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List of abbreviations and symbols.

A: Na' dependent amino acid transporter system

A2058: human melanoma cell line

A549: human non-small cellular lung carcinoma cell line
A(A)eq: amino acid uptake at equilibrium

AA: amino acid uptake at a various time point

Ag: silver

ANOVA: analysis of Variance

ASC: Na" dependent amino acid transporter system
ATCC: American Type Cell culture collection

Aza-Tyr: lodo-Aza-tyrosine

B%": Na" dependent amino acid transporter system
BCH: 2-Amino-2-norbornane-carboxylic acid
Bq: Becquerel

BSA: Bovine Serum Albumine

C32: human amelanotic melanoma cell line

C6: rat glioma cell line

Capan2: human pancreatic carcinoma cell line

CD: cluster of differentiation = Groups of monoclonal antibodies that identify the same
surface molecule.

cDNA: complementary DNA

-COOH: carboxyl group of amino acid

CT: Computed Tomography

DAR: differential absorption ratio

DMEM: Dulbecco’s Modified Eagle’s Medium

DNA: deoxyribonucleic acid
DOTA:1,4,7,10-tetraazacyclododecane-N,N’,N’’ N’’’-tetraacetic acid
DPI: Dynamic Planar Imaging
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DTPA: Diethylenetriamine pentaacetic acid

DUR: Differential Uptake Ratio

EDTA: ethylenediaminetetraacetic acid

EF43fgf4: mouse breast carcinoma cell line

Fab: antibody fragment with antigen binding site

FBAU: 2’-deoxy-2’-fluoro-5-bromo-1-B-D-arabinofuranosyluracil
FBS: Fetal Bovine Serum

FCH: ["*F]-fluorocholine

E-FDG: ['*F]-fluorodeoxyglucose

FEC: 2-[lgF]-ﬂuoro-ethylcholine

FET: O-(2-[18F]ﬂuoroethyl)-Tyrosine

FLT: 3’-fluorothymidine

FMAU: 2’-fluoro-5-methyl-1-B-D-arabinofuranosyluracil
FMT: L-3-["*F]fluoro-a-methyl tyrosine

FOV: field of view

F-TYR: 2-['*F]fluoro-L-tyrosine

GABA: Gamma-aminobutyric-acid
GLUT: glucose transporter

Hepes: N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid
HPLC: high Pressure Liquid Chromatography

HSA: human serum albumine

HT29: human colon adenocarcinoma cell line

HYNIC: Hydrazino-nicotinamide

2-1-L-Phe: 2-iodo-L-phenylalanine

['23/125]]-2-1-L-Phe: ['* 1257]-2-iodo-L-phenylalanine

IA: injected activity
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ID: injected dose
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IP: intraperitoneal
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3IT: 3-lodo-L-tyrosine

ITIC: L-lIodo-1,2,3,4-tetrahydro-7-hydroxyisoquinoline-3-carboxylic acid

IV: intraveneously

ki o: elimination velocity derived from 2-compartment modelling

ki : distribution velocity from the central to the peripheral compartment; derived from 2-
compartment modelling

ks 1: distribution velocity from the peripheral to the central compartment; derived from 2-
compartment modelling

k’: capacity factor

keV: kilo electron Volt

K;: inhibition constant derived from Lineweaver-Burk

Ku: Michaelis-Menten constant and measures enzyme/substrate affinity

Kin,apparent: combination of the Ky, constants related to the transporter system(s) involved.

LAT: L amino acid transporter type L
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Chapter 1: Introduction

Introduction

1.1 BASIC ASPECTS

At present, there is no single test that can accurately diagnose cancer. The complete
evaluation of a patient usually requires a detailed history and physical examination along with
diagnostic testing. Many tests are needed to determine whether a person has cancer, or if
another condition (such as an infection) is mimicking the symptoms of cancer. Effective
diagnostic testing is crucial to confirm or eliminate the presence of disease, monitor the
disease process, and to plan and/or evaluate the effectiveness of treatment.

Medical imaging has become vital in the early detection and diagnosis of cancer, and can
allow treatment of cancer before it spreads to other parts of the body. In many cases, if cancer
is detected soon enough, early treatment can lead to complete cure. Early detection of cancer
helps to minimize the need for massive therapeutic treatment and reduces pain and suffering

(1,2).

Medical imaging is the process of producing valuable pictures of body structures and
organs. It is used to detect tumours and other abnormalities, to determine the extent of
disease, and to evaluate the effectiveness of treatment. Over the last decades, medical imaging
has gained much more success due to its non invasive character and due to its generation of
results. There are three types of imaging used for diagnosing cancer:

transmission imaging : X-rays, computed tomography scans (CT scans), and fluoroscopy
reflection imaging: ultrasound, and
emission imaging: Magnetic resonance imaging (MRI), nuclear imaging.

Each technique uses a different process and figure 1.1 gives an overview of the

medical imaging techniques and their application field (1).

FIGURE 1.1: Medical imaging techniques and their application field.
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Imaging is fundamental to the practice of oncology from screening through diagnosis,
staging, response assessment and tumour survival during follow up.

The first objective evidence of malignancy is often an abnormality on plain X-ray, CT-
scan or ultrasound (US), as performed on indication of a clinical sign or symptom. Ultimately
diagnosis can only be made on histological assessment although imaging has an important
role to guide the biopsy to avoid the need of more invasive surgery. Imaging could provide
accurate information of the location, the extent and nature of the tumour.

