plasma plus 5 pL ['*F]-(R)-20
(~50 MBq) in isotonic NaCl (containing 10% ethanol) for 30 min at 37 °C.

To get information about the blood-brain barrier permeability of ['*F]-(R)-20, the distribution
coefficient logD was determined by conventional shake-flask experiments using n-octanol/phosphate
buffer pH 7.2, n-octanol/phosphate-saline-solution pH 7.2 and n-octanol/TRIS-HCI pH 7.4 extraction
systems. The amount of the radiotracer ['*F]-(R)-20 in the respective layer was determined using a
calibrated y-counter (Wallac WIZARD, Perkin Elmer, Rodgau-Jiigesheim, Germany). The determination
of the logD7.4 value by HPLC (RP-HPLC; column: ReproSil-Pur AQ, 5 um, 250 x 4 mm, Dr. Maisch
HPLC GmbH, Ammerbruch, Germany; solvent A: NH4OAc 20 mM aq., solvent B: acetonitrile using
a gradient for B: 0—10 min 10%, 10—40 min 10%-90%; flow: 1 ml/min; detection: 254 nm) was
achieved after calibration using reference compounds following the EU guideline 67/548/EWG
based on OECD guidelines 2004 [43]. The following reference compounds have been used for
calibration (reference compound (logD)): phenol (1.5), benzene (2.17), toluene (2.7), benzyl alcohol
(1.1), o-nitrophenol (1.8), benzyl chloride (2.3), 1,4-dibromobenzene (3.8), nitrobenzene (/.9),
benzophenone (3.2), diphenyl ether (4.2), fluoranthene (5.7), p-nitrophenol (7.9), chlorobenzene
(2.8), naphthalene (3.6), trichloroethylene (2.4), biphenyl (4.0), phenanthrene (4.5), dibenzyl (4.8),
thiourea (for determination of to). For the reference compounds as well as (R)-20, multiple
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measurements were conducted (n = 3-6). The following regression equation was obtained: log
k = 0.07189 x logD + 0.84472 (R?> = 0.7988). The logD74 value of ['®F]-(S)-20 was recorded
six times. Furthermore, the logD value was calculated via ACD ChemSketch2012 software.

2.5. Biological Evaluation
2.5.1. General

The experimental protocols were approved by the local ethics committee and conducted according
to the national and EU regulations for animal research. Female CD1 mice (10-12 weeks old,
33.8 £ 6.2 g) were obtained from the Medizinisch-Experimentelles Zentrum, Universitét Leipzig and
housed under a 12 h/12 h light/dark cycle with free access to food and water for at least 24 h before
experiments. Animals were sacrificed by COz asphyxiation after anaesthesia with O2/CO2 mixture.

2.5.2. In Vivo Metabolism of ['*F]-(R)-20

The metabolism of ['8F]-(R)-20 was investigated at 30 min after injection of the radiotracer
(166.4 = 65.4 MBgq, dissolved in ca. 150 pL saline) into the left or right vena caudalis lateralis.
Metabolites were investigated in plasma, urine, brain and liver samples. Urine samples were analyzed
directly. Plasma samples were obtained by centrifugation of EDTA blood (12,000 rpm,
4 °C, 10 min) obtained by heart puncture. Brain and liver samples were acquired by homogenization
of the organs in ice-cold 50 mM TRIS-HCI buffer (pH 7.4) using a PotterS® Homogeizer (B. Braun).
The tissues were treated in a borosilicate glass cylinder by 10 strokes of a PTFE plunge at a speed of
800-1000 min .

The precipitation of proteins in plasma, brain, and liver samples was performed using twofold
extraction of aliquots with ice-cold MeCN (1:4 v/v; for plasma 1:7 v/v), centrifugation of
precipitates, and gentle concentration of the combined supernatants (~60°C, argon flow). In addition,
precipitation experiments were supplemented by an alternative precipitation method using aqueous
MeOH (MeOH/H20 9:1). The percentages of the parent radiotracer and radiometabolites were
analysed by radio-HPLC and radio-TLC. The extraction efficiency was controlled using a calibrated
y-counter (Wallac WIZARD, Perkin Elmer).

