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ABSTRACT

Positron emission tomography (PET), which localizes and quantifies positron decays
over time, enables non-invasive in vivo distribution studies of trace amounts of
compounds labeled with positron emitters. The use of PET to image disease processes is
growing as the number of available tracers increases and, especially, as they become
more selective and specific. PET is also increasingly being used in the development of
drugs. Since trace amounts of the drug can be administered, distribution and kinetic
studies can be performed in humans early in the developmental process to ascertain that
the intended biophase is actually reached and to a satisfactory extent and duration.

This thesis includes (1) developments for an imaging approach with oncological
application, which is based on an inhibitor of the epidermal growth factor receptor-
tyrosine kinase (EGFR-TK) and (2) drug development with respect to studying the
pharmacokinetics and biodistribution of proinsulin C-peptide, which is being evaluated
for treating long-term complications in type 1 diabetes mellitus (DM).

The EGFR, normally involved in mitogenic signaling, is over-expressed in many
different cancer types, e.g. non-small cell lung, glial cell, head and neck, pancreatic,
bladder, prostate and breast cancer. A correlation between the amount of EGFR and
poor prognosis has been established in a number of these cancers. A radiotracer
selective for the EGFR could therefore be of interest for tumor localization and for
treatment selection or evaluation of therapeutic response.

Methods to produce a precursor for radiolabeling PD153035 (4-(3-bromoanilino)-6,7-
dimethoxyquinazoline), a potent inhibitor selective for the EGFR-TK (Ki=5.2 pM;
IC50=29 pM), were sought. Synthetic strategies for producing 6- or 7- mono-desmethyl
and 6,7-di-desmethyl PD15305 were identified. Thus different positions for labeling can
be selected, which is of potential interest for metabolic studies. [6-Methoxy-
11C]PD153>035 was produced and its in vivo distribution to normal and proliferating
tissue was evaluated in rats. In healthy rat, radioactivity was observed mainly in liver,
heart, brain and in the gastrointestinal tract. Tumor radioactivity concentrations, studied
in rats implanted with a human neuroblastoma cell line (SH-SYS5Y), varied in
accordance with differences in tumor size and viability (determined post-mortem). The
results motivate further studies to determine the selectivity and specificity of
[''CIPD153035 distribution to tumor in order to elucidate whether this tracer has
potential for EGFR-TK level imaging with PET.

Type 1 (insulin-dependent) DM, characterized by impaired or no insulin production, is
accompanied by an increased risk for micro (kidneys, nerves, retina) and macro (heart,
brain, extremities) vascular dysfunction. Since insulin is lacking, so is C-peptide, which
is normally produced and released in equimolar amounts together with insulin. Studies
have demonstrated that administration of C-peptide to IDDM patients results in
increased blood flow to skeletal muscle and skin, improved renal function and
amelioration of diabetic neuropathy.

A multi-step procedure to label human C-peptide w1th fluorlne-18 based on the
actlvated ester N-succmumdyl -4-["®*F]fluorobenzoate (['°F]SFB) to afford N-4-
["*F]fluorobenzoyl-C-peptide (["*F]FB- C-peptide) was identified. With the purpose of
furthering the knowledge on C- pe&atlde s in vivo distribution, with special emphasis on
the kinetics in the kidneys, [' F]FB-C-peptide was studied in monkeys and in
volunteering type 1 DM patients using PET. Following iv administration of ['*F]JFB-C-
peptide, radioactivity distributed mainly to the kidneys. A tendency, albeit not
statistically significant due to the small number of subjects, to slower kinetics in kidney
and liver was observed when pharmacological doses of C-peptide were co-administered
with the tracer. Low concentrations of radioactivity in skeletal muscle could, due to
their large total mass in the body, account for approximately 15% of the administered
dose. The distribution findings are consistent with the documented beneficial effects
engendered by C-peptide on renal function and on blood flow to skeletal muscle.
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ISBN: 91-7349-191-8



Genom att forsoka med det "omgjliga”

ndr man hagsta graden av det mgjliga

August Strindberg

Tillignad Mamma Catharina



PAPERS INCLUDED IN THE THESIS

The thesis is based on the following papers and manuscript (I-VI) and an appendix

(App.) with supporting data, which will be referred to in the text by their Roman

numerals and with App., respectively.

L.

II.

II1.

App.

IV.

Johnstrém P., Fredriksson A., Thorell J.-O. and Stone-Elander S. (1998)
Synthesis of [methoxy-''C]PD153035, a selective EGF receptor tyrosine kinase
inhibitor. J. Labelled Cpd. Radiopharm. 41, 623-629.

Fredriksson A., Johnstrém P., Thorell J.-O., von Heijne G., Hassan M., Eksborg
S., Kogner P., Borgstrém P., Ingvar M. and Stone-Elander S. (1999) In vivo
evaluation of the biodistribution of ''C-labeled PD153035 in rats without and
with neuroblastoma implants. Life Sci. 65, 165-174.

Fredriksson A. and Stone-Elander S. (2002) Rapid microwave-assisted cleavage
of methyl phenyl ethers: New method for synthesizing desmethyl precursors and
for removing protecting groups. J. Labelled Cpd. Radiopharm. 45, 529-538.

Fredriksson A., Thorell J.-O. and Stone-Elander S. (supporting data) Synthesis
of  4-(3-bromoanilino)-7-hydroxy-6-methoxyquinazoline, 7 (7-des-methyl
PD150335): Preparation of a reference compound.

Fredriksson A., Johnstrém P., Stone-Elander S., Jonasson P., Nygren P.-A.,
Ekberg K., Johansson B.-L. and Wahren J. (2001) Labeling of human C-peptide
by conjugation with N-succinimidyl-4-['*F]fluorobenzoate. J. Labelled Cpd.
Radiopharm. 44, 509-519.

Fredriksson A., Ekberg K., Ingvar M., Johansson B.-L., Wahren J. and Stone-
Elander S. (2002) In vivo biodistribution and pharmacokinetics of '®F-labeled
human C-peptide: Evaluation in monkeys using positron emission tomography,
PET. Life Sci. (in press).

Fredriksson A., Ekberg K., Ingvar M., Johansson B.-L., Wahren J. and Stone-
Elander S. (2002) In vivo biodistribution of '®F-labeled C-peptide in humans:
Evaluation using PET. (manuscript).

Reprints were included with kind permission from the publishers



TABLE OF CONTENTS

ABSTRACT
PAPERS INCLUDED IN THE THESIS
ABBREVIATIONS

INTRODUCTION
Theory of PET

OBJECTIVES OF THE THESIS

AN EGFR-TK INHIBITOR FOR TUMOR IMAGING
The EGFR and its implication in oncology
Imaging and therapeutic targets
Precursor synthesis, desmethyl-PD153035
Radiolabeling to produce 6-[''C]JPD153035 (paper I)
In vivo distribution of 6-[''CJPD153035 in rat and tumor implants (paper II)
Considerations on the imaging potential of radiolabeled PD153035 or analogs

PROINSULIN C-PEPTIDE LABELED FOR DISTRIBUTION AND KINETIC
STUDIES

Diabetes mellitus

C-peptide

Methods to label peptides for PET or SPECT

Radiolabeling of human C-peptide (paper [V)

PET distribution studies of ['*F]JFB-C-peptide

SUMMARY OF FINDINGS AND CONCLUSIONS
ACKNOWLEDGEMENTS
REFERENCES

o A~ DN

-~

11

12

29

44
46
47



ABBREVIATIONS

ATP

ca.

c.a.
C-peptide
EGF
EGFR
ELISA
EOB
EOS
FB-C-peptide
FCS

GF

GI

HPLC

ip

iv

LC

MADb

MS

n.c.a.
NMR
PD153035
PET

Rh

ROI

SFB
SPECT
S.I.

TK

type 1 DM
% id

adenosine 5'-triphosphate

circa

carrier added

proinsulin connecting peptide

epidermal growth factor

epidermal growth factor receptor
enzyme-linked immuonsorbent assay
end of bombardment

end of synthesis
N-4-fluorobenzoyl-C-peptide
fluorescence correlation spectroscopy
growth factor

gastrointestinal

high-performance liquid chromatography
intraperitoneally

intravenously

liquid chromatography

monoclonal antibody

mass spectroscopy

no carrier added

nuclear magnetic resonance
4-(3-bromoanilino)-6,7-dimethoxyquinazoline
positron emission tomography
rhodamine

region of interest

N-succinimidyl 4-fluorobenzoate

single photon emission computed tomography
specific radioactivity

tyrosine kinase

insulin-dependent diabetes mellitus

percent of the injected dose



INTRODUCTION

Imaging techniques that are based on the external localization of administered
radioactivity allow non-invasive and non-perturbed in vivo distribution studies. Positron
emission tomography (PET) (1-3) and single photon emission computed tomography
(SPECT) (4-6) are two such imaging techniques. Direct tracing of the in vivo location
of the radioactivity over time provides information on the labeled molecule’s uptake,
distribution and regional residence times. Consequently, PET and SPECT supply
functional information (7) opposed to the anatomical information provided by other,
non-nuclear medicine, imaging techniques including magnetic resonance tomography
(MRT), X-ray computed tomography (CT) and ultrasound (US). Such kinetic

information is difficult to obtain by other means.

Theory of PET

Positron emitting radionuclides, neutron-deficient isotopes of atoms commonly found in
organic matter, form the basis for the PET technique, which is schematically presented
in Figure 1. In the decay of the radionuclide, a proton is converted into a neutron with
concomitant emission of a positron, B*. Following emission, the positron collides with
its anti-particle, the electron, in the tissue and annihilation occurs producing energy in
the form of two gamma photons (511 keV each). The parallel but oppositely directed
photons penetrate the body and are externally detected by the PET camera, composed of
gamma detectors organized in rings. Simultaneous registration of two photons makes it
possible to localize the decay from somewhere along the line in-between the two
detectors. Computational treatment of the recorded data provides color-coded images

and quantification of the regional concentrations of the tracer.

Coincidence

detection

Computer

\

Image
processor

Figure 1. Schematic representation of the principle of PET and a PET camera with the
gamma detectors organized in a ring around the study subject.
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PET applications

Measurements of changes in tracer concentrations over time in different organs or
regions enable estimations of physiological and biochemical processes in normal and
pathological states. Parameters relating to blood flow, energy requirements, fatty acid
metabolism and amino acid utilization are often analyzed in PET studies. Receptor

densities and ligand distribution and binding kinetics can also be assessed.

The areas of PET applications are numerous, but, in addition to the basic research of the
past two decades, the following two major categories can be identified: imaging with
clinical implications (e.g. (7-11)) and for use in drug development (e.g. (12-17)). The
former includes localizing and imaging areas with altered function as, for instance, the
changed energy requirements in tumors or epileptic foci. Studies of interactions
between receptors and ligands or signal substances, which are believed to be engaged or
altered in a wide range of diseases, can also be performed with a number of now well-
established radioligands. Response to therapy may be assessed by efficacy evaluations.
For example, cancer treatment is expected to decrease tumor glucose utilization,
ischaemia therapy to increase blood flow, and psychotherapy to block or activate

relevant receptor targets.