It is in the scope of this thesis that only nuclear imaging shall be discussed.

1.2 MOLECULAR IMAGING

Molecular imaging can be broadly defined as the in vivo characterisation and
measurement of biological processes at the cellular and molecular level. In contradiction to
the “classical imaging”, molecular imaging focuses on the molecular abnormalities that are
the basis of the disease rather than to image the final morphological effects of these
alterations. This means that not only more selective pharmaceuticals could be developed but
that also the specificity and sensitivity of diagnostic tools could be improved. Consequently,
imaging of the underlying molecular changes of malignancies will result in directly detection
of the disease in a “pre-disease stage” and in directly determining the effectiveness of
treatment shortly after therapy has been initiated. In contradiction to the classical methods, no
months will be wasted to determine whether pharmacologic or biologic intervention has been
beneficial.

The last decade, molecular imaging has gained much more interest. On the one hand
efforts have been directed towards understanding the cellular and molecular mechanisms of
the disease but on the other side, efforts have been directed toward the development of non
invasive, high resolution, in vivo imaging technology.

Although cranial CT and MRI are unsurpassed diagnostic modalities for the detection
of cerebral space-occupying lesions, the differentiation of tumour tissue from oedematous,
necrotic and fibrotic tissue with these methods is not optimal.

One of the applications of molecular imaging is nuclear medicine imaging which
includes a variety of techniques that use radiopharmaceuticals. These consist of either gamma
(for Single Photon Emission Computed Tomography; SPECT) or positron (for Positron
Emission Tomography; PET) emitting radionuclides bound to ligands which accumulate
differentially in malignant tissue as compared to normal tissue. Differences in tumour biology
such as blood flow, metabolism, hypoxia, concentration of specific receptors or differences in
antigen expression, are exploited in order to target the radionuclides to the tumour tissue.

Two major instruments of nuclear imaging used for cancer imaging are PET and SPECT.
The characteristics of both imaging devices are compared in table 1.1 and presents the
advantages and disadvantages of each technique (3-5).
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TABLE 1.1: Characteristics of PET and SPECT imaging.

PET SPECT
Availability in Hospitals Poor (few) Very good
Infrastructure Complex More simple
Costs Expensive g\;[uch chlezzgqgslr o -
Isotopes 50, BN, ''c, ¥F 67G£C’ L ", 7L
Half life of Isotopes 2 min — 2 hours 6 hours — 8 days
Radioactivity From on-site cyclotron Purchased or from generator
Type of radiation 511 keV 70— 511 keV

. On-site lab or from external | On site kit-preparation or

Tracer synthesis .

after rapid transport from external
Scanm.n'g pqsmble after 0 — 2 hours <24 hours — 10 days
tracer injection
Camera axial Field-of-View | 11 —16 cm 40 cm
Image Resolution High (<5mm) Lower (7-12mm)

1.2.1 Positron Emission Tomography (PET)

This imaging device uses radiopharmaceuticals labelled with a positron emitter such
as ''C, PN, O or "*F. During the decay process, the radionuclide emits a positron which,
after travelling a short distance (3-5 mm), annihilates with an electron from the surrounding
environment. As a result, two gamma rays of 511 keV each are sent in opposite directions.
The image acquisition is based on the external detection in coincidence of the emitted y-rays,
and a valid annihilation event requires a coincidence within 12 nanoseconds between two
detectors on opposite sides of the scanner. For accepted coincidences, lines of response
connecting the coincidence detectors are drawn through the object and used in the image
reconstruction (5-7).

1.2.2 Single Photon Emission Tomography (SPECT)

Similar to PET, single photon emission computed tomography (SPECT) uses
radioactive tracers which are labelled with isotopes producing a single y-ray such as *™Tc,
123/1317 11y 200y 067G,

The image acquisition is based on the external detection of the emitted y-rays. Before
these y-rays reach the camera they pass first through a collimator. The latter is a device made
of a highly absorbing material such as lead which will serve to suppress scatter but also to
select a y-ray orientation. The simplest collimators contain parallel holes, but various other
arrangements are in use. The basic principle of SPECT acquisition is presented in figure 1.2
(6-7).
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FIGURE 1.2: Basis principle of SPECT imaging.
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1.3 NUCLEAR ONCOLOGY: A FAST GROWING FIELD OF NUCLEAR
MEDICINE

Nuclear medicine in oncology has been for a long time synonymous with bone
scintigraphy and with the treatment of thyroid cancer with iodine-131. During the past
decade, there has been a fast improvement in understanding the molecular basis of cancer.
Along with this development in the molecular and cellular biology, remarkable advances in
imaging technology and methodology have been made. The development of specific probes
and ligands has allowed in vivo investigation of metabolic pathways and specific cellular
functions. As a consequence, benign lesions can be distinguished from malignant lesions on
the basis of differences in metabolic activity and viable tumour areas could be identified from
necrotic tissue.

To date, several imaging strategies are developed to image cancerous lesions which will
be briefly summarized in this chapter. In the scope of this thesis it is not the intention to
present a complete overview about the possible imaging modalities but rather to give an idea
of what is possible today.

1.3.1 Hypoxia imaging

Hypoxia plays a role in the resistance of tumours for radiotherapy. It has been shown
that reduced haemoglobin levels and low tumour pO, values are associated with higher
treatment failure rates (8-9). Consequently, identification and quantification of tumour
hypoxia will help to identify those patients who might benefit from radiotherapy and valuable
time will be saved.