2.5.3. Ex Vivo Autoradiography Studies

The tracer distribution in the brain under control and blocking conditions was determined by ex
vivo autoradiography studies. ['*F]-(R)-20 was administered via right vena caudalis lateralis without
(31.0 MBq) or with (31.7 MBq) co-application 1 mg/kg haloperidol (Tocris, Bristol, UK) [44]. Animals
were sacrificed at 30 min p.i. Blood was collected by heart puncture, the brain quickly removed and
transferred on ice, and all samples were weighed. Radioactivity in brain and plasma samples was
counted using an automated y-counter and expressed as percentage of injected dose per gram
(%ID/g). For autoradiography, the brain hemispheres were frozen immediately after isolation in 2-
methylbutane (Carl Roth, Karlsruhe, Germany) at =30 °C (>2 min). Serial sagittal slices of 12 um
thickness were cut on a cryostat (Microm, Walldorf, Germany) from approx. midline, +500 pum,
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+1,000 pm and +1,500 pum. Slices were exposed overnight on an imaging plate (SR 2025, Fuji,
Tokyo, Japan), scanned afterwards with a high-resolution phosphorimager (HD-CR 35 Bio, raytest).
2D densitometry of the whole brain was performed with AIDA software (raytest).

3. Results and Discussion
3.1. Synthesis

The synthesis of enantiomerically pure 2-benzopyrans of type 4 started with 2-bromostyrene (5).
Bromine lithium exchange with n-BuLi at =78 °C led to an aryllithium intermediate, which was
treated with 1-Boc-piperidin-4-one to yield the styrene derivative 6. The Boc-protected piperidone
was chosen because the handling (work-up, purification, isolation) of the resulting carbamate was
much easier than the handling of alternative benzyl substituted tertiary amines (e.g., 12). Removal
of the excess of 1-Boc-piperidin-4-one was performed by LiBH4 reduction of the keto group after
complete reaction of the ketone with the lithiated vinylbenzene derivative. Flash chromatographic
separation of the resulting 1-Boc-piperidin-4-ol resulted in 75% yield of the tertiary alcohol 6.

The Sharpless Asymmetric Dihydroxylation of terminal alkene 6 with AD-mix-§ employing the
standard protocol [45-47], led only to low yields of diol (R)-7 (Scheme 1). Increasing of the amount
of chiral ligand (DHQD):PHAL, oxidant (K20sO4) and cooxidant (Nas[Fe(CN)e] and a longer
reaction time did not lead to reproducible high yields of diol (R)-7. It was assumed that the reason
for the low yields of (R)-7 was the low solubility of alkene 6 in a 1:1 tert-butanol-water solvent
mixture. Despite the addition of different cosolvents (e.g., tert-butyl methyl ether, THF) to the solvent
mixture, the yields were not improved. However, the yield was considerably raised when increasing
the amount of solvent mixture from 10 mL to 60 mL/mmol alkene. The (R)-configured triol (R)-7
was obtained in a reproducible yield of 82%. Analogously the (S)-configured enantiomer (S)-7 was
accessible in 74% yield, when using AD-mix-a for the dihydroxylation step.

Reaction of triol (R)-7 with tosyl chloride, NEt; and DMAP provided the 2-benzofuran (S)-8 in
50% yield. It is assumed that tosyl chloride reacts predominantly with the primary OH-moiety of
triol (R)-7. In the presence of base the resulting primary tosylate forms an oxirane, which is opened
by the tertiary alcohol giving the five-membered 2-benzofuran. Finally the primary alcohol reacts
with a second equivalent tosyl chloride to form the tosylate (S)-8. Reaction of 2-(2-
bromophenyl)oxirane (R)-9 with n-BuLi and subsequently with 1-Boc-piperidin-4-one led to an
analogous 2-benzofuran ((S)-10) upon regioselective opening of the oxirane ring by the intermediate
lithium alcoholate [35].

However, addition of catalytic amounts of BuzSnO during the tosylation of triol (R)-7 afforded
selectively the 2-benzopyran (R)-11, which was isolated in 62% yield. The addition of BieSnO was
crucial for the synthesis of the 2-benzopyran scaffold. BuzSnO is described as additive for the
selective tosylation of the primary OH-moiety of diols by shielding the other OH-moiety [48]. In
case of triol (R)-7, shielding of the secondary OH-moiety by BuzSnO leads to selective activation
(i.e., tosylation) of the primary OH-moiety for the nucleophilic substitution.
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Scheme 1. Regioselective synthesis of 2-benzopyrans and 2-benzofurans.
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Reagents and conditions: (a) n-BuLi, THF, then 1-Bocpiperidin-4-one, then LiBH4, 75%. (b) AD-mix-f3,
t-BuOH/H,0 = 1:1, 82%. (c) p-TosCl, NEt3;, 4-DMAP, CH,Cl,, 50%. (d) p-TosCl, NEt;, Bu;SnO, THF,
62%. (e) TFA, CH,Cl,, then PhACH=0, NaBH(OAc)3, CH,Cl,, 56%. (f) see ref. [33]. Bromostyrene 5 was
transformed in the same manner into the corresponding (S)-configured enantiomers by using AD-mix-a.
(8)-7: 74%. (S)-11: 47%. (S)-12: 22%.