PET can provide in vivo information of interest for drug development. A drug's ability
to exert its intended action, dependent on the kinetics of its uptake, distribution and
residence time in the designated target, can be studied. Even lead compounds identified
with in vitro tests and showing promise in animal models may still, after time
consuming and expensive evaluations, turn out to be ineffective in humans. The major
cause for the failure of new drugs is inappropriate pharmacokinetics (16). Including
PET studies early in the developmental process to assess kinetic parameters such as
absorption, distribution, metabolism and excretion in humans may lead to faster
identification of promising as well as unpromising candidates. The radionuclides used
in PET can be produced in high specific radioactivity (s.r.; see Table 1). Therefore, very
small amounts of the compound can be administered in "tracer" studies. The risk that
the drug will provoke a pharmacological or toxicological effect is minimized and it may
therefore be possible, and justifiable, to perform human PET studies early in the
screening process. In addition to information on whether or not the kinetics are
favorable, drug - target interactions can also be studied. The selectivity and affinity of
the drug towards different binding sites can be established. Optimum doses for receptor
occupancy can be established, thereby directing dosing protocols for planned clinical
trials.



Radionuclides and radiochemistry

The radionuclides most commonly used in PET (Table 1) are short lived and can be
produced by nuclear reactions induced by accelerated protons or deuterons (18, 19). The
positrons emitted in the decay of the radionuclides have different maximum energies
(Emax)- These energies affect the distance the positron will travel before its annihilation

occurs, which in turn, limits the imaging resolution obtainable (20).

When new tracers are to be developed, the radionuclide selected should have a physical
half-life that is compatible with the speed of the biological process to be studied. Use of
radionuclides with disproportionately long half-lives may lead to unnecessarily high
radiation doses. The radionuclides that can be used may also be restricted by the
chemical composition of the compound to be labeled, unless making an analog is
admissible. Different labeling positions may be more or less attractive, depending on
their metabolic degradation pattern, since the PET camera detects radioactivity but does
not disclose whether it came from the intact compound or a labeled metabolite. PET
investigations are therefore often complemented with studies of radiolabeled

metabolites in blood or plasma samples (21).

Radio- Half- Common Emax Max range | Theoretical &
nuclide life production (MeV) in water (practical) s.r.
(min) method (mm) (GBg/umol)
"'c 20.4 “N(p,a)''C 0.97 4 3.3x10°
(110-2600)
"N 9.96 | ®O(p,0)"N 1.20 5 7.0x10°
*0 2.04 N(d,n)"®0 1.74 8 3.3x10°
B 109.8 80(p,n)"®F 0.64 2 6.3x10*
(180-3700)
20Ne(d,a)18F*

*  for production of carrier added ['®F]F., thus with lower s.r. (see discussion below)

Table 1. Physical properties of the radionuclides most commonly used in PET (22, 23).

The short half-lives of the PET isotopes require that the radiotracers are produced
rapidly, which limits the number of reaction steps that can feasibly be performed.
Synthetic strategies should ideally be designed so that the label is introduced as late as
possible and all reaction and isolation steps must be optimized with regard to time,
radiochemical yield and s.r. Due to the high s.r., other starting materials and reagents
are usually in large excess which may help drive the reaction and increase the
incorporation of the radioactivity. Besides the challenge of producing the radiotracer
quickly enough in yields sufficient for subsequent in vivo studies, the chemical and
radiochemical purity must be high. This is frequently achieved by isolation using



chromatographic techniques such as HPLC prior to the appropriate final formulation.

For intravenous injection, the final solution should be sterile and free from pyrogens.

There are many different methods available by which the low molecular form
radionuclides obtained from the cyclotron ([''C]CO. [''C]CHs, ["*FJF) can be
converted into compounds with a range of chemical reactivities. Due to the longer half-
lives of "'C and "*F (compared to O and "*N) more complicated procedures may be
permitted (summarized in (24, 25)). Radiolabeling with carbon-11 is commonly based
on labeled alkyl halides or alkyl triflates used in alkylations of various substrates
including amines, amides, sulfides, carboxylates and alkoxides, and more recently with
organostannanes (26). Other ''C-labeled reagents include cyanide, nitromethane,
phosgene and different alcohols, carboxylic acids and acid halides.

Fluorine may not be originally present in the compound to be labeled, but in many cases
a proton or an alcohol can be substituted by fluorine without causing steric changes.
However, changes in the electronegativity and lipophilicity may alter the molecules in
vivo characteristics. Most '®F-labeling strategies are based on high s.r. ["*F]F since
['*F]F, is generally (exceptions in e.g. (27)) produced in low s.r. due to the small
amount of carrier added to help recover the produced ['*F]F,. Furthermore, ['*F]F is so
reactive that specific labeling is difficult unless it is converted to acetyl hypofluorite
(25). Regiospecific electrophilic aromatic fluorinations can be achieved via
fluorodemetalation reactions. Aromatic nucleophilic substitutions with [**F]F" generally
require activation by electron-withdrawing groups (NO,, CN, RCO, CHO, COOR)
ortho or para to the leaving group (NO,, (CH;);N', (CH;),S®, halogen). Alkyl
compounds with appropriate leaving groups are commonly labeled by nucleophilic

fluorinations.

Comparison with SPECT

The longer half-lives (hours compared to minutes) of the radionuclides used in SPECT
(approximate half-lives, in hours: “’Ga: 78, 'I: 13, ®'I: 193, *™Tc: 6, 'In: 68)
improve technique accessibility since the nuclides (or tracers) can generally be
transported considerable distances from where they were produced. Usually, the PET-
nuclides and tracers are produced at site directly before the investigations, even though
limited transportation is possible. Despite these logistical limitations, PET has a number
of advantages over SPECT (20, 28). Increased sensitivity and better time resolution
make dynamic data acquisition easier and better with PET. Quantification is better due
to more accurate methods for attenuation and scatter corrections. Furthermore, the
spatial resolution is better in PET than in SPECT (3-10 mm and 8-20 mm, respectively).
SPECT, however, allows simultaneous observation of a larger field-of-view than PET
(= 40 cm and 10-15 cm, respectively), which is an advantage particularly for whole
body studies.
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OBJECTIVES OF THE THESIS

The overall objective of this research was to develop properly labeled radiotracers and
design and perform initial PET studies aimed at providing clinically relevant methods
and in vivo information.

The first part (paper I-III, App.) was focused on tumor imaging based on PD153035,
which is an inhibitor of the epidermal growth factor receptor tyrosine kinase (EGFR-
TK). Since the EGFR is over-expressed in a number of cancer types, a radiotracer
allowing non-invasive measurements of EGFR levels may provide a means for cancer
staging, therapy monitoring and predictions about which patients would benefit from
EGFR-directed therapeutic approaches. The aim of this work was to synthesize a
PD153035-based precursor for labeling, radiolabel PD153035 with a positron-emitting
radionuclide and preliminarily evaluate its in vivo behavior as the first steps toward
developing an EGFR-TK directed radiotracer.

The second part (paper IV-VI) was more drug development oriented and focused on the
endogenous proinsulin connecting peptide (C-peptide), which is lacking in type 1
diabetes mellitus (DM) patients. Replacement of C-peptide in these patients has recently
been shown to ameliorate long-term type 1 DM complications and this strategy is
currently undergoing Phase 2 clinical trials. The aim of this work was to develop a
method for appropriately labeling C-peptide with a positron-emitting radionuclide and
design and perform PET studies of the in vivo regional distribution and kinetics of the
labeled C-peptide.

-11 -



AN EGFR-TK INHIBITOR FOR TUMOR IMAGING

The EGFR and its implication in oncology

Cellular events such as growth, proliferation and differentiation are mediated via highly
regulated networks of signaling pathways. Maintained balance between the action of the
growth stimulatory proto-oncogenes and the growth inhibitory tumor suppressor genes
is crucial for the prevention of neoplastic transformation. Many of the identified proto-
oncogenes exert their normal function at all different levels in the various signal
transduction cascades. Growth factors (GFs), which constitute one class of proto-
oncogenes, bind to extra-cellular domains of transmembrane receptors thereby

triggering intracellular signals, which lead to alterations in the transcription activity.

EGFR structure and function

The epidermal growth factor receptor (EGFR) is a 170 kDa transmembrane
glycoprotein that, upon activation, gives rise to different biological responses including
mitogenesis or apoptosis, enhanced cell motility, protein secretion and differentiation or
dedifferentiation (29). Binding of a GF in the EGF family (e.g. EGF or TGFa) to the
extra-cellular N-terminal portion of the receptor leads to activation (schematically
represented in Figure 2). Ligand binding causes receptor dimerization, allosteric
activation (30), binding of adenosine triphosphate (ATP), activation of the intrinsic
tyrosine kinase (TK) (31) and auto-phosphorylation of several tyrosine residues in the
C-terminal region. These phosphorylated tyrosine residue hydroxyl groups constitute
docking sites to substrates in the signaling cascade on which the receptor TK activity is
exerted (reviewed in (32)). Protein phosphorylation and dephosphorylation, catalyzed
by protein kinases and protein phosphatases respectively, is recognized as the most

important pathway for regulation of protein functions.

EGFR in tumors

EGFRs are present in most cell types, including the nervous system (33), and are
expressed in a number of different human tumors. An often cited review by Salomon et
al., presents a broad range of tumor types expressing high levels of EGFR as well as the
link between over-expressed EGFR and patients with advanced disease, metastases and
poor prognosis (34). There are numerous reports indicating that an aberrant expression
of EGFRs (or the subtypes) is often correlated with aggressive morphology and poor
outcome in different cancer types including non-small cell lung, glial cell, head and
neck, pancreatic, bladder, prostate and breast cancer (reviewed in, e.g. (35-37)). The
EGFR, also designated ErbB-1, belongs to the ErbB receptor subfamily together with
the structurally similar ErbB-2, ErbB-3 and ErbB-4 which also have catalytically active
TK domains in the cytoplasmic phase of the cell membrane. Based on over a decade of

-12 -



clinical and preclinical evidence implicating the EGFR and, more recently, also the
ErbB-2, ErbB-3 and ErbB-4, in the development, progression and severity of certain
human cancers, this family of receptors has been targeted for the development of
anticancer agents. The influence of EGFR level on the degree of malignancy is related
to the effects exerted by EGFR on activation of cell motility, cell adhesion, invasion,

cell survival and angiogenesis (reviewed in (38)).

Cell Substrate

membrane proteins ~or
H()@—b
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transduction
o o o Q&
otodobo H

48 4

TK domain

ATP

Figure 2. Schematic representation of EGFR structure. Ligand binding, receptor
dimerization and kinase activation followed by transfer of the gamma phosphate from
receptor-bound ATP to tyrosine residues in substrate proteins involved in signaling
pathways leads to altered DNA transcription.