Several hypoxia imaging tracers has been developed, either for SPECT or PET. The
first class of radiopharmaceuticals contain a 2-nitro-imidazole group which acts as a
bioreductive molecule, accepting a single electron and producing a free radical anion. After
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further reduction, the latter will be incorporated into cell constituents under hypoxic
conditions. Examples are '‘F-misoimidazole, '*I-arabinoside and **"Tc-BRU-59-21. The
second class does not contain an imidazole function and are believed to bioreduce themselves.
Examples are 99mTc—4,9—diaza—3,3,10,10—‘[etramethyldodecar1—2,1l—dione dioxime and ®*Cu-
diacetyl-bis(N-4-methylthiosemicarbazone) (10).

However, a lot of research has to be performed concerning these hypoxia tracers and a
confirmation with a golden standard is urging. Generally, low tumour to background ratios
has been reported and the cut-off values to distinguish normoxic from hypoxic are to low
leading to significant overlap. These characteristics limit the use in clinical practice (11).

1.3.2. Cell death imaging

Apoptosis or programmed cell death is a natural, orderly, energy-dependent process
that causes cells to die without inducing inflammation and auto-immunity reactions.
Phosphatidyl serine, a cell membrane phospholipid, is a key molecule in imaging apoptosis.
Normally, this molecule is restricted to the intracellular part of the plasma membrane. As cells
undergo apoptosis, this phosphatidyl serine will be exposed at the extracellular part of the
membrane due to the activity of floppase. One of the most studied apoptosis agents is
Annexin-V which selectively binds to the extracellular exposed phosphatidyl serine. Thus,
when radiolabelled, Annexine-V will provide accurate information about the extent of
apoptosis without the need for invasive biopsy. To date Annexin-V and Annexine-V mutants
could be radiolabelled in many different ways: from all forms of halogenation over *"Tc-
labelling using different chelators, direct *"Tc-labelling, '''In-DTPA labelling to **Cu-, *’Ga-
and ®*Ga-DOTA-labelling.

Due to dehalogenation of radioiodinated  Annexine-V, **"Tc-HYNIC
(hydrazinonicotinamide) labelled Annexine-V was developed. In vivo studies have already
shown that quantitative *™Tc-HYNIC Annexine-V correlates with the levels of ongoing
apoptosis as confirmed by terminal uridine deoxynucleotidyl end-labelling (TUNEL) assays.
Studies are still ongoing to determine whether this tracer could monitor response to treatment
and whether necrosis has an impact on the imaging results (12).

1.3.3 Membrane lipid metabolism imaging: choline analogues

The cell malignant transformation is linked with the enhanced activity of the choline
kinase, which is itself related to tumour proliferation and the need for cytoplasmic membrane
components, in particular phosphorylcholine and phosphatidylcholine (13-14). Choline
synthesis in tumour cells is slow so that the increased uptake of radiolabelled choline reflects
the cell duplication rate (15).

Several tumours have been studied with ''C-choline but due to the short half life of
"¢, several fluorinated choline analogues have been developed such as 2-['*F]-fluoro-
ethylcholine (FEC) and ['®F]-fluorocholine (FCH). Preliminary studies of the latter
compounds were in prostate cancer. FCH detected more primary lesions and metastases in
comparison to 18F-FDG and FEC showed similar uptake results as compared to ''C-choline.
However, little is known about the specificity of the tracers and infection animal models
reported high accumulation of the choline analogues (16). Nevertheless, given the high
prevalence of prostate carcinoma and the absence of any satisfying PET tracer, fluorinated
choline are widely used prostate imaging tracer.



Chapter 1: Introduction

1.3.4. Intracellular receptor imaging: estrogen, progesterone and androgen analogues

This group of radiopharmaceuticals is developed to image alterations concerning the

estrogen receptor, progesteron receptor or the androgen receptor.
Several halogenated estradiol derivatives have been synthesized, a number of which have
reached the clinical stage. Examples are 160-"'Br-bromoestradiol, 16a-'*I-iodoestradiol-17,
16a-'*F-fluoroestradiol, ~ cis-methoxy-'*I-iodoestradiol, ~ vinylestradiol, hexestrol and
radiolabelled tamoxifen derivatives. The latter shows specific interaction with the estrogen
receptor and provides useful information in predicting therapy response to the
chemotherapeuticum tamoxifen in patients with metastatic and recurrent breast cancers (17).
Moreover, tamoxifen derivatives not only allowed clinicians to monitor tamoxifen treatment
in 1 episode (in stead of 2 episodes for estradiol derivatives) but also helped in understanding
the working mechanisms of the drug. However, the tumour’s need for estradiol is highly
variable amongst tumours and can vary over time, depending on local conditions.

Since the progesteron receptor is an estrogen response element which is transcribed
after effective binding of estrogen to its receptor, several progestines have been developed to
predict therapy response to antiestrogen treatment. However, their potential has to be
assessed.

The last targeted intracellular receptor is the androgen receptor. Although androgen
receptor concentrations are not reliable to predict therapy response of prostate cancer to
hormonal therapy, several researchers thought that an androgen receptor based tracer might be
useful to stage and evaluate therapy response through sequential imaging of prostate cancer.
Several fluorine-18 labelled androgens have been developed, including testosterone
derivatives, dihydrotestosterone and miboreline, which bind the androgen receptor with high
affinity in several animal models. However, no human studies with these agents have been
reported so far (18).