The enantiomeric purity of (R)-11 and (S)-11, which was prepared analogously, was analyzed by
chiral HPLC using Daicel Chiralpak IB column, resulting in 85% ee for (R)-11 and 77.2% ee for (:5)-
11. The moderate enantiomeric excess is explained by the high solvent amount used for the Sharpless
Asymmetric Dihydroxylation leading to a lower concentration of the chiral alkaloid ligand due to
dilution effect. The lower concentration of the chiral catalyst may lead to an increased amount of
uncatalyzed dihydroxylation of alkene 6. This effect has already been described in the literature [33].

For the introduction of the desired benzyl group at the piperidine ring the Boc protective group of
(R)-11 was cleaved off with trifluoroacetic acid (TFA). Without further purification, the resulting
secondary amine was reductively alkylated with benzaldehyde and NaBH(OAc) to afford the
benzyl-substituted alcohol (R)-12. After synthesis of the enantiomer (S)-12, the enantiomeric purity
of both enantiomers was determined by chiral HPLC using a Daicel Chiralpak AD-H column, which
resulted in 92.2% ee for (R)-12 and 76.2% ee for (S)-12.

The structure of the 2-benzopyran (R)-12 was unambiguously identified by comparison of its
NMR spectra with those of the hydroxymethyl substituted 2-benzofuran (§)-10, which was obtained
from the oxirane (R)-9 as reported previously by halogen/metal exchange, addition to piperidinone
and exchange of the Boc-protective group with a benzyl group [33]. The 'H-NMR spectra of the
2-benzopyran (R)-12 and the 2-benzofuran (S)-10 show three doublets of doublets for the
ArCH(OR)CH20R substructure. However the chemical shift of the dd for the methine proton of the
2-benzopyran (R)-12 is around 0.8 ppm high-field shifted (4.51 ppm) compared to the dd for the
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methine proton of the five-membered 2-benzofuran (§)-10 (5.29 ppm). After assigning the 3C-NMR
signals on the basis of the gHSQC (= gradient heteronuclear single quantum coherence) NMR
spectrum, the identity of the 2-benzopyran substructure was proved by 2D gHMBC (= gradient
heteronuclear multiple bond correlation) NMR spectroscopy. In this NMR experiment, couplings
between protons and carbon atoms over 2-3 bonds are detected. In the 2D gHMBC NMR spectrum
of the 2-benzopyran (R)-12 (Figure 2) a coupling between the OCH: signals and the quaternary
spiro-C-atom is observed indicating a distance of 2-3 bonds. On the contrary a corresponding
crosspeak for the 2-benzofuran (S)-10 is not seen, since four bonds separate the corresponding
protons and C-atom.

Methyl and ethyl ethers (R)-15 and (S)-16 were synthesized by alkylation of the alcohol (R)-11
with methyl iodide and ethyl iodide, respectively, cleavage of the Boc-protective group with
trifluoroacetic acid and subsequent reductive alkylation with benzaldehyde and NaBH(OAc).
(Scheme 2) The enantiomeric purity of the methyl ethers was determined via chiral HPLC, resulting
in ee-values of 89.6% for (R)-15, 82% for (S)-15.

In order to introduce a fluorine atom into the substituent in 4-position of the 2-benzopyran ring
the alcohol (S)-11 was alkylated with ethyl bromoacetate to yield the ester (R)-17. Removal of the
Boc-protective group and reductive benzylation led to the benzylamine (R)-18, which was reduced
with LiAlH4 to afford the primary alcohol (R)-19 in 59% yield. The alcohol (R)-19 served as
precursor for the introduction of ['°F]fluorine as well as the radioactive isotope ['*F]fluorine into the
side chain. Reaction of (R)-19 with XtalFluor-E® provided the fluoroethoxy derivative (R)-20 in
54% yield. For the radiosynthesis the alcohol (R)-11 had to be activated for nucleophilic substitution
(see Scheme 3 in the section Radiosynthesis). The corresponding (S)-configured enantiomers (S)-
17-20 were prepared in the same manner.