Imaging and therapeutic targets
EGFR as therapeutic target

There are several therapeutic approaches that take advantage of the over-expression of
EGFR to target cancer cells, directed both towards the extra-cellular ligand-binding
domain and towards the intra-cellular TK domain. The former strategy (the latter
discussed below) includes preventing the mitogenic signaling by blocking the ligand-
binding region of the receptor with anti-EGFR antibodies (Ab). Ligand-toxin conjugates
are also used (39) to bring the toxic agent (or radioactivity for radionuclide therapy e.g.
(40), or boron for boron neutron capture therapy e.g. (41)) specifically to the EGFR-rich
tumor cells. The ligand-receptor complex is then internalized, thereby exerting its
therapeutic effect locally. Using the ligand as toxin carrier can, however, potentially
suffer from simultaneous receptor stimulation caused by the ligand-receptor binding.
Therefore anti-EGFR Abs are likely to be better carriers (42). As reviewed by
Ciardiello, the first agent that specifically interfered with EGFR signaling to enter Phase
2 to 3 clinical evaluation was the chimeric human mouse IgG1 anti-EGFR blocking
monoclonal Ab (MAb) IMC-C225 (43).
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Imaging based on the EGFR

Clinical applications of PET have been predominantly directed towards oncological
investigations (44). The most widely used strategies for tumor imaging (reviewed in
(45)), are based on changes in metabolism (using glucose or analogs) and in protein and
DNA synthesis (using amino acid or derivatives and DNA binders or precursors,
respectively). Based on the increased concentration of receptors in tumors, GFRs have

also been recognized as potential targets for mapping and quantification (46).

Since for some tumor types there is a strong correlation between EGFR number and
prognosis (invasiveness, response to therapy, survival), quantification of this receptor in
diagnosis could facilitate differentiation with regard to therapeutic course and action
and result in better patient managment. A suitable radiotracer enabling receptor
quantification would allow non-invasive monitoring of changes in levels of receptor
expression in response to different therapeutic protocols. Non-invasive characterization
of the extent of EGFR expression at the tumor sites could also be used to select patients
for therapy directed against EGFR (47-49). For given cancer types (50) high expressers
would be candidates for EGFR directed therapy, while low expressers would probably

not.

Several nuclear imaging radiotracers directed to the intracellular TK domain (see
below) as well as to the extra-cellular domain have been reported in the literature. The
latter, MAb, EGF or EGF derivatives, have been labeled with gamma emitters (99mTc,
i and '/ 87, e.g. (48, 49, 51, 52). EGF has also been labeled with the positron-

emitting radionuclide *Br (53).

TK inhibitors as therapeutic targets

Since the discovery of the implication of protein TKs in growth processes, studies have
been performed on these enzymes and subsequently on strategies to inhibit them in
order to find new classes of anti-proliferative agents (54). The fact that over 80% of the
oncogenes and proto-oncogenes involved in human cancers code for protein kinases
indicate their central role in cancer development (55). Pharmacological inhibition of the
signaling pathways would also have potential for treatment of other proliferative
diseases as, for example, psoriasis (56). During the past 15-20 years hundreds of
compounds have been evaluated in the search for specific EGFR-TK inhibitors
(reviewed in (38, 55, 57-59)). Inhibition of TKs can be achieved by two strategies: by
ATP competition, or by preventing the TK enzyme substrates from binding. The
requirements for TK inhibitors are high potency and, even more importantly, high
specificity, since interaction with any of the numerous other membrane-bound or
soluble protein TKs could potentially cause severe toxicity. Due to the high degree of
structural homology in the ATP binding site in different TKs, the initial work was

directed mainly toward substrate competition. However, a breakthrough in potency
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achievable came in the mid 1990s with the introduction of the small ATP competitive
quinazolines that also possess high selectivity for the EGFR-TK (reviewed in (43, 58,
60)). In 1999 seven small molecule EGFR-TK inhibitors were in early phase clinical
trials (61). Six of them are ATP competitive and, of those, three are 6,7-disubstituted 4-
anilinoquinazolines (Figure 3). ZD1839 and CP358774 are in clinical trials for
oncological applications, whereas PD153035 (Parke-Davis), which was reported to
cause apoptosis in tumor cell lines (62, 63), is in clinical trials by Sugen, under the code
SU5271, for treatment of psoriasis (55, 64).

E
T T <™
ece Nt NG ee;
~o0 \N) /O\/\O \N) ~o \NJ
ZD1839 (Zeneca) CP358774 (Pfizer) PD153035 (Sugen)

Figure 3. Chemical structures of quinazoline-based EGFR-TK inhibitors under clinical
evaluation (the company names given in parentheses).

PDI153035 and related quinazoline TK inhibitor radiotracers

In 1994 Fry et al. reported on a new, small molecule, ATP-competitive EGFR-TK
inhibitor, 4-(3-bromoanilino)-6,7-dimethoxyquinazoline (PD153035 Figure 3), which
had been developed by Parke-Davis (Ltd.) as one in a series of potential
chemotherapeutic agents. This compound has an inhibition constant (K;) of ca. 5 pM
which is a three- to five-fold higher affinity than for EGFR-TK inhibitors previously
reported (65). Furthermore, PD153035 is unusually selective for the EGFR-TK, which
is inhibited to 50% (ICso) at a PD153035 concentration of ca. 30 pM. In tests on
activities of isolated recombinant TKs from platelet-derived GFR, fibroblast GFR,
colony stimulating factor-1, insulin R and src TK, little effect was detected at
PD153035 concentrations as high as 50 uM. Of the six TKs evaluated, only a minor
inhibitory effect was observed on the EGFR family member, ErbB-2 TK, with ICs ca. 2
UM. Cell studies (Swiss 3T3 fibroblasts) of the inhibitory effect of PD153035 on EGF
induced phosphorylation showed an ICso of ca. 15 nM (65). Other studies showed that
the inhibition was very rapid, occurring virtually as the cells (A-431 human epidermoid)
were exposed (65). The nature of the binding interaction between the inhibitor and the
receptor is suggested to be tight, since cell studies showed prolonged phosphorylation
inhibition after removal of PD153035 from the cell medium (65).

The affinity and selectivity of PD153035 for the EGFR-TK make it an attractive
candidate for development as an oncological imaging agent. A number of different
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analogs of PD153035 have been radiolabeled with positron and single photon emitting

radionuclides during the past few years and are summarized in Table 2.

W
HN A X
R6 SN v
> z
R7 112
No R6 R7 n | W /| X | Y | Z |Ref
1 MeO MeO 0 H || H H | (66)*t
2 MeO MeO 0 H | ™1 | H | H [66)*6DF
3 MeO BFEtO | 0 | H | Br | H | H |(68)*f
4 MeO ""C-MeO | 0 H | Br | H | H |(68)*
5 | ""C-MeO MeO 0O | H | Br| H | H |(69*paperlt
6 MeO MeO 1 H | H | ®F | H [(70,7)*}
7 EtO EtO 1 H | H | ®F | H [(71)*
8 MeO MeO 0 | ®F | H | ClI | Cl |(72)*}(73)
9 MeO MeO 0 H | ®F | H | CFs | (72)*F (73)t
10 MeO MeO 0 H H | ®F | H [(73)
1 MeO MeO 0 H | Cl | ®F | H | (74)*F (75)*
12 | H,C=CH- H 0 F | H | Cl| Cl [(76)} (77)*
""CO-NH-

* Reported as preliminary abstract or in meeting proceedings.
Labeling procedure but not biological (cell line, ex or in vivo) data (other than
1Cso-values in some cases) reported.

Table 2. Radiolabeled PD153035 and analogs

These strategies have directed the label either to the aniline ring or to the 6- or 7-
substituents in the quinazoline ring. The ''C-tracers 4 and 5 were produced by O-
alkylation of the corresponding desmethyl precursors with labeled methyl triflate and
methyl iodide, respectively (68, 69, paper I), and 12 by reacting the labeled acryloyl
synthon with the amino quinazoline (76). Compound 3 was produced by reaction of "*F
with the corresponding 7-tosyloxyethyl quinazoline (68). The radioiodinated tracers 1
and 2 were produced by one step iododestannylations of the corresponding
trimethylstannyl precursor (66, 67). All the other aniline labeled tracers (6-11) were
produced by multi-step strategies, in which the appropriate '*F-labeled aromatics were

synthesized and then coupled to 4-chloro-6,7-dialkoxyquinazoline (70-73, 75).
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In the approach described in this thesis and in paper I, the labeling strategy was chosen
so that the drug itself and not an analog would be produced. The structure of PD153035
is particularly well suited for application of the most commonly used strategy for
labeling with carbon-11, alkylation of O-, S-, or N- nucleophiles with a prelabeled alkyl
halide or triflate (reviewed in (78)). Synthesis of the 6- and/or 7- desmethyl-PD153035
would thus make a one-step radiosynthesis with a routinely prepared labeling precursor

possible.

Precursor synthesis, desmethyl-PD153035
Demethylation using BBrs3 (paper I)

Reference PD153035 was produced according to the literature procedure (79).
Heterocyclization of 2-amino-4,5-dimethoxybenzylic acid with formamide (the
Niementowski quinazoline synthesis) was followed by chlorination and subsequent
nucleophilic displacement by 3-bromoaniline. Mono-demethylation of PD153035 was
achieved with BBr; in chloroform at reflux for over 24 h. Although yields were low, the
amounts obtained were sufficient for an initial in vivo screening in rats (paper II). A
number of other reagents for selective demethylation were tested (80). Of these only
NaSeC¢Hs also gave desmethyl-PD153035 in small amounts, but its isolation from the
complex reaction mixture was very difficult. Identification of the constitutional isomer
produced, was not, at that time, easily accomplished from the available NMR analysis.
The product was, however, subsequently determined to be the 6-desmethyl-PD153035
by comparison with the products in paper III and in the appendix. Evidence that the
obtained desmethyl product contained only one constitutional isomer was based on
HPLC analysis (Figure 6).

Demethylation using MeSO;3H - microwave and conventional heating (paper I1I)

Demethylations are often, as is the case with PD153035, difficult to perform and require
stringent conditions and/or long reaction times. Therefore, an alternative approach
amenable to the use of microwave dielectric heating was investigated. Microwaves have
been used for more than a decade to speed up difficult transformations in organic
synthesis (reviewed in (81-83)) and in radiolabeling procedures (reviewed in (84, 85)).
Microwave-assisted cleavage of methyl phenyl ethers has previously been performed
with pyridine hydrochloride (86), KOBu-¢ and crown ether in ethylene glycol (87), and
with lithium iodide and solid supports (88). Here, methanesulfonic acid (MeSO;H) was
chosen based on its reported use, together with methionine, in selectively cleaving a
methyl phenyl ether (89) and a report that 6-hydroxy-7-methoxy-3,4-dihydro-
quinazoline-4-one could be obtained from the 6,7-dimethoxy compound using the same
reagents (90). The choice of reagent was further supported by the initial observation that

MeSOs;H was very effective at cleaving anisole to phenol in a model reaction. The
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Figure 4. (a) Chemical structure of the PD153035 and of the products obtained by
mono- or didemethylation; (b-¢) Diagrams showing the conversion of PD153035 upon
heating in MeSO;H and the product distribution after different reaction times for
microwave (b) and conventional (¢) heating at 200° C.

polarity of MeSOs;H seemed favorable for a strong interaction with the oscillating
electromagnetic field. The high boiling point should, accordingly, mean lower risks for

uncontrolled volatilization and containment problems from large pressure increases.