1.3.5. Cell surface receptor imaging

Cell surface receptors could be divided into three families: (1) G-protein coupled
receptors, (2) tyrosine kinase receptors and (3) the non-tyrosine kinase receptors. In cancer,
many of these receptor systems are altered by mutations, most commonly resulting in
deactivation, deletion or constitutive activation. The first two receptor families will be
discussed briefly.

1.3.5.1 G-protein coupled receptors

The first class of cell surface receptors has been the primer topic of investigation. The
radiopharmaceuticals involved target somatostatine receptors, the gastrin releasing peptide
receptors, cholecystokinin-B receptors, vasoactive intestinal peptide receptors, the sigma
receptors, the neurotensin receptors, the melanocortin-1 receptors and the calcitonine
receptors. Amongst these receptor families, the somatostatine receptor is one of the most
intensively studied receptors. To date, a large number of radiopharmaceuticals have been
developed such as the depreotide (19), vapreotide (20) and octreotide (21). The latter can be
radiolabelled with indium-111, *"Tc-HYNIC and the °Yt and '"Lu (via macrocyclic
chelators). '''In-labelled octreotide was proven to be an effective imaging agent in the
management of patients with neuroendocrine tumours, not only for tumour detection but also
for predicting therapy response. Today, only *’"Tc-depreotide has become commercially
available and introduced into clinical practice. However, despite to the successful use of the
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somatostatine analogues, only a restricted group of tumour types express the somatostatine
receptor family.

In the search for a “more universal “ peptide, able to bind to the majority of tumour
types, vasoactive intestinal peptide is one of the most promising peptides due to its widely
expressed receptor system (22). However, during the development several limitations rised: it
is difficult to prepare a routine radiolabelling kit, it is very unstable in the blood and it is
pharmacologically very potent which results in toxic effects in the sub-microgram range.

The other mentioned receptor systems are studied in a much less extent and a lot of
clinical studies are ongoing. Thus, a wide spectrum of peptides has been proposed to target
cell types and tumour groups. However, the clinical role for these imaging agents remains
unclear but it is very likely that most of them will serve the purpose of selecting patients for
therapy.

1.3.5.2 Tyrosine Kinase receptor family

This receptor family guarantees the signal transduction when growth factors bind to their
receptors which posses an intrinsic tyrosine kinase activity. These receptors are frequently
overexpressed in tumours or are constitutively activated and they are in general associated
with a high metastatic rate and increased tumour proliferation (23).Consequently, an inverse
relationship between the receptor expression and the survival of the patient has been reported
for a variety of tumours (24). Four receptors are intensively studied: the epidermal growth
factor receptor, the orphan Her-neu receptor, the insuline-like growth factor receptor and the
vasular endothelial growth factor receptor (18). Several receptor ligands, such as the
epidermal growth factor, insuline-like growth factor, fibroblast growth factor and the vascular
endothelial growth factor, have been successfully labelled with iodine-123, Technetium-99m
and/or Indium-111. Again, the clinical role for these imaging agents still needs to be defined.
Radiolabelled vascular endothelial growth factor might serve as an imaging agent to monitor
the angiogenetic treatment. However, the detailed angiogenetic pattern of most tumours still
needs to be established.

1.3.6 Tumour specific antigen imaging

Antibody molecules are Y-shaped structures and consist of two identical light and
heavy chains. The variable regions of those light and heavy chains form a unique antigen-
binding site that engages an antigenic determinant. Antibodies are generated by a complex
process in which gene segments are rearranged randomly into functional genes. As a
consequence, billions of different antibodies with different specificities could be generated
(25).

Because antibodies have high specificity towards their antigens, tumour-antigen
specific antibodies are considered to be attractive molecules for targeted delivery of imaging
agents for the diagnosis of both primary and metastatic malignancies. Currently there are 12
therapeutic monoclonal antibodies (MAbs) available on the market for human use and only 5
target cancerous lesions: rituximab, trastuzumab (or Herceptin), gemtuzumab, alemtuzumab
and ibrituzomab (or Zevalin) (26). However, the use of intact antibodies is troubled by their
large molecular size leading to prolonged clearance kinetics, high systemic background and
slow tumour uptake. To date many studies are ongoing to solve these problems. The simplest
approach is to shorten the MAbs molecules by enzymatic digestion or genetic engineering
resulting in smaller-molecular-weight fragments (so called F(ab), and Fab’ fragments)
without altering the specificity but with improved pharmacokinetics (27).



Chapter 1: Introduction

Although only 5 anti-cancer therapeutic antibodies are approved, the number and
diversity of the different developed antibodies is immense. Although much research has to be
performed, it is likely to believe that these therapeutics will dominate the market in the future.

1.3.7 Metabolic imaging

Differences in metabolic activity could be used to differentiate between benign and
malignant lesions. The process of malignant transformation needs that cells acquire and use
nutrients efficiently for energy, protein synthesis, and cell division. Consequently, cancer cells
demonstrate an increased glucose, amino acid and nucleotide uptake and metabolism which
are the basis principle for the use of fluorine-18 labelled fluorodeoxyglucose (‘*F-FDG),
radiolabelled amino acids and nucleotides in oncologic imaging. In this part, I will only
discuss '"*F-FDG and the use of radiolabelled nucleotides. The application of radiolabelled
amino acids will be discussed in paragraph 1.6.