Figure 2. Part of the gHMBC NMR spectrum of 2-benzopyran (R)-12. The crosspeak
between the OCHz protons and the spiro-C-atom is marked.
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Scheme 2. Synthesis of ethers (R)-15, (R)-16, and (R)-20.
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(R)-13: R = CHg (R)-15: R = CHg
(R)}-14: R = CyHs (R)}-16: R = CyHs
(R)-17: R = Boc (R)-19 (R)-20
(e)
,—_> (R)-18: R=Bn -

Reagents and conditions: (a) NaH, THF, then CHsl, 99%. (b) NaH, THF, then C;Hsl, then LIHMDS, 29%.
(¢) TFA, CH2Cly, then benzaldehyde, NaBH(OAc)s, CH>Cla, 9% (R)-15, 70% (R)-16. (d) LIHMDS, THF,
then ethyl 2-bromoacetate, TBAIL, 59%. (e) TFA, CH,Cl,, then benzaldehyde, NaBH(OAc)3;, CH2Cl,, 43%.
(f) LIALHs, THF, 59%. (g) Xtal-Fluor E®, NEt; x 3HF, CH,Cl,, 54%. The (S)-configured enantiomers
were prepared in the same manner: (S)-13: 69%. (S)-14: 50%. (S)-15: 80%. (S)-16: 46%. (S)-17: 55%.
(8)-18: 43%. (S5)-19: 75%. (5)-20: 71%.

3.2. Receptor Binding Studies

o1 and o2 receptor affinities were measured in competition experiments with radioligands. The 61
receptor binding assay was carried out using a receptor preparation from guinea pig brain and [*H]-
(+)-pentazocine as a high-affinity and selective radioligand. The o2 receptor affinity was conducted
with a receptor preparation from rat liver and [*H]di-o-toylguanidine ([*H]DTG) was used as
radioligand. Since DTG is not selective for the 62 subtype over the o1 subtype, 61 receptors binding
sites were masked by addition of non-labeled (+)-pentazocine [35-37].

The o1 and o2 affinities of the spirocyclic 2-benzopyrans are listed in Table 1. Most of the
representatives of this new class of compounds show high o1 affinity with Ki-values in the low
nanomolar range. All 2-benzopyrans are selective towards the o2 receptor subtype with high
selectivity factors. With exception of the ethyl ether 16 (eudismic ratio 1), the (R) enantiomers
represent the eutomers. The eudismic ratio varies from 1.2 (compounds 19, 20) indicating low
enantioselective receptor binding up to 29 (esters 18) revealing very high enantioselective
receptor interaction.
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Table 1. 61 and 62 receptor affinities of (R)- and (S)-configured spirocyclic 2-benzopyrans.

OR

N

Bn

Entry Compound R Configuration Ki SEM [nM] Selectivity
o1 [} 61/0;
1 R)-11 H R 52+03 2150 413
2 $)-11 H S 18+5 24% * >55
3 (R)-15 Me R 12+0.3 1150 958
4 S)-15 Me S 8.8+1.1 676 77
5 (R)-16 Et R 50£1.2 954 191
6 (5)-16 Et S 424038 31% * >235
7 (R)-18 CH>CO,Et R 4.0+0.8 552 138
8 (5)-18 CH>COEt S 114 12% * >5
9 (R)-19 CH,CH,OH R 55+1.0 0% * >15
10 ($)-19 CH,CH,OH S 64+0.9 0% * >15
11 (R)-20 CH>CHoF R 4.7+0.7 14% * >210
12 ($)-20 CHCHoF S 59+29 10% * >170
13 (+)-Pentazocine 57+£22 -- --
14 Haloperidol 63+1.6 78 +2.3 12

* Inhibition of radioligand binding at a concentration of 1 uM.