The combination of MeSOs;H and microwaves turned out to be fortunate. Conversions
of PDI153035 over 80% were achievable in less than a minute of monomodal
microwave induced heating. Cleavage occurred at either or both of the methoxy
positions giving rise to three products, which were separated on reversed phase HPLC
(Figure 6) and identified by LC-MS analysis as the two mono-desmethyl-PD153035
compounds and the di-desmethyl (di-OH) PD153035 (Figure 4a). There was a slight
regioselectivity in the demethylation favoring formation of the 6-desmethyl-PD153035
over the 7-desmethyl-PD153035. Prolonging the reaction times consumed more of the
PD153035 and the two desmethyl isomers as well, with a concomitant increase of the
diphenolic compound and an unidentified hydrophilic byproduct (Figure 4b).
Demethylation of PD153035 in MeSOs;H also occurred, but less quickly, using
conventional heating. At 200° C ca. 75% conversions were obtained after 10 minutes,
but with less diphenol and no byproduct detected (Figure 4c). Consequently,
demethylation of PD153035 using MeSOsH provides a means for rapidly producing the
two mono-desmethyl and the di-demethylated PD153035 and thereby the possibility to
select the position for the label. Such flexibility may be useful in metabolic studies to
establish whether either position is less susceptible to in vivo cleavage and to

subsequently label the metabolite for in vivo studies. The rapidity of the microwave-
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assisted reaction makes it also potentially interesting for post-labeling removals of
methyl group(s), that are often used to protect phenols during aromatic

radiofluorinations, e.g. (91).

Synthesis of reference7-desmethyl-PD153035 (App.)

In order to identify which of the two desmethyl-PD153035 compounds were
synthesized in papers I and III, one of them, the 7-desmethyl-PD153035, was
synthesized by a separate pathway for use as a reference. Applying the original strategy
used to produce PD153035 (79), but with the 4-O-benzyl protected 2-amino-4-hydroxy-
5-methoxybenzylic acid (13), 7-desmethyl-PD53035 was selectively obtained as
outlined in Figure 5.

o)
H,CO H,CO.
oH d OH
HacO:QiOH - @j —_— OJQ\):O _—
HO i : ( z
o) H c
Hsco:©\)LOH HCO A~ Ay HSCOJCKKN
— | — ~ )

9 NH, o Ny 9 N

0, 0 0
HN’ : Br HN/( l Br

H,CO, A N H.CO P
_— - | —_— N
0 N H SN

7-desmethyl-PD153035

Figure 5. Synthetic pathway used to produce reference 7-desmethyl-PD153035.

Identification of 6- and 7-desmethyl-PD153035

Assignment of the position of the phenol in the radiolabeling precursor (paper I) and in
the two mono-desmethyl products (paper III) was based on reversed HPLC analysis.
The BBr; demethylated precursor co-eluted with one of the MeSO;H demethylated
compounds which were identified by LC-MS, whereas the reference 7-desmethyl-
PD153035 co-eluted with the other (Figure 6). Accordingly, the precursor radiolabeled
in paper I was 6-desmethyl-PD153035 and the product was [6-methoxy-''C]PD153035
(6-[''CIPD153035).
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Figure 6. A typical HPLC chromatogram from analysis of the demethylation reactions
of PD153035 using MeSOsH. The constitutional isomers 6- and 7-desmethyl-PD153035
are well separated. The HPLC conditions used were the same as in paper III.

Radiolabeling to produce 6-[''C]PD153035 (paper I)
The alkylation of the phenol group with [''C]methyl iodide (Figure 7), followed by

reversed phase HPLC-purification, formulation and sterile filtration, afforded
radiochemically pure [''CJPD153035 in a total synthesis time of 45-50 min. According
to analytical radio-HPLC the conversion of [''C]methyl iodide to [''C]PD153035 was
in the order of 45% using 0.9 mg precursor. At end of synthesis (EOS) the s.r. ranged
from 20-40 GBg/umol (n=7). This s.r. is comparable to that obtained for other ligands
labeled in our laboratory using [''C]methyl iodide prepared by the same method (via
["'C]methanol produced with lithium aluminium hydride), but for whom precursors
have not been generated by demethylation of the targeted reference compound (s.r. at
EOS ranging from 5-78 GBg/umol) (92-94). The s.r. can, if required, probably be
increased by a) producing [''C]methyl iodide via the gas phase halogenation of
["'C]methane (94, 95), b) reducing the reaction times with e.g. use of [''C]methyl
triflate (96), ¢) starting with [''C]CO, of higher s.r. (current cyclotron gives 5-10 times
higher). However, considering both the abundant levels of EGFRs and the fact that
much larger amounts of PD153035 are tolerated in clinical trials (55, 64), the s.r.
obtained here was deemed acceptably high.

HN" i ~gr TCHgl HN” i ~Br

HO NaOH, DMF  H,'CO
S e 2
H,CO Nig 0rc H.CO N~
desmethyl-PD153035 ['1C]PD153035

Figure 7. Labeling of PD153035 by alkylation of the 6-desmethyl precursor with
["'Clmethyl iodide.
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In vivo distribution of 6-[''C]PD153035 in rat and tumor implants (paper Il)
Organ distribution and dynamics

Following iv administration of 6-[''CJPD153035, the dynamic uptake of radioactivity in
different organs in normal rat was studied with PET. Radioactivity was observed in
liver, gastrointestinal (GI) tract, lungs, heart and brain. In the lower abdomen (scanned
in the tumor bearing rats) radioactivity was observed in testis and in the urinary bladder.
Renal clearance was suggested by increasing amounts of radioactivity in the urinary
bladder over time. The changes in concentration of radioactivity over time for some of
these dynamically scanned organs and for plasma samples taken throughout the study
and measured externally in a gamma counter are presented in Figure 8a. For plasma,
heart and brain the radioactivity peaked directly in the first sampling and thereafter
decreased with beta-phase half-lives of 13 min for brain and heart and 60 min for
plasma. The initial extraction of radioactivity from plasma was rapid. The concentration
(% of injected dose per mL, % id/mL) at 1 min post injection was only 4% of the
radioactivity measured in the first sample (from ca. 15 sec after injection; not shown in
Figure 8a).

Distribution to lungs, liver and GI tract was slower and peak values were reached within
2, 4 and 17 min, respectively. After their peaks, the radioactivity concentrations
decreased with half-lives of 14, 13 and 21 min, respectively. The amount of
radioactivity in the lungs was small (< 0.2% id/mL at max) while concentrations were
highest in the liver and the GI tract (excluding the urinary bladder, ca. 1.5-2.5% id/mL
at 30 min in the tumor bearing rats). Whether this radioactivity localization is a result of
interaction with the EGFRs in the abdomen and/or due to filtration and clearance via the
hepatobiliary-intestinal route has not yet been clarified. An ex-vivo study, after
administration of the '*F-labeled analog 8 in mice, revealed high uptake in liver and
kidneys which was not decreased by preblocking with reference, non-radioactive, 8
(73). The authors presumed that the radioactivity in those EGFR expressing organs was
due to rapid metabolism and pre-excretion processing of the tracer and not to specific
receptor binding. The observation of high radioactivity concentrations in liver and
intestines is, however, also consistent with the findings in other studies targeting the
EGFRs in rats, in which the distribution of **Tc-labeled humanized MAb against the
EGFR and "Br-labeled mEGF were studied with SPECT (47) and PET, respectively
(53).

Distribution to tumor implants

As a first screening study of the distribution of labeled PD153035 to proliferating tissue,
PET studies with 6-[''C]PD153035 were performed in three immunodeficient rats (#I1-
[V) with tumor implants. The rats were subcutaneously injected on the lateral side of the

hind legs with SH-SYS5Y cells, a poorly differentiated, adrenergic neuroblastoma
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Figure 8. Time radioactivity curves showing the changes in radioactivity concentration
(% id/mL) over time (min) following administration of 6-[''CJPD153035. (a) Organ
and plasma kinetics in normal rat; (b) Radioactivity concentrations in the right and left
side tumor implants in rat #II.

cell line capable of anchorage independent growth and xenograft formation. The SH-
SYSY cell line expresses EGFRs (97).

The PET images revealed distribution of radioactivity to all six xenograft sites as shown
in Figure 9. The appearance of the activity distribution differed between the sites, from
the intense, pronounced in the right side (to the left in the image) of rat #II to the more
diffuse in rat #IV. The differences in appearance correlated well with the status of the
tumors observed after the PET studies when the tumors were excised for weighing. The
weight of each tumor is given directly over the PET-images in Figure 9. In rat #II the
tumor sites contained single tumors with the one most distinctly seen in the PET images
being considerably larger. The tumors in rat #IV were of comparable weight with that
on the right side tumor in #II, but in rat #IV the injected cells had resulted in several,
smaller tumors. Since the individual mass of these several tumors was rather small, they
had not yet started to grow and divide exponentially and were presumably less viable.
Consequently, the less distinct radioactivity in the tumor sites in #IV was consistent

with tumor status, but not with measurements of total size.

In the right side of rat #III the uptake was also indistinct despite the large tumor mass.
Once again a plausible explanation is related to the viabilibity of the tumors. The tumor
growth was followed between xenotransplantation and PET investigation by external
volume measurements (with callipers). In rat #IT1 tumor take was established and the
tumors grew more quickly than in the other two rats. The right side tumor had passed
the phase of exponential growth and was in a stationary or even in a declining phase at
the time of the PET study. This lack of viability was confirmed at excision with necrosis
revealed in the tumors on both sides. The left side tumor was too necrotic to be removed

intact.
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Figure 9. Transaxial images through the tumor implants of the three rats. The xenograft
sites on the lateral side of the legs were in proximity of the urinary bladder. The right
side tumors are to the left in the PET images and vice versa. For illustrative purposes,
the gray scale has been thresholded. Below the PET images, the tumor growth curves
are presented, showing the increase in volume (mL) over time (number of days from
xenotransplantation) for right (A) and left ((J) side tumors. The day for the PET studies
(X) and the day the tumors were excised for weighing (O) are indicated. The tumor
weights are given above the PET images.

Regions of interest (ROIs) were delineated over areas corresponding to the tumor
implants in several successive transaxial tomographic planes. Time radioactivity curves
were obtained which all had a similar pattern of an initial increase followed by a
tendency to leveling off and subsequently a slower decrease. Peak levels were reached
within 10 min after iv injection. The heterogeneity in the tumor sites also appeared to
influence the radioactivity curves. Those for rat #II, presented in Figure 8b, were
smooth whereas those for rats #III and #IV were relatively noisy. Morphological
inhomogeneity from varying mixtures of viable and necrotic tumor as well as normal
tissue may have caused the erratic curves. The amount of radioactivity in all six tumors
sites as compared to a reference, non-tumor region drawn over a hind leg in the same

rat, was in the order of 15 times higher at peak.