1.3.7.1 Imaging the increased energy metabolism using 18F-FDG

BE_FDG is a glucose analogue where a hydroxyl group had been substituted by a '*F-
atom. Its synthesis was published in 1975 and the first human images were obtained in 1976
(28). This compound is recognized by the human cells and especially by tumoural cells as a
glucose molecule. FDG-PET in oncology relies on research performed by Warburg decades
ago that showed increased glucose metabolism and lactate production and a decrease in
oxidative pathways: '"*F-FDG exploits the increased glycolysis rate, seen in tumour cells, as a
result of both increased glucose uptake and increased activity of the glycolitic enzymes (29).
'SE-FDG is taken up by the glucose transporter proteins (mainly by the GLUT-1 transporter)
and once in the cell, it is phosphorylated in the same way as glucose by hexokinase. In
contrast to glucose, '*F-FDG-6-phosphate cannot be further metabolized and it remains
trapped in the cell. As a consequence, the intracellular concentration of 'F-FDG is
proportional to the glucose utilisation of the tissues. Because tumours present an enhanced
rate of glucose metabolism as compared to healthy tissues, a tumoural area is detected by the
abnormal high ""F-FDG concentration. The clinical applications of '*F-FDG are numerous.
For example: staging of tumours at initial diagnosis, diagnosis of recurrent lesions, therapy
evaluation, therapy response, diagnosis of residual disease. Moreover, in therapy the method
could help in defining the radiation borders: which area should be included and what should
be spared. The average '*F-FDG PET sensitivity and specificity across all oncology
applications are estimated at 84% and 88%, respectively (30-32).

However, there are several well known limitations for the use of '*F-FDG in oncology.
First, the glucose metabolism is not significantly increased in some tumour types, such as
prostate carcinoma. Second, several recent studies have demonstrated diagnostic limitations
of ""F-FDG PET for brain tumour imaging: even for high grade tumours, contrast between
tumour tissue and normal brain is often low due to the high glucose utilization of normal grey
matter. '*F-FDG uptake of low grade tumours is generally similar to that of normal white
matter. The most important drawback of '*F-FDG for oncologic imaging results from its
absence of tumour specificity: infection, inflammation, granulomatous diseases (e.g.
tuberculosis) and other pathological conditions can all show high '"*F-FDG uptake (33-35).
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1.3.7.2 Imaging cellular proliferation using radiolabelled nucleotides

The level of proliferation is obviously a key parameter when it comes to
characterisation of neoplastic lesions. DNA synthesis is required for cell growth and it is the
process that is most reliably associated with proliferation. Nucleotides of the four bases
(cytosine, guanine, adenine and thymidine) are essential for DNA synthesis and
measurements of the incorporation rate into DNA yield the DNA synthetic rate. Of the four
nucleosides, thymidine is the only one which is incorporated into DNA (and not RNA) and
thus provides a measurement of DNA synthesis independent from RNA synthesis. Together
with the fact thymidine, exogenous to the cell, could be incorporated into DNA, has led to the
development of ''C-radiolabelled thymidine and radiofluorinated thymidine analogues. The
latter are synthesized in order to overcome the short half life of [''C] and to avoid the
formation of radiolabelled metabolites by thymidine phosphorylase. The most intensively
studied thymidine analogue is 3’-fluorothymidine (FLT) and a number of clinical studies are
ongoing (36). Nucleotide tracers share some features with 18F-FDG: both components are
taken up, phosphorylated and trapped into the cell without incorporation and further
metabolisation. Despite the possibility to visualize malignant tumours, '*F-fluorinated FLT
remains inferior to "F-FDG: '"*F-FLT uptake is lower in nearly all the cases resulting in a
lower sensitivity. The specificity is another aspect that needs further validation since a false
positive result has been reported (37). Moreover, the relative contributions of the salvage
pathway and the de novo synthesis seem to influence '"F-FLT uptake. Furthermore, the
physiological uptake of the latter tracer in the liver and the bone marrow hinders the detection
of liver and bone metastases.

Other radiolabelled nucleosides include 2’-fluoro-5-methyl-1-B-D-arabinofuranosyluracil
(FMAU), 2’-deoxy-2’-fluoro-5-bromo-1-p-D-arabinofuranosyluracil (FBAU), 5’-bromo-2’-
fluoro-2’-deoxyuridine and 5-iodo-2’deoxyuridine. The latter two tracers could provide a
longer half life but they are still substrates for thymidine phophorylase metabolism. Although
FMAU and FBAU have the advantage over '°F-FLT that they are incorporated into DNA, the
beneficial characteristics need to be explored to determine their use in clinical practice.

1.3.8 Other strategies to image tumours

Some of the old nuclear imaging techniques remain still in clinical use. Bone scan
with technetium-99m labelled diphosphonates is one of them. This tracer targets the
perimetastatic bone reaction, observed in all bone metastases except those are purely
osteolytic. Bone scan remains the method of choice to detect skeletal metastases in osteophilic
tumours such as breast, prostate and lung cancers. A second “old” nuclear imaging agent is
iodine-131 in the management of thyroid cancer as the only efficient therapeutic modality
beyond surgery (38).

One of the more recently developed techniques, which do not quite fit in the former
categories is MIBG (meta-iodobenzylguanidine), a norepinephrine analog which concentrates
inside neurosecretory granules in tumours derived from the neuronal crest (such as
neuroblastoma in childhood). The latter tumour represents the most common extracranial
solid malignant tumour. This tracer permits to characterize and to stage the tumour.
Moreover, it can be used as radiotherapeutic agent and as per-operative detection to help the
surgeon to detect the tumour (39).