As previously reported for other spirocyclic o1 receptor ligands [28], the hydroxy moiety of
(R)-11 acting as H-bond donor is unfavorable in terms of high o1 receptor affinity (Ki = 5.2 nM).
Methylation of the OH group led to increased o1 affinity. The methyl ether (R)-15 (Ki = 1.2 nM)
represents the most potent o1 receptor ligand of this series of spirocyclic 2-benzopyrans. Larger
substituents like an ethyl ((R)-16) or an ethoxycarbonylethyl group ((R)-18) reduced the o1 affinity
slightly, whereas a substituent with a polar OH group in the side chain resulted in 10-fold reduced o1
affinity ((R)-19: Ki =55 nM).

The fluoroethyl derivatives 20 were synthesized having in mind fluorinated PET tracers for
labeling of o1 receptors in the brain. Due to its similar size the fluorine atom is considered as
bioisosteric replacement of a proton, but due its high electronegativity it is also regarded as a
bioisostere of an OH moiety. As summarized in Table 1 the ethyl derivative (R)-16 and the
fluoroethyl derivative (R)-20 show very similar o1 receptor affinity proving the H/F bioisosterism.
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On the contrary the fluoroethyl derivative (R)-20 is 10-fold more active than the hydroxyethyl
derivative (R)-19 indicating that in this compound class the hydroxy moiety and the fluorine atom
cannot be exchanged bioisosterically by each other. The very high o1 affinity of the (R)-configured
fluoroethyl derivative (R)-20 (Ki = 4.7 nM), which is slightly higher than the o1 affinity of the
(S)-configured enantiomer (S)-20, rendered this compound a promising candidate for molecular
imaging of o1 receptors after labeling with [ '®F]fluorine.

3.3. Radiosynthesis

For the radiosynthesis of ['*F]-(R)-20 (Ki = 4.7 nM) the alcohol (R)-19 was converted into the
tosylate precursor (R)-21 upon treatment with p-TosCl. (Scheme 3)

Scheme 3. Radiosynthesis of ['*F]-(R)-20.

o ~OH o ~OTos o ~~1"°FIF
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N
. N N
Bn Bn Bn
(R)-19 (R)-21 ["®F1(R)-20

Reagents and Conditions: (a) p-TosCl, NEt3;, 4-DMAP, CH,Cl,, RT, overnight, 46%; (S)-21 was obtained
in 32% yield starting with (S)-19. (b) K[**F]F, Kryptofix K222, acetonitrile, 82 °C, 20 min.

The one-step introduction of '8F was performed by a Sx2 substitution of the precursor (R)-21 with
['®F]fluoride using the K['®F]F-K222-carbonate complex, prepared from a 1:1 mixture of K2CO3 and
Kryptofix K222. Using this complex, the precursor (R)-21 was readily transformed into the '8F-labeled
radiotracer by heating in acetonitrile at 82 °C for 20 min. According to radio-TLC and radio-HPLC
analyses, only a few radioactive by-products were formed. Thus, the crude reaction mixture was
diluted with water to 4 mL and directly applied to semi-preparative HPLC. The radiotracer eluted at
ca. 32 min and was completely free from radioactive and non-radioactive impurities. (Figure 3)
Interestingly, a considerable part of '*F activity, mainly from highly polar components remained in
the stainless steel loop. Using a PEEK loop in the HPLC device resulted in about 80%—-90% elution
of ['8F]-(R)-20. Combined isolated fractions were diluted with water (50 mL), adsorbed on a Sep-
Pak C18 Plus cartridge and desorbed with pure MeOH in small portions. Adsorption of the total
activity (>95%) and elution with MeOH (>95%) were achieved resulting in a total volume of 1.25 to
1.5 mL. The solvent was carefully evaporated at 60 °C, and the final product was dissolved in 0.9%
NaCl solution containing 5% EtOH.
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Figure 3. Semi-preparative HPLC separation of the crude labelling mixture of
['*F]-(R)-20. HPLC chromatogram with radioactivity detection (above) and UV
detection (below). The identity of the final radioactive product, ['*F]-(R)-20, was
validated with stable ['°F]-(R)-20 as reference.
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["*F]-(R)-20 was obtained with radiochemical yields of 18%-20%, radiochemical purity of >97%, and
specific activities of about 175-300 GBg/pmol within a total synthesis time of about 2 h.

3.4. In Vitro Stability and Lipophilicity of ['*F]-(R)-20

According to radio-TLC the radiotracer ['*F]-(R)-20 proved to be chemically stable in phosphate
buffer, Dulbecco buffer and in native mouse plasma over 30 min at 37 °C. No defluorination
was observed.