Considerations on the imaging potential of radiolabeled PD153035 or
analogs

The study presented in paper II was not designed to demonstrate interaction of the tracer
(6-[''C]PD153035) with the EGFR. On the other hand, there are numerous literature
reports indicating that the non-radioactive PD153035 interacts with the EGFR in vivo.
Dose-dependent inhibition of growth in EGFR over-expressing cell lines (range of

-23-



different human carcinoma lines) at low micromolar concentrations of PD153035 have
been reported by Bos et al. (62). The inhibitory capacity observed correlated with the
degree of EGFR over-expression, i.e. was greater at higher levels of EGFR expression.
In another study by Kunkle et al., treatment of tumor implanted (A431 epidermoid
carcinoma which over-express EGFR) mice with PD153035 (40 mg/kg, 2 times/day for
5-13 days) did not, contrary to their expectations, provoke any measurable changes in
tumor growth (98). They therefore questioned whether PD153035 was affecting its
target and examined the EGFR-TK phosphorylation in the tumors. Reduction in
phosphorylation was rapid and at 15 min after an ip dose (80 mg/kg) the reduction was
as high as 80-90%, relative to controls, which is also indicative of a specific interaction

in tumors in vivo.

In spite of the considerable evidence that PD153035 functionally modifies EGFR in
vitro and in vivo, it still remains to be conclusively shown that the characteristics of this
interaction are favorable for making imaging-based estimates of EGFR levels. The data
accumulated to date on the imaging results of radiolabeled PD153035 and analogs are
summarized in Table 3. The observations are briefly discussed below, with respect to

the radiotracers' dynamic behavior, metabolism and target interactions.

Dynamic distribution to tumor

Of the twelve PD153035-based radiotracers (Table 2), only the distribution of 5 and 8
have been observed dynamically with PET and 1 with SPECT cameras. As discussed in
more depth above and in paper II for 5, radioactivity concentrations in tumor peaked
within 10 min at levels < 15 times that in a reference region in leg. Radioactivity levels
correlated to tumor status determined post-mortem. Uptake of 8 in mice peaked at 8-12
min though resolution was too limited for a more detailed organ analysis. Dynamic
SPECT distribution studies of 1 indicated high uptake of radioactivity in the tumors
compared to control tissue. Maximum levels were reached between 30 and 60 min after

injection (99).

Radiotracer metabolic stability

To our knowledge, the only studies on the metabolic stability of the radio-PD153035
tracers have been evaluated in animal models with the aniline '*F-labeled analogs of
PD153035, 8, 10 (73) and 11 (75). For 11, evaluated in normal rat, the ex-vivo organ
measurements showed highest retention (6-7% id/g) in the bone. This was taken as an
indication of defluorination since non-developing bones have low levels of EGFR and
free fluoride is known to be taken up by the skeleton. In the distribution studies with 8

and 10 in tumor (A431) xenotransplanted mice, bone radioactivity was not reported.
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The metabolite analysis performed by Bonasera et al. indicated a rapid in vivo
degradation of both 8 and 10. The *F-analogs (8, 10 and 11) of PD153035 labeled in
the aniline ring were thus not considered promising candidates for in vivo EGFR
studies.

Receptor - radiotracer interactions

Specific interaction of the radioiodinated 2 has been demonstrated in vitro in EGFR rich
MDA-468 cells since pretreatment with PD153035 blocked the radioactivity uptake by
75% (66). Furthermore, the radioactivity uptake was increased up to 9-fold by co-
incubation with EGF, which indicted an allosteric activation of the binding site.

In ex-vivo studies of 4 (7-[''CJPD153035) in normal mice, specific uptake could not be
demonstrated at 30 min post injection (68). Pretreatment with PD153035 (ip 5 mg/kg)
resulted instead in a 50-100% increase in radioactivity content in the sampled tissues.
An explanation for these findings was not given. The authors speculated though, that
one possible reason could be that the EGFR levels in normal tissues are too low to
detect with this kind of protocol (68). Most normal cell types express 20,000-50,000
EGFRs per cell whereas some cancer cells express as many as over 1,000,000 EGFRs
per cell (100). Considering the large amounts of endogenous ATP (59, 101) the amounts
of PD153035 used may not have been high enough to have significantly blocked the
EGFR-TK sites for the radiotracer. However, the dynamic distributions observed with §
suggest that a more optimal time for examining blocking effects might have been at ca

10 min post administration.

The ex-vivo biodistribution studies performed with 8 and 10 in tumor bearing nude
mice demonstrated neither high nor specific binding in the EGFR rich tumor (73).
Blocking studies performed with 8 did not conclusively decrease radioactivity
concentrations in organs measured ex vivo. It was discussed that these results could be
affected by unfavorable kinetics of e.g. receptor-radiotracer association and dissociation
and rapid blood clearance. Rapid plasma clearance due to too fast association of the
radiotracer with the receptor might potentially result in a measure of blood flow rather
than of receptor concentrations (102). However, once again, perhaps a more optimal
time to examine the binding would have been during the first 10 min after tracer
administration. The Israeli group concluded that the non-specific distribution observed
with the '®F-labeled analogs would have to be eliminated to achieve better imaging.
They turned towards the acrylamide substituted quinazoline 12 based on literature
reports on similar compounds which inhibit the EGFR-TK rapidly and irreversibly
(103). The irreversible interaction between the radiotracer and the EGFR-TK would
possibly suffer less from competition with the endogenous ATP. In a recent preliminary
communication on 12, ex vivo measurements at 20 min after tracer injection indicated

specific binding of radioactivity in tumor as well as in skin, liver and kidneys (77). The
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combination of a longer tracer-target interaction and an earlier measurement time was

apparently favorable for observing the specific interaction.

Potential for further studies with 6- or 7-[''C]PD153035

We consider our results obtained with 6-[''CJPD153035 (5) in paper II as promising. As
pointed out above, distribution of radioactivity to regions known to express high levels
of EGFRs (liver, GI tract) as well as to regions coupled to cancer types with EGFR
over-expression (lung, head, brain, bladder) has been studied. At times later than ca. 5-
10 min following tracer administration, high levels of radioactivity were, for the organs
studied, exclusively observed in liver and in the area of the GI tract. Highest amounts of
radioactivity in the tumor sites was reached within the first 5-10 min. The amounts of
radioactivity in the different xenograft sites also correlated well with the status of the
tumors observed on excision. However, the study was not designed to investigate
specific interaction between tracer and EGFR. Attempts at dose-dependent blocking or
displacement of tracer retention or interaction, possibly in another animal model, would

be a feasible next step in the tracer validation.

Another aspect to examine is the in vivo metabolism of the labeled tracer. Formation
and recirculation of radioactive metabolites can confound the time radioactivity data
and make pharmacokinetic modeling more complex (21). Metabolite studies were not
performed in our 6-[''CJPD153035 experiments and thus information on the metabolic
pattern of trace amounts of the compound in the time span of a PET investigation with
carbon-11 is not available. Both 6- and 7-desmethyl-PD153035 have been detected in
blood after administration of large doses of PD153035 (80 mg/kg) to mice (98).
However, neither the extent nor the time-course for the appearance of those metabolites
was reported. Both demethylated compounds have a high affinity for the EGFR (K 25-
170 pM compared to 5 pM for the parent compound). Thus even the labeled metabolite
might maintain a receptor interaction. Since the didemethylated compound was not
detected (98), an optimization with regard to labeling in position 6- or 7- might be
fruitful. In the radiotracer experiments with 8 (73), the didemethylated metabolite was
only found in liver and kidney extracts and not recirculating in the blood.

For imaging purposes a radionuclide with fairly short half-life is suggested. Distribution
of PD153035 to tumors in mice was rapid with peak levels reached within 15 min after
ip administration (98). Nor have the results obtained in our initial animal studies (paper
II) yet suggested the use of a radionuclide with longer half-life than ''C. Blood
clearance was rapid, peak levels of radioactivity in the tumor regions were reached
within 10 min and the washout phase had a half-life of ca. 40-45 min. Mishani et al.
also suggested that the shorter physical half-life of carbon-11 might be more appropriate
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than fluorine-18 for the in vivo imaging (76). Distribution and metabolism as well as
kinetic patterns may, however, vary considerably between humans and non-human
primates, a factor which has not only affected predictions about tracer imaging capacity,
but therapeutic results with experimental drugs as well. Further studies are therefore
motivated to evaluate whether [''C]JPD153035 has potential for EGFR level imaging in

humans.
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PROINSULIN C-PEPTIDE LABELED FOR DISTRIBUTION
AND KINETIC STUDIES

Diabetes mellitus

Diabetes mellitus (DM) is characterized by chronic hyperglycemia resulting from
impaired or abolished insulin production in combination with varying degrees of insulin
resistance. Insulin is produced by the beta-cells in the pancreatic Langerhans islets and
is released in response to increased blood glucose levels. Insulin promotes an increase
in glucose transport primarily in the liver, muscle and adiopose cells. Other effects of
insulin include increased synthesis (and concomitant decrease in breakdown) of

glycogen, fatty acids (lipids) and proteins.

There are two main types of DM, the type 1 insulin-dependent and the type 2 non
insulin-dependent DM. Type 1 DM is an autoimmune disease characterized by selective
destruction of the insulin producing beta-cells in the pancreas which ultimately leads to
a discontinuation of insulin production. Type 1 DM can occur at any age, but most
typically in children or adolescents. Type 2 DM is often associated with marked insulin
resistance in combination with a gradual decline in insulin production due to impaired
beta-cell function. Type 2 DM may also eventually become insulin-dependent. The type
2 DM is the most common form, constituting ca. 85-90% of all DM patients.
Notwithstanding, there are ca. 44,000 patients with type 1 DM in Sweden of whom
about 50% will, or already have, developed the complications associated with type 1
DM (104). The yearly incidence of type 1 DM in Sweden is ca. 14 (all ages; 30 for
people < 15) new diagnosed patients per 100,000 inhabitants (105).

Long-term complications type 1 DM

Patients with type 1 DM are at high risk of developing micro- and macrovascular
complications. The complications involve the peripheral and autonomic nerves, the
kidneys, the retina and the peripheral arteries (105). Neuropathy is related to lower
extremity impairments such as limited function and walking abilities and diminished
sensory function. In addition to the chronic pain often experienced by DM patients with
neuropathy, lower limb amputation may even become necessary (106). The
nephropathy, proceeded by a phase of glomerular hyperfiltration, starts with micro- and
macroalbuminuria and is followed by decreasing glomerular filtration. The retinopathy
may lead to blindness.

There is no single postulated underlying mechanism responsible for the pathogenesis of
the different long-term complications. They are rather thought of as arising from a
complex interplay of multiple interactions (reviewed in (107)). One of the major causes
is thought to be due to the so-called advanced glycosylation end-products (AGE)
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formed by reaction of glucose with amino groups of proteins. The AGEs interact with
adjacent proteins to form stable crosslinks, reducing the elasticity in the tissues.
Alteration of cellular redox potentials, hypoxia and generation of reactive oxygen
species, reduction in Na",K -ATPase activity and impaired blood flow as a consequence
of (among other things) perturbed nitric oxide metabolism have also been implicated in
the development of the long-term complications.