Another modality is sentinel node detection using **"Tc-labelled colloids, especially in
breast cancer and melanoma. The concept of sentinel node detection can be summed up as
follows: when a tumour spreads by lymphatic channels, the first node to drain the lesion
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(sentinel node) is predictive of the metastatic status of the regional lymph node group. Indeed,
if this node is not affected by metastases, it is unlikely that those situated more distally are
affected. For example in breast cancer, this technique allows the surgeon to remove only those
nodes that are affected resulting in a decrease of unnecessary lymph node dissections and the
lymphoedema (39).

Technetium-99m radiolabelled sestamibi is taken up by tumours including lung and
breast carcinomas, lymphomas and sarcomas and is able to detect chemotherapeutic resistant
tumours. " "Tc-sestamibi is transported by P-glycoprotein and a correlation has been
demonstrated between its efflux and P-glycoprotein expression in untreated breast carcinomas
and between rapid tumour clearance and lack of tumour response to neo-adjuvant
chemotherapy for breast cancer. These factors indicate that this imaging tool could identify
patients who are unlikely to respond to chemotherapy. However, there are some limitations
about the use of *’"Tc-sestamibi: it is not taken up by all tumours and due to clearance of the
tracer by the liver and biliary route, tumours of the abdomen are difficult to detect (40).

1.4 AMINO ACIDS: BASIC ASPECTS

Amino acids are the monomeric building blocks of proteins and serve many other
essential functions in the cells: amino acids are precursors for other biomolecules such as
histamine, thyroxine, adrenaline, melanine and serotonine. In addition, amino acids can be
crucial in the metabolic cycles: methionine is a methyl group donor in many biosynthetic
pathways.

All 20 amino acids demonstrate the same structure: the asymmetric a carbon atom is
bound to 4 different chemical groups: an amino (-NH;) group, a carboxyl (-COOH) group, a
hydrogen atom and one variable group. Of the 2 stereoisomeric forms, almost all amino acids
in proteins possess the L-configuration and all are dipolar molecules or zwitterions.

The amino acids are classified into a few categories based on the characteristics of
their side chains. This classification is primarily based on their solubility in water which leads
to 4 classes of amino acids: (1) non-polar or hydrophobic R-groups, (2) neutral uncharged,
polar R-group, (3) positively charged R-group and (4) negatively charged R group (figure
1.3). Another classification is based on the ability of cells to synthesize amino acids from
metabolic pathways. Ten amino acids are referred to as essential and must be obtained from
the diet: arginine, histidine, isoleucine, leucine, lysine, methionine, phenylalanine, threonine,
tryptophan and valine.

Once transported into the cell, the protein synthesis starts with the esterification of an
L-amino acid to amino-acyl-tRNA by the enzyme amino-acyl RNA synthetase. Once the
amino-acyl-tRNA has been formed, it will bind to the ribosome and subsequently to the
corresponding codon at the mRNA and the polypeptide chain will be formed. Besides these
conversions, amino acids may serve as substrate for other metabolic pathways as mentioned
above.

Amino acid degradation is a dynamic process. In degradation, the a-amino groups are
removed and usually transformed into urea. The resulting molecule is converted into
metabolic intermediates which will be transformed in fatty acids, ketones or glucose. In this
way, amino acids could serve as metabolic fuel because they cannot be stored in the cell.

In order to better understand the tumour accumulation of amino acids, it is important to learn
more about the different uptake mechanisms (41,42).
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FIGURE 1.3: Classification of amino acids based on the polarity of their R-groups.
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1.5 AMINO ACID TRANSPORT ACROSS THE CELL MEMBRANE

Although amino acids can diffuse into cells, the main movement of amino acids is
energy dependent and occurs through carrier-mediated processes. Several transporters can be
defined and each family facilitates the transport of a certain group of amino acids across the
membrane.

Two groups of carriers can be designated: (1) transport which is Na -dependent for its
maximal activity and (2) Na'-independent transporters. The driving force for the first group is
the sodium chemical gradient and the membrane electric potential, which is maintained by
Na' or K* pumps. In general, the movement of the second group depends on the intra- and
extracellular concentration of the corresponding amino acids and is often associated with
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countertransport of a second amino acid whose gradient has been established by a Na"
dependent carrier.

At present, more than 20 transporter systems have been identified. While less frequent
amino acid transport systems are present in various tissues (e.g. B®" and y"), the main
transporter systems are on the one hand system A and ASC which are Na"-dependent and on
the other side the Na+-independent system L. The latter transporter system, in comparison to
the other transporters, shall be discussed in more detail because of its relevance for the
experimental work performed in this thesis (43-46).

1.5.1 Amino acid transporter system A

System A is Na+ dependent and transports preferentially short chain neutral amino acids
such as alanine, serine and glutamine. This system is often inhibited by intracellular substrates
of this system: the intracellular presence of former amino acids shall inhibit the additional
uptake (trans-inhibition). Additionally, system A is highly regulated by a wide variety of
factors including hormones (e.g. insulin, glucagon, catecholamines and glucocorticoids),
growth factors, mitogens, amino acid availability, pH, hyperosmolarity and cellular growth
state. System A can be distinguished from other known transport systems for neutral amino
acids by its ability to transport N-methylated amino acids such as a-(methylamino) isobutyric
acid (MeAIB). Consequently, Na+-dependent transport of MeAIB can be used directly as a
measure of system A activity (47-49).