Determination of the distribution coefficient by the shake flask method provided a logD7.4 value
of 1.78 £ 0.8. This value is in good accordance with the calculated logD7.4 value of 1.68 (ACD
ChemSketch 2012). The logD7.4 value obtained by HPLC method, however, differed by one order of
magnitude (2.97+0.32) from these values. The range of the experimentally determined logDy7.4 values
is very similar to the corresponding logD7 .4 values of fluspidine (2b, 1.5—1.8), which has been shown
to have excellent brain uptake properties.
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3.5. Biological Evaluation
3.5.1. Metabolic Stability of ['*F]-(R)-20 in Mice

The existence of radiometabolites after injection of the radiotracer ['3F]-(R)-20 in mice was
analyzed by radio-HPLC and radio-TLC analyses. In Figure 4 HPLC chromatograms of brain,
plasma, liver and urine samples are presented in a combined manner.

Figure 4. Stacked analytical radio-HPLC profiles of brain, plasma, liver and urine
samples; samples were collected 30 min after injection of the radiotracer ['*F]-(R)-20; tr
of the parent compound ca. 42 min.
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In brain samples (n = 4) the fraction of the non-metabolized radiotracer accounted for 91%—-95%
(radio-TLC) and 89%-92% (radio-HPLC) with good reproducibility. Only one highly polar
(hydrophilic) radiometabolite (M1) was detected. Its retention time (tr 3.6 min) was similar to but
not identical with the retention time of ['*F]fluoride.

Analysis of the plasma samples (n = 3) at 30 min p.i. revealed fast biotransformation (15% and
12% of ['®F]-(R)-20 remained unchanged as determined by acetonitrile and methanol extraction).
Results from radio-HPLC and radio-TLC agreed well. The recovery of total radioactivity was 75%
for acetonitrile extraction and up to 90% for methanol extraction. The main radiometabolite in plasma
samples was the very polar metabolite M1 (80%-90% of total radioactivity at 30 min p.i.).
Additionally, two small peaks for metabolites M2 (tr ~24.7 min) and M3 tr ~26.0 min) were detected
with an intensity of lower than 3%.

In urine samples (n = 3), a large amount of radiometabolites and a very low amount of the parent
radiotracer ['3F]-(R)-20 (non-metabolized radiotracer accounting for 2%-20% of total radioactivity)
was observed.

The results obtained by analysis of liver homogenates are based on a single experiment and should
be treated with caution. About 50% to 56% of the parent radiotracer ['*F]-(R)-20 (determined after
acetonitrile and methanol extraction, respectively) remained unchanged after 30 min. The recovery
of radioactivity was 45% for acetonitrile and 89% for methanol extraction. The same radiometabolite
profile as in plasma and urine samples was found.
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3.5.2. Comparison of Biotransformation of ['*F]-(R)-20 with Established PET Tracers ['*F]2b
and [¥F]2¢

With respect to biotransformation the new 2-benzopyran based radiotracer ['*F]-(R)-20 behaved
quite different, when compared with the '8F labelled radiotracers ['*F]2b and ['®F]2¢ with a
2-fluoroethyl or 3-fluoropropyl side chain. After application of all three fluorinated radiotracers
radioactive metabolites were not found in the brain. However, in the plasma only 15% of the
unchanged tracer ['®F]-(R)-20 was detected, whereas 89% and 86% of the unchanged parent
compounds ['8F]2b and ['®F]2¢ were found in the plasma. Also the amount of parent compound
['*F]-(R)-20 in liver samples was lower (50%) compared with those of ['*F]2b (69%) and ['*F]2¢
(65%) in liver samples. These results indicate that the 2-benzopyran based radiotracer ['*F]-(R)-20
with a 2-fluoroethoxy side chain underwent faster biotransformation than the analogous 2-benzofuran
based tracers ['*F]2b and ['®F]2¢ with a fluoroethyl or fluoropropyl side chain. The faster metabolic
degradation of ['®F]-(R)-20 could be due to the additional ether in the side chain [49,50].
Nevertheless, as no brain-permeable radiometabolites of the 2-benzopyran-based ['3F]-(R)-20 were
detected, this radiotracer is applicable for brain imaging studies by PET.