Strategies for treatment of the complications

DM treatment strategies include normalization of blood glucose levels and prevention
of long-term complications. The former may be achieved by better glucose level
monitoring (continuous), by improved devices for maintaining glucose homeostasis and
optimal or stimulated insulin dosing (e.g. formulation for appropriate release speed,
insulin prodrugs or analogs with favorable kinetics, agents capable of preserving beta-
cell function, insulin secretion stimulators) (108). Approaches for preventing specific
complications include the use of vasodilators to increase the blood flow and counteract
hypoxia in nerves, agents to capture reactive oxygen species (106) and agents that can

reverse (cleave) the AGE crosslinked proteins to restore the vascular system (109).
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Figure 10. Structure of proinsulin with the A and B chains of insulin and the 31 aminc
acid large C-peptide.
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C-peptide

Insulin is composed of two polypeptide chains (A and B) held together by cystine
bridges. However, in the biosynthesis of insulin a single polypeptide chain,
preproinsulin, is produced. This precursor protein is cleaved to proinsulin and
transported from the endoplasmic reticulum to the Golgi apparatus for storage.
Proinsulin is subsequently enclosed in secretory granules and the C-peptide connecting
the insulin A and B-chains (Figure 10) is cleaved off. C-peptide and insulin are thus

released into the blood circulation in equimolar amounts.

Effects of C-peptide in type I DM

After the discovery that the biosynthesis of insulin proceeds via the larger precursor
protein (110), C-peptide was for long considered to possess little, if any, biological
function other than bringing the A and B chains of insulin together to facilitate
formation of the two cystine bridges. However, recent studies (reviewed in (111-113))
on C-peptide administration to type 1 DM patients, who have no insulin production and
accordingly lack C-peptide, report positive effects on and amelioration (even
normalization) of long-term complications. The majority of the described benefits are
on renal and nerve function. Decreased glomerular hyperfiltration (114, 115) and
urinary albumin excretion (116), as well as improved sensory (116, 117) and autonomic
nerve function (116, 118) have been observed. Other demonstrated effects include
improved oxygen and glucose metabolism in skeletal muscle (114, 119) and improved
microcirculation in skin (120), skeletal muscle (119) and myocardium (121). Generally,
no effects have been observed when C-peptide has been administered to healthy
subjects.

Mode of action

The mechanism by which C-peptide exerts its physiological effects is now emerging. In
the search for biological systems affected by C-peptide, endothelial nitric oxide
synthase (eNOS) and Na',K'-ATPase have been investigated since their activity is
reduced in nerve and kidney tissue in type 1 DM. Both have been found to be activated
by C-peptide, reviewed in (113). In vitro studies performed on endothelial cells indicate
that C-peptide increases the Ca®" influx and elicits a specific activation of eNOS (122).
An increased level of NO might explain the vasodilating effect of C-peptide observed in
vivo (123). Several reports provide evidence for the Na” K -ATPase stimulatory effect
of C-peptide (124-126). Findings from in vitro studies on tubules dissected from rat
kidneys indicate that the Na',K'-ATPase stimulation also proceeds via a Ca*'-
dependent intracellular pathway, possibly activated by a G-protein coupled receptor
(127). The C-peptide stimulation of Na",K"-ATPase is concentration dependent (127).
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In an in vitro model (skin chamber granulation tissue model) Ido et al. investigated the
structural features critical for C-peptide to mediate its effects on glucose induced
vascular dysfunction (124). Activities of synthetically produced reverse C-peptide as
well as all-D-amino acid C-peptide in this in vitro model were comparable to that of
native C-peptide. These observations suggested that C-peptide's effects on vascular
dysfunction might be mediated by interactions that are nonchiral and independent of

peptide bond direction, rather than by stereospecific receptors or binding sites.

Another study performed in vitro by Rigler et al. using fluorescence correlation
spectroscopy, FCS (128), indicated stereospecific binding of C-peptide to membranes,
possibly to a G-protein coupled receptor (129). The study, based on fluorescently
labeled rhodamine-C-peptide (Rh-C-peptide, Figure 11), showed specific binding of the
labeled C-peptide to human renal tubular, fibroblast and endothelial cells. Treatment of
the cells with 1,000-fold molar excess of native human C-peptide displaced the Rh-C-
peptide to 85%. Binding decreased in the same order of magnitude by preincubation
with native C-peptide. The biologically active C-terminal pentapeptide, in 1,000-fold
molar excess, also displaced the Rh-C-peptide by approximately 85%. Binding to renal
tubular cells was saturated at nanomolar concentration of the Rh-C-peptide (0.9 nM)
and 50% binding was obtained at ca. 0.3 nM. The binding was specific since neither C-
peptide with all-D-amino acid nor insulin, proinsulin or the insulin-like GFs I or II
displaced the bound, Rh-C-peptide.

Distribution and kinetics

The distribution of C-peptide in humans has not been fully described but a number of
observations have contributed to the current understanding. Evidence has been
presented that the kidneys are the major sites for uptake and catabolism of secreted as
well as administered C-peptide. Approximately 30-50% is eliminated via the kidneys,
primarily by renal degradation (130, 131). Only a small portion, 3-5%, is secreted as
intact C-peptide to the urine (131) and the hepatic extraction appears to be negligible
(131-133). Little information is available on extra-renal sites of C-peptide catabolism.
However, measurements of arterio-venous differences of C-peptide across the forearm
vascular bed has suggested binding of the peptide to the vascular bed or uptake to the
muscle tissue (119). The half-life of C-peptide in plasma is 30-40 min and tends to be
longer in patients with type 1 DM (131, 134).

Purpose of C-peptide PET studies

C-peptide is currently undergoing Phase 2 clinical trials for prospective introduction as
a therapeutic agent for preventing or retarding the development of the long-term
complications in type 1 DM. PET enables the regional study of the localization and
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pharmacokinetics of labeled compounds. PET is increasingly used in drug development
to obtain information about how much of the administered drug that is reaching the
target/effector site(s) in healthy and diseased tissues, the rates governing its
concentration in each target tissue, and the factors influencing its elimination via renal
or hepatobiliary clearance. This kind of information might help further the knowledge
about site(s) of C-peptide action, metabolism and secretion. We therefore sought to
label the peptide in a way that would minimally perturb its structure and examine the
distribution first in a screening study in animals and then in type 1 DM subjects. The
primary focus was on organs that C-peptide is known to influence positively, the
kidneys and the heart. The capability of simultaneously examining for other possible

localization sites was clearly of interest.

Methods to label peptides for PET or SPECT

Peptides (and proteins) can be radiolabeled in various ways, depending on both the
selected nuclide and on the characteristics of the peptide. Radiometals (135) can only be
attached by chelation (136). Either the chelating agent is covalently bound to the
peptide prior to labeling, or the chelate-radiometal complex can be first formed and then

conjugated to the peptide.

Methods for radiohalogenating proteins have been extensively reviewed by Wilbur
(137). Direct oxidative radioiodination is a straightforward technique applicable with
several functional groups commonly present in proteins. If, however, the appropriate
amino acids are lacking or if the protein is sensitive to the oxidative conditions, a
prosthetic group might be used for conjugate labeling. The prosthetic group can, as with
the chelating agents, be labeled either before or after being covalently conjugated to the
peptide. In the former strategy, which permits harsher reaction conditions in the labeling
steps, acylation, alkylation, amidation or photochemistry have been used to achieve the
conjugation. The latter strategy, advantageous since only one radiolabeling step will
give higher radioactivity yields and better s.r., requires however that the prosthetic

group is activated enough for direct labeling.

A few reagents have been used to label proteins with carbon-11. Reaction conditions

can be relatively mild and several functional groups have been targeted (138).

Radiolabeling of human C-peptide (paper IV)
Selection of labeling strategy

A labeling strategy causing a relatively small change in the native C-peptide was
desirable. Unfortunately, the amino acid content of human C-peptide (Figure 10) does
not lend itself to direct radioiodination (i.e. no aromatic residues). A chelated radiometal
might be large enough to influence both the distribution and the kinetics of this
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relatively small peptide. A prosthetic group may, of course, alter in vivo behavior but,
contrary to a co-ordinated metal a covalently attached group is not subjected to
competition from serum cations or the risk for simple translocation of the label to blood

proteins e.g. albumin and transferrin (135).

Fluorine-18 was selected for labeling the prosthetic group due to the good imaging
properties of '*F and since its physical half-life is suitable for the process to be studied
(reported half-life of C-peptide in plasma around 30-40 min). Furthermore, of the
halogens fluorine forms the strongest bond with carbon (bond energy: F > Cl > Br > 1>
At). Thus the risk for in vivo dehalogenation should be less for a '*F-labeled group.

The drawbacks and advantages of different prosthetic group strategies for '*F-labeling
of peptides have been reviewed in (139, 140). Activated esters of N-
hydroxysuccinimide are good electrophiles for conjugation to nucleophiles, such as
amines, to form stable amide bonds. N-Succinimidyl 4-['*F]fluorobenzoate (['*F]SFB,
Figure 12), an analog of the prosthetic group developed by Bolton and Hunter in 1973
for radioiodination of proteins (141), has been successfully developed for PET
radiolabeling (142-146). Smaller acylation agents like activated fluoropropionyl have
been used and also compared to ['*F]SFB (143). The observed peptide conjugation
potential for ["*F]SFB is more favorable (143) and the aromatic fluoride bond of
['*F]SFB is, furthermore, presumed to be more stable. ["*F]SFB was less sensitive to
competing hydrolysis and gave higher aminolysis yields. Acylation of proteins with
['®F]SFB has also been reported to be superior to photochemical conjugation (using 4-
azidophenacyl-['®F]fluoride) with regard to both conjugation yields and to in vivo
stability (146).

Based on the considerations above, ['*F]SFB was selected for the prosthetic group
labeling of C-peptide even though several radiochemical steps are required for its
production. If concerns about aliphatic defluorination can be allayed, the analogous N-
Succinimidyl 4-['*F](fluoromethyl) benzoate can alternatively be produced in a single
fluorination step with a tosyl leaving group (147, 148).

Retained interaction in vitro

The radiolabeling strategy using ['*F]SFB was selected based on predictions that the
peptide characteristics would be minimally perturbed. Studies on the activity inherent to
different fragments of C-peptide have indicated that the N-terminal portion is less
important for its biological activity. A pentapeptide identical to the C-terminal elicits
approximately the same stimulation of Na",K'-ATPase as the entire C-peptide, whereas
the corresponding, N-terminal, segment of 26 amino acids possesses almost no
activating capacity (149). Peptide fragments of different lengths corresponding to the
mid-segment of C-peptide retained between 35-80% of the stimulatory effects of the
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native C-peptide. Furthermore, Ido et al. reported that nonpolar amino acids in the
midportion of the peptide were required for C-peptide's effects on glucose-induced
vascular dysfunction (124). A fragment lacking 3 amino acids in the N-terminal and 7 in
the C-terminal retained almost full activity. ["“F]SFB, a good electrophile, is known to
react preferably with primary amines such as the e-amino groups of lysine (146). Since
human C-peptide does not contain lysine (or other amine functions), conjugation with
['®F]SFB results in site-directed labeling in the N-terminal giving N-["*F]fluorobenzoyl-
C-peptide (['*F]JFBC-peptide), with the prosthetic group separated from the portions
documented to be active.