1.5.2 Amino acid transporter system ASC

System ASC mainly acts as a carrier for short chain neutral amino acids such as serine,
alanine and cysteine. In contradiction to system A, system ASC is trans-stimulated by the
presence of intracellular amino acids and functions predominantly as a mediator of neutral
amino acid exchange rather than of net uptake. The high extracellular/intracellular sodium
differential is the driving force of this Na+ dependent system (50,51) .

1.5.3. Amino acid transporter system L

System L is the most important and universally found Na+-independent amino acid
transporter. This system is responsible for the uptake of neutral branched chain and aromatic
amino acids and can be differentiated from other transport systems by its ability to transport
2-Amino-2-norbornane-carboxylic acid (BCH). The system functions as an obligatory amino
acid exchanger. Thus, just like system ASC, System L mediates amino acid exchange rather
than net uptake.

At the moment, 3 members of the system L family have been discovered: LAT]I,
LAT2 and LAT3. The proteins encoded by LAT1 and LAT2 cDNAs are composed of 507
and 535 amino acids, respectively and their sequences show a homology of 52%. In contrast
to LATI and LAT2, the existence of the LAT3 subtype has only recently (2003) been
revealed. As a consequence, little is known about LAT3.

Both LAT1 and LAT2 require an additional protein for their functional expression:
CD98/glycoprotein 4F2 heavy chain (4F2hc) which forms a heterodimeric complex with the
LAT]I or 2 protein. 4F2 brings the LAT proteins to the plasma membrane. In absence of this
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glycoprotein, the LAT proteins are found in the intracellular compartment whereas 4F2 can
reach the plasma membrane independently.

Although the family members possess similarity in function and substrates, they differ
in substrate affinity and specificity and in tissue distribution. LAT1 shows a high affinity and
broad substrate selectivity: cysteine, valine, isoleucine, leucine, methionine, histidine,
tryptophan, tyrosine, phenylalanine and BCH are transported into the cells with a high affinity
(micromolar range). LAT2, on the contrary, exhibits a low substrate affinity (millimolar
range) and narrower substrate selectivity: isoleucine, leucine, phenylalanine and BCH are
taken up by this subtype. Whereas LAT1 mRNA is widely expressed in non-epithelial cells,
LAT2 mRNA expression is restricted to tissues rich in absorbing epithelia.

The obligatory exchange function of LAT1 implies that uptake of an extracellular
substrate needs to be coupled to extrusion of an intracellular substrate. The net influx of
aromatic amino acids therefore depends on the availability of intracellular exchange
substrates. Such intracellular substrates might enter the cell by parallel, unidirectional
transporters with overlapping substrate selectivity. Methionine has been suggested to be such
a recycling substrate, since it is a poor uptake substrate but a relatively good efflux substrate
for LAT1. Once extruded, it is taken up again in the cell by the unidirectional system A, for
which it has a high affinity.

LAT3 appears to be distinct from the first two subtypes: LAT3 does not require a
glycoprotein for its functional expression and allows both influx and efflux of substrates
through facilitated diffusion without the obligatory exchange property (52-57).

1.5.4. Overview

FIGURE 1.4: Overview of the contribution of the 3 main amino acid transporter systems to the transport
of several amino acids. A = system A; ASC = system ASC; L = system L and NS = other transporter
systems.
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1.6 AMINO ACID TRANSPORT IN MALIGNANCIES

Increased transport and/or protein synthesis in tumour cells was demonstrated more
than 40 years ago (45). Like all other cells, tumour cells require nutrients for their growth.
Most tumour cells share the ability to concentrate amino acids more efficiently than normal
cells. Consequently, amino acid transport is in general increased in malignant transformation.
Moreover, this increased transport may be associated with changes of the cell surface. For
example: system A, one of the few identified transport systems that is overexpressed in
tumour cells, serves as a target for proto-oncogene and oncogene action.

However, the process of malignant transformation necessitates that cells acquire and
use nutrients for energy (e.g. glucose and its nuclear medicine application 18F-FDGQG), protein
synthesis (amino acids) and DNA multiplication (e.g. nucleic acids like 18F- 3’-deoxy-3’-
fluorothymidine). For this reason, increased transport of amino acids is also an aspecific net
result of the increased demand for nutrients.

Of the two major processes in protein metabolism, amino acid uptake and protein
synthesis, the former may be more upregulated. To be precise, amino acid transport
contributes to several other processes rather than protein synthesis, namely: transamination
and transmethylation, the specific role of methionine in the initiation of protein synthesis, the
use of amino acids as glutamine for energy and as precursors for other biomolecules. All these
nonprotein-synthesis processes contribute to increased transport rather than to increased
protein synthesis. On the contrary, the fraction of amino acids entering the protein synthesis
might also correlate with proliferation (and thus malignancy) but the protein synthesis for
cellular maintenance will disturb this correlation.

Further studies with the unnatural amino acid [ “I]-L-3-iodo-a-methyltyrosine
(discussed in paragraph 1.7), which cannot be incorporated into cell proteins, show significant
correlation between tracer uptake and thus amino acid transport and proliferation. For these
reasons, amino acid transport tracers are valuable tracers to reflect the malignancy of tumours.

123

Over the past decade, many research groups have reported the overexpression of both
amino acid transporter systems A and LAT1. This thesis focuses the latter transporter system.
The role of this transporter system is to provide cells with essential amino acids for cell
growth and tissue development which is reflected in its high upregulation in fetal tissues and
tumours. On the contrary, non-proliferating tissues show a low LATI1 expression and the
major route for essential amino acid uptake in these tissues is attended by LAT2.