3.5.3. Ex Vivo Autoradiography Studies

In order to investigate the spatial distribution of ['*F]-(R)-20 and the specificity of its uptake in
the mouse brain, ex vivo autoradiography studies were performed under control and blocking
conditions. Haloperidol co-application reduced the uptake of radioactivity in the brain at 30 min p.i.
by 34% (3.40% ID/g vs. 2.24% ID/g under control and blocking conditions, respectively). Although
this result indicates target specific binding of ['3F]-(R)-20, the corresponding total-to-nonspecific
binding ratio of ['®F]-(R)-20 of 1.5 at 30 min p.i. is lower than previously reported ratios of approx.
3 at 30 min after injection of ['®F]fluspidine (2b) [29] or the corresponding '8F-labeled
fluorobutyl-radiotracer 2d [29]. This may be attributed to the lower o1 affinity of ['8F]-(R)-20
(Ki = 4.7 nM) compared to fluspidine (2b) (Ki = 0.59 nM) and the fluorobutyl derivative 2d
(Ki= 1.2 nM).

Binding of the radiotracer ['*F]-(R)-20 in the mouse brain, shown in Figure 5A, corresponds to
binding of ['*F]fluspidine [29] and [*H]1,3-di(2-tolyl)guanidine [7]. Under control conditions, the
highest uptake of ['*F]-(R)-20 was detected in the whole brainstem (most prominent in the facial
nucleus) and the pons (pontine reticular nucleus). High to moderate uptake was noted in midbrain,
cortex, hippocampus, cerebellum and layers of the olfactory bulb. Low uptake was found in parts of
the olfactory bulb, striatum and basal forebrain. 2D densitometric evaluation of whole brain sections
confirmed the general blocking effect of haloperidol with a mean decrease of radiotracer uptake in
the slices of the whole brain hemisphere of about 40%. (Figure 5B) This effect corresponds to the
34% decrease of uptake reflected by the %ID/g values reported above.

Brain autoradiographs also revealed that regions with high radioligand binding (e.g., pontine
nuclei, facial nucleus) showed residual binding (Figure 5B) after co-administration of haloperidol.
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Figure 5. Ex vivo brain autoradiographs under control (A) and blockade (B) conditions.
Anatomical reference (Mouse Atlas, Paxinos & Franklin) is shown in C. Numbers
indicate the following major brain regions: 1, Cerebral cortex; 2, Olfactory bulb; 3,
Cerebellum; 4, Basal forebrain; 5, Midbrain; 6, Hypothalamus; 7, Pons; 8, Brainstem.
A) Control, 31 Mbq [“F]-(R)-20
ex vivo Brain autoradiography 30 min p.i.
Midline ~+500 ym ~+1000 pm ~+1500 pm

B) Blockade with 10 mM Haloperidol, 31 Mbq ["*F]-(R)-20
ex vivo Brain autoradiography 30 min p.i.

Midline ~+500 pm ~+1000 pm ~+1500 pm

low radioactivity EEEEIEEIENN high radioactivity

C) Atlas reference
Lateral +0.12 mm Lateral +0.6 mm  Lateral +1.08 mm Lateral +1.56 mm

@ % /;.3@3% « @ f @&@z« @
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4. Conclusions

In this manuscript the asymmetric synthesis of spirocyclic 2-benzopyrans in enantiomerically pure
form is described for the first time. The key step of the synthesis is the asymmetric dihydroxylation
according to Sharpless, which allows the preparation of 4-substituted spirocyclic 2-benzopyrans.
These compounds represent a new type of potent and subtype selective 61 receptor ligands. Some of
the compounds show an eudismic ratio up to 29 (ester 18), indicating an enantioselective interaction
of the o1 receptor with these ligands. The very potent fluorinated fluoroethoxy derivative (R)-20 was
developed as fluorinated PET-tracer. The radiosynthesis based on a one-step nucleophilic
substitution of tosylate (R)-21 provided the PET tracer ['*F]-(R)-20 in 18%—20% radiochemical
yield. Whereas radiometabolites of ['®F]-(R)-20 were not found in the brain, plasma, liver and urine
samples showed a large amount of radiometabolites. Obviously the 2-benzopyran derivative
['*F]-(R)-20 with a fluoroethoxy side chain is faster metabolized than the corresponding
benzofuran-based radiotracers ['*F]2b and ['*F]2¢ with fluoroethyl or fluoropropyl side chains.
In ex vivo autoradiography experiments brain regions with high o1 receptor expression are labeled
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selectively. Altogether, ['*F]-(R)-20 represents a very good alternative fluorinated PET tracer for
imaging of 61 receptors in the brain.
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