Cell membrane interaction capacity of synthesized, non-radioactive, reference FB-C-
peptide was evaluated by FCS. With FCS the Brownian movements of molecules,
labeled with a single fluorescent group, can be studied at the level of the cell membrane.
Following excitation by a laser beam, the fluorescence emitted from a small volume
(0.2 fL) in the level of the cell membrane or in the incubation media is recorded (128).
The intensity of the recorded signal is proportional to the number of molecules in the
focused volume. Emission fluctuations over time reflect the diffusion times for the
molecules at the cell membrane or free in the medium. The mathematically assessed
diffusion times reveal interactions, since the diffusion velocities tend to be slower for

larger compounds or complexes.
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Figure 11. Chemical structure of rhodaminyl- and fluorobenzoyl- groups and their
covalent linkage to peptide (= pept) N-terminal. Schematic drawing of FB-C-peptide,
showing the relatively small change of the native structure produced by the
fluorobenzoyl group. The monkey C-peptide only differs from the depicted human C-
peptide in one single amino acid, i.e. the encircled leucine which is proline in the
monkey peptide.

Similarly to the FCS and C-peptide studies mentioned above (129), C-peptide labeled in
the N-terminal with tetramethyl-rhodamine (Rh-C-peptide) was used to evaluate FB-C-
peptide. Rh-C-peptide binds specifically to cell membranes similarly to native C-
peptide since the binding can be blocked and displaced to ca. 85% by native C-peptide.
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The FCS studies using renal tubular cells indicated that FB-C-peptide blocked and
displaced the binding of Rh-C-peptide to ca. 80% (unpublished data, personal
communication A. Pramanik). Indirectly, this implies that FB-C-peptide cell membrane
interactions are very similar to those of native C-peptide. That conclusion is further
strengthened by the fact that the C-terminal pentapeptide in itself interacts with the cell
membranes as strongly as the entire peptide (129) and that the structural alteration of
the specifically binding Rh-C-peptide is larger than that of FB-C-peptide (Figure 11).

Labeling of human C-peptide with ["*F]SFB

['*F]SFB was produced by nucleophilic radiofluorination (with non carrier added, n.c.a.,
['|F]F) of 4-trimethylammonium-benzonitrile, hydrolysis of the nitrile to
['*F]fluorobenzoic acid for reaction with N,N'-disuccinimidyl carbonate, via a slight
modification of literature procedures (142, 143, 145). Starting from resolubilized ['*FJF
(4.8-8.2 GBq, n=4), ["*F]SFB was produced in 45-58% isolated (HPLC), decay-
corrected yields after ca. 155 min. ['*F]SFB was isolated by HPLC because previous
studies have indicated that the peptide coupling efficiency is lower when only solid
phase extraction is used (144). C-peptide is a rather small and hydrophilic peptide,
which may have influenced its reactivity towards SFB. It did not react readily even
when a large excess of unlabeled SFB was used to synthesize reference FB-C-peptide.
The reaction conditions were optimized for reproducible and reliable labeling of C-
peptide (Figure 12). Conversions of ['*F]SFB to ["*F]FB-C-peptide (based on radio-
HPLC analysis) and HPLC-isolated, decay-corrected yields of ca. 20-25% and 17-21%,
respectively, were obtained using a large excess of C-peptide to drive the conjugation.
HPLC purification of [**F]JFB-C-peptide was necessary to remove the excess of
unreacted peptide and radioactive by-products, such as ["*F]fluorobenzoic acid, formed
by competing hydrolysis. That the unreacted C-peptide was successfully removed was
indicated by the fact that the end of bombardment (EOB) s.r. of the ['*F]SFB and of the
["*F]FB-C-peptide estimated by radio-HPLC and by ELISA, respectively, were of same
magnitude. The ["*F]JFB-C-peptide produced, in a total synthesis time of less than 5h
and in a decay-corrected radiochemical yield of 8-12% based on resolubilized [**F]F",
had a s.r. of 25-130 GBg/umol at the time of injection for the PET studies
(concentrations estimated with ELISA). These values recalculated to EOB, are
consistent with those obtained in other radiolabelings performed with the [“*FJF
produced with the Scanditronix MC 16 cyclotron and *F-target used here, e.g. (150).

The amounts and s.r. of ["*F]JFB-C-peptide could probably be improved by several
measures. The synthesis time for ["*F]SFB could be shortened using O-(N-succinimicyl)
N.N.N'.N'-tetramethyluronium tetrafluoroborate (TSTU) to convert the [“F]fluoro-
benzoic acid (146). In addition to short reaction times, this reagent possesses ionic

features that facilitate purification with solid phase extraction. Furthermore,
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Figure 12. Structure of ["*F]SFB and its conversion (expressed in %) to [**F]FB-C-
peptide in borate buffer of different pH and with (20%) acetonitrile or dimethyl
formamide added.

automation of the synthesis would allow the use of larger quantities of starting

radioactivity.

The amounts and s.r. of ["*F]JFB-C-peptide could probably be improved by several
measures. The synthesis time for ['*F]SFB could be shortened using O-(N-succinimicy])
N,N,N'.N'-tetramethyluronium tetrafluoroborate (TSTU) to convert the [*F]fluoro-
benzoic acid (146). In addition to short reaction times, this reagent possesses ionic
features that facilitate purification with solid phase extraction. Furthermore, automation

of the synthesis would allow the use of larger quantities of starting radioactivity.

Other more recent strategies that have been used to speed up the labeling procedure
include the use of microwaves both in the production of ["*F]SFB (e.g. in the initial
nucleophilic aromatic fluorination of the quaternary salt (151, 152)) and in the peptide
conjugation reaction (153), use of other reagents allowing the direct coupling of
[*F]fluorobenzoic acid to the peptide (152, 154), use of solid phase supports to
facilitate the isolation of the labeled peptide (154), or a combination of all of these
might be possible (155).

PET distribution studies of ['*F]JFB-C-peptide
Monkey studies (paper V)
PET distribution studies were initially performed with [“*F]JFB-C-peptide in two

Cynomolgus monkeys (#I and II) that had fasted overnight in order to minimize the
levels of released insulin and C-peptide. The monkeys were anesthetized and placed on
their back with a selected body segment (#1: chest dynamically, 0-60 min; #1I: abdomen
dynamically 0-116 min and static head, ca. 120-130 min) in the PET camera's field-of-
view. Following iv tracer administration (ca 3 MBq/kg), the radioactivity distributed
mainly to the kidneys and, to a lower extent, to the heart and liver (#1, Figure 13a).
Within the kidneys, the radioactivity located first in the cortex and subsequently to the
pelvis. Urinary excretion of the radioactivity was observed. The radioactivity
concentration increased drastically ca. 10 min after injection and leveled off at ca. 10%
id/mL (#2, Figure 13b). The lower abdomen scan (#2, female) revealed no other high
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radioactivity regions than the kidneys and the urinary bladder. Nor did the late scan over
the head reveal any appreciable levels of radioactivity within the brain (#2). Time-
radioactivity curves for kidney, heart, liver and urinary bladder are shown in Figure
13b.
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Figure 13. (a) PET image showing the distribution of radioactivity in the chest of

monkey #1 following administration of ['*F]FB-C-peptide. (b) Diagram with the

variation of radioactivity over time for the organs with most distinct levels of
radioactivity (#1) and for the urinary bladder (#2).
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The objective of these monkey screening studies was to obtain information on the
general pattern for ["*F]FB-C-peptide distribution with time. This information formed
the basis for the design of the subsequent studies in humans. The amino acid sequence
in monkey C-peptide differs slightly from that of human in that the fifth amino acid
from the N-terminal is proline instead of leucine (Figure 11). However, this difference
is small and the differing amino acid is not located in any of the portions of the peptide
reported to be important for the biological activity and for cell membrane interactions
(124, 129, 149).

Possible influences of the prosthetic group on the observed distribution pattern are not
easily characterized since these are the first reported imaging based C-peptide in vivo
distribution studies. There is therefore no other data available for comparison. However,
the observed distribution of radioactivity, mainly to the kidneys with minor levels in the
liver, is consistent with previous information on C-peptide distribution. Furthermore,
the few blood samples obtained indicated a plasma half-life of radioactivity slightly
larger than 30 min, which is also in agreement with previous findings. Contrary to the
reported small amount of intact C-peptide excreted via the urine (131), we here
observed a large amount of radioactivity in the urinary bladder. This is presumed to be
due to radioactive metabolites and not intact ["*F]FB-C-peptide. During the up to 2 h
scan, no radioactivity uptake in the skeleton was observed which would have been
expected if defluorination had occurred. Other unambiguous statements about the
metabolic stability of the radiotracer were not possible though metabolite analysis by
gelfiltration of plasma samples was attempted (see discussion below). The fluxes of
radioactivity in organs of interest were observed, which enabled radiation dosimetry

estimates for subsequent human studies.
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Human studies (paper VI)

The distribution studies of [ISF]FB-C-peptide in humans (subjects #1-6) were focused
on the kidneys since major beneficial effects of C-peptide on renal function in type 1
DM patients have been reported. With the Ecat Exact 31 PET camera, a body segment
of only 10 cm could be selected for the dynamic scanning. The scanning protocols used
are summarized in Table 4. Subject #1, a healthy volunteer, was screened initially to
verify the study protocol which was designed based on the monkey studies. The
inclusion of at least one C-peptide producer with the non-producing type 1 DM patients
might also provide input for new studies should the imaging reveal major differences in
distribution, even though such comparisons can of course only be considered as
exploratory. Two of the subjects (#4,5) were administered with carrier non-radioactive
C-peptide added (c.a.) in pharmacological dose together with the radiotracer. Further, in
one subject (#6) the kinetics of the initial radioactivity distribution was followed in the

heart, since it is also positively influenced by C-peptide administration in type 1 DM.

Subject | Dynamic scan: Static scan: n.c.a
No Segment and time | Segment and time or c.a.
1 kidneys, 0-60 min urinary bladder, 75-85 min; n.c.a.*
head, 90-105 min
2 kidneys, 0-60 min whole body, from ca. 70 min n.c.a.
3 kidneys, 0-60 min whole body, from ca. 70 min n.c.a.
4 kidneys, 0-60 min c.a.
5 kidneys, 0-60 min c.a.
6 heart, 0-75 min n.c.a.

*  healthy volunteer with endogenous C-peptide production

Table 4. Subjects and study protocol for the PET studies performed with ['*F]FB-C-
peptide in volunteering type 1 DM patients (with or without carrier C-peptide added,
c.a. or n.c.a.). All of the subjects were males (mean 30 years) and the DM duration was
16 years (mean) for subjects #2-6.

The PET images showed that, following iv injection of ["*F]JFB-C-peptide, most of the
radioactivity distributed to the kidneys. Visual inspection of coronal images from
different time frames, revealed that the radioactivity reached and entered the renal
cortex within the first few frames whereafter it gradually was transported to the pelvis
and the urethers (Figure 14b). Urinary excretion of radioactivity was also obvious from
the scan over the urinary bladder (#1) and from the whole body scans (#2,3) started 70
min after tracer injection and only showing distinct levels of radioactivity in the urinary

excretion pathway (including renal pelvis).

Low amounts of radioactivity were detected in the liver. No other organs could be

clearly distinguished in the renal scans, although in some subjects, structures resembling
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the pancreas and spleen were vaguely discernable. The late scan over the head did not
reveal radioactivity in the brain. PET images from the thoracic scan showed a high

concentration of radioactivity in the heart and lower in the lungs (Figure 14a).

Figure 14. PET images: (a) transaxial plane from the thoracic scan (sum 0-6 min post
injection); (b) coronal renal plane showing the renal cortex and radioactivity already in
the pelvic area (sum 0-10 min)

Time-radioactivity curves for some organs and for plasma are shown in Figure 15a. The
radioactivity distributed rapidly to all of the studied organs. The descending parts of the
curves were all best described by functions containing two exponential terms. Based on
the similarity in shape and half-lives for the heart and lung curves to those of plasma,
the predominant signal from these organs appears to be due to radioactivity in the blood
pool. Furthermore, the septum is clearly visible in the PET image indicating much lower
levels of radioactivity in the heart muscle than in the blood, even in later time frames

when the radioactivity in blood had decreased.

Radioactivity in the area of the erector musculature adjacent to the vertebral column
could be distinguished in the late time frames. The time-radioactivity curves from these
muscle ROIs were erratic and the concentrations low (around 0.0004-0.0007% id/mL),
but these levels were reached within less than 10 min and were essentially maintained
throughout the study. Considering the large mass of skeletal muscle in the body (ca 28
kg in man (156)) and assuming the density of muscles to be 1, ca. 15% id was estimated
to be localized to the skeletal muscles. This is in good agreement with previously
reported estimates, based on arterio-venous differences, that ca. 20% of administered C-
peptide is taken up by the resting musculature or retained in the capillary bed (119).
However, these PET studies do not reveal whether the radioactivity was in the

muscles/myocardium or in the capillaries, nor if it was intact ['*F]FB-C-peptide.

Time-radioactivity curves for renal cortex ROIs peaked in the second and third time
frame for c.a. (#4,5) and n.c.a. (#2,3) studies, respectively. The subsequent decrease had

an alpha half-life of ca. 4 min for all subjects whereas the beta half-life was longer in
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the c.a. than in the n.c.a. subjects (ca 45 and 30 min, respectively). Also in the liver, the
beta half-life was longer in the c.a. than in the n.c.a. subjects (ca 35 and 23 min,
respectively) though peak times and alpha half-lives were the same. Even though the
study population is not large enough for the observations to have statistical significance,
the longer beta phases for the c.a. studies suggest that the kinetics are affected by the C-
peptide concentration. The slightly longer time to reach peak levels in the renal n.c.a.
studies may possibly reflect differences in the binding process secondary to differences
in the pool size of C-peptide. Differences in estimated urinary excretion of radioactivity
also suggest an effect of pool size. For the normal subject (#1) the urine was estimated
to account for approximately 15% id at ca. 80 min after the injection, whereas the

corresponding value was ca. 55% in two of the type 1 DM subjects (#2,3) receiving

n.c.a.. tracer.
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Figure 15. Time-concentration curves with variation in concentration (% id/mL) over
time (min): (a) radioactivity curves for selected organs and plasma; (b) plasma levels of
radioactivity and of ELISA-measured concentration of C-peptide.

The reason for the observed differences is not clear to us. Even though the C-peptide
plasma half-life is reported to be slightly longer in type 1 DM (131), the metabolic
clearance rate of C-peptide is similar in healthy subjects and in type 1 DM patients
(131, 134, 157). Further studies are required to elucidate whether these observed

tendencies are more than inter-individual variations.

General discussion on the PET studies

The PET protocols (papers V and VI) were not optimized for studying a tracer -
receptor interaction. The interaction between C-peptide and a receptor, which has been
proposed based on FCS studies with Rh-C-peptide, is saturated at physiological C-
peptide concentrations (0.9 nM) and binding of Rh-C-peptide is blocked to 50% at even
lower (0.3 nM) C-peptide levels (129). A report of specific binding of tyrosinated '*°I-

labeled C-peptide analog in vitro to a rat islet tumor cell line indicated a low and a high
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affinity component with 440 and 4880 binding sites per cell, respectively (158).
However, specific binding of radioanalogs of C-peptide have, to the best of our
knowledge, not been reported elsewhere even though attempts have been made, e.g.

with membranes from skeletal muscles (159).

The s.r. of the ['*F]JFB-C-peptide used in the performed PET studies, resulted in a FB-
C-peptide content of ca. 0.5-2.8 nmole in the dose administered in the n.c.a.
experiments. Evenly distributed in the blood pool (assumed ca. 4.5 1) the resulting
concentration of ca. 0.1-0.6 nM, would be sufficiently high to at least partially block
radiotracer - receptor interaction. The n.c.a. studies are thus not carrier-free, which
should be kept in mind when making a comparison with the studies with c.a.
pharmacological doses. For one of the c.a. subjects (#4), C-peptide in plasma was
followed over time by ELISA analysis. Plasma radioactivity and the ELISA measured
C-peptide concentrations were very similar, as shown in Figure 15b. Since the plasma
time-radioactivity curves for all the subjects were very similar, it appears that ['*F]FB-
C-peptide is extracted from the plasma pool similarly to native C-peptide in n.c.a. as

well as c.a. conditions.

Attempts were made to examine for low molecular radioactive metabolites in plasma
using gel filtration chromatography and on HPLC analysis of ultra-filtrate. In the
former, though essentially all radioactivity eluted in the high molecular fraction, it can
not be excluded that N-terminal labeled C-peptide fragments also co-eluted. The HPLC
analysis was, unfortunately, inconclusive since the counting statistics were too low. The
PET images showed no evidence of defluorination since radioactivity in the bones was
not detected. There is a possibility that the prosthetic group-peptide linkage (139) as
well as the peptide itself can be cleaved. However, radioactivity and ELISA based
plasma peptide estimations (Figure 15b) showed, if not direct information about the in
vivo stability of ["*FJFB-C-peptide, at least that the radioactivity and immunoreactive
C-peptide in plasma are similarly extracted. It can not be excluded that ELISA also
detects fragments of C-peptide. However, the ELISA kit used (Mercodia, Uppsala,
Sweden) is marketed as measuring intact C-peptide through interactions of two MADbs
that are directed against separate antigenic determinants located at each end of the C-
peptide chain. Theoretically, only C-peptide molecules with intact N- and C-terminal
should be detected. Unfortunately, no data is available concerning whether cross
reaction can occur with C-peptide fragments lacking only a few amino acid residues in

either or both ends.

The C-peptide distribution and kinetic data obtained from the performed PET studies
are affected by limitations inherent to the use of ['*FJFB-C-peptide. This labeled tracer
permits only the detection of peptide fragments that retain the N-terminal. Accumulated
studies suggest that fragments of C-peptide may contribute to the biological action (see

discussion above). Labeled peptide fragments lacking the C-terminal have been detected
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in plasma after 2 hours infusion of "*I-tyrosylated (N-terminally) human C-peptide in
monkey (160). To obtain further knowledge on the distribution of C-peptide and
fragments, other radiolabels should be incorporated in different positions and/or in
different fragments of the peptide. Performing such studies in animal models would
permit metabolite analysis not only of blood samples, but also of organ extracts or
homogenates to identify the fragments present at the proposed sites of action.

Despite all the information we have yet to obtain, the performed PET studies constitute
the first imaging-based in vivo distribution studies reported for C-peptide. Besides the
larger and smaller distribution to the kidneys and liver, respectively, predicted by
previous findings, radioactivity localized in regions corresponding to skeletal muscle,
but not in the brain or, to a large extent, in any other region within the parts of the trunk
scanned. Furthermore, organ specific kinetics for concentration variations of the
radioactivity has been described. Renal kinetics were fast, while concentrations in the
muscle area were fairly constant over the hour scanned. Additional information on C-
peptide's in vivo behavior is warranted in light of its potential for treating (amelioration
or postponed onset) long-term complications of type 1 DM, whose worldwide incidence
is estimated to increase by about 40% between1998 and 2010 (161).
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SUMMARY OF FINDINGS AND CONCLUSIONS

" Labeled PD153035

*

Methods to synthesize desmethyl-PD153035 compounds have been developed. Both
the two mono-demethylated constitutional isomers and the di-demethylated
compound were obtained. Thus different positions for the labeling can be chosen for
performing in vivo metabolite studies.

Radiolabeling conditions have been found by which the radiotracer [6-methoxy-
"'C]PD153035 can be produced from [''C]methyl iodide in yields and quality
suitable for the intended PET studies.

The strategy for cleaving methyl phenyl ethers using methanesulfonic acid and
microwave-induced heating may find broader application in PET radiochemistry for
rapidly obtaining other desmethyl precursors and for post-labeling removal of
methyl protective groups.

The distribution of [6-methoxy-'"C]JPD153035 over time to different organs has
been examined in vivo in rat using PET. The rapid kinetics observed are well suited
for the half-life of radionuclide used.

PET distribution studies to proliferating tissue in rats with a xenografted tumor
model revealed levels of radioactivity in the tumor sites that appeared to correlate to
tumor viability, determined postmortem.

The encouraging initial screening studies suggest that the potential of carbon-11
labeled PD153035 to non-invasively assess EGFR level warrants further evaluation.

p_Labeled fluorobenzoyl-C-peptide (['*F]FB-C-peptide)

L4

A method for labeling the relatively small and hydrophilic C-peptide with a
positron-emitting radionuclide has been developed, based on the fluorine-18 labeled
prosthetic group N-succinimidyl-4-['®F]fluorobenzoate. C-peptide which was 'F-
labeled in the N-terminal could be obtained in yields sufficient for the planned PET
investigations.

PET studies of ['*F]FB-C-peptide in monkey identified the kidneys as the major
target organ and revealed distribution of radioactivity to the kidneys and heart, small
amounts to the liver and lungs, as well as urinary excretion. The kinetics in all the
studied organs was relatively rapid after bolus iv administration.

Radioactivity distribution in volunteering type 1 DM subjects followed the same
pattern. Furthermore, small levels of radioactivity in skeletal muscle could, due to
the large total muscle content, account for ca. 15% of the administered dose. A
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tendency to altered kinetics, possibly secondary to differences in C-peptide load,
was observed in the metabolic organs when carrier C-peptide was added, i.e. time to
peak in kidneys, renal and hepatic beta phase half-life and amount of urinary
secreted radioactivity.

The observations in the monkey and human PET studies describe the behavior of
intact ["*F]JFB-C-peptide as well as possible fragments retaining the labeled N-
terminal. These studies constitute the first imaging-based in vivo distribution studies
of labeled C-peptide. The information gained on organ specific kinetics adds to the
growing knowledge about C-peptide’s in vivo behavior.
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