System A shows, besides an upregulation in tumour cells also an ubiquitous tissue expression
which could be a disturbing property for oncologic imaging (58-63).

1.7 PRECLINICAL ONCOLOGIC IMAGING USING
RADIOLABELLED AMINO ACID ANALOGUES

In recent years, several amino acids have been labelled with either gamma radiation-
emitting isotopes or positron-emitting isotopes. Although PET resolution is better, this thesis
will focus on the development of radiolabelled amino acids for oncologic SPECT imaging.
This because of the three main advantages as mentioned in paragraph 1.2 and the more
difficult (radio)chemistry for introducing the positron emitting radionuclides. As a
consequence, this paragraph will present a short overview of the most widely used PET
tracers and will discuss in more detail the already existing radiolabelled amino acids for
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SPECT. A complete overview of the already existing PET amino acid tracers would lead us to
far since those tracers are more widely and intensively studied in comparison to the SPECT
tracers.

1.7.1 Radiolabelled amino acid analogues for PET
1.7.1.1. "'C-Methionine (MET)

MET is the most frequently used amino acid tracer, due to its simple and fast
radiosynthesis with high labelling yields without the need for complex purification
procedures. MET uptake is specific and carrier mediated. However, the importance of blood
flow demonstrated that a part of MET uptake results from passive diffusion which may occur
in areas where the blood brain barrier is damaged (64-65). Autoradiography studies
demonstrated the tumour specificity of MET since the tracer was predominantly taken up in
viable cells and only in low amounts in macrophages and other cells.

MET was mostly used to perform brain tumour studies. In contrast to 18F-FDG,
background activities of MET were low in normal brain tissue, providing good tumour
contrast. Moreover, MET was more suitable for tumour grading, it delineates better the
tumour margins and the tracer could be used to follow up treatment (66). High sensitivities
are reported for patients with high grade brain tumours (97%) but in low grade tumours the
sensitivity was dropped to 61% (67). Fewer studies are performed with MET for extracranial
tumour detection and evaluation. Sensitivities of 78 — 93 % were reported for tumours outside
the brain but due to the limited data, the true therapeutic value and the final values in terms of
patient management remains to be established.

1.7.1.2. O-(2-["*F]fluoroethyl)-tyrosine (FET)

The former amino acid analogue MET has been used in many studies but due to the
short physical half life of ''C-label, this tracer remains restricted to a few PET centra with an
on-site cyclotron. In order to overcome this problem, ['*F]-fluorinated amino acids such as
FET have been developed. The Ilatter tracer can be easily synthesized with an overall
radiochemical yield, after HPLC purification, of 40 % with radiochemical purity between 97
and 99 % (68). FET is not incorporated into proteins and the uptake by tumour cells is
stereospecific and mediated by amino acid transport system L (69). Initial clinical studies in
human brain tumours have shown similar results to MET (70). Moreover, low uptake in non-
neoplastic inflammatory cells and in inflammatory lymph nodes was observed. The first
clinical studies with FET in patients with brain tumours showed similar results in comparison
to MET. However, preliminary results with FET suggest that this tracer is inferior to 18F-
FDG concerning the visualisation of peripheral tumours. Further investigations are needed to
determine the tumour imaging capabilities of FET.

1.7.1.3. Other amino acid analogues

Among the other most studied PET amino acid analogues for tumour imaging, ['*F]-2-
fluoro-L-tyrosine (F-TYR) and ['*F]-L-3-fluoro-a-methyl tyrosine (FMT) are investigated
with particular scrutiny.

F-TYR is synthesised with low radiochemical yield (5 %). This amino acid analogue is
transported by the L-transport system. Although it is incorporated into the cell proteins, the
primary mechanism for the accumulation of F-TYR in the tumour cells is the elevated
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transport (71). However, recent clinical studies reported somewhat disappointing results in
terms of sensitivity of the tracer for the detection of various tumours (72).

The radiosynthesis yields of FMT are very low, as well as its specific activity.
However, FMT accumulates more rapidly and intensively in animal tumour lesions in
comparison to 18F-FDG.Patient studies revealed that FMT was better in distinguishing
benign lesions from malignant tumours but 18F-FDG was found more accurate in grading the
tumour lesions (73).

1.7.2 Radiolabelled amino acid analogues for SPECT
1.7.2.1. ["%I]-L-3-iodo-a-methyltyrosine (IMT)

The structure of the artificial amino acid [1231]—L—3—iodo—a—methyltyrosine (IMT) is
shown is figure 1.5.

FIGURE 1.5: Structure of ['*I]-L-3-iodo-a-methyltyrosine. The modifications in comparison with the
native L-tyrosine are printed in red.
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In 1979 Kloss and Leven firstly considered IMT as a potential tracer for nuclear
medicine, but initial clinical studies for the detection of melanomas and imaging of the
pancreas by planar imaging with gamma cameras were not convincing. A continuation of
research on IMT started in the late 1980s stimulated by the promising results of PET studies
in brain tumors using amino acids and the general availability of SPECT.

During the last decade, IMT has generated much interest, especially after the
demonstration that the uptake of the tracer specifically reflects the amino acid transport in
tumour cells. Up until today, IMT is intensively studied and it is the first and the only
routinely used amino acid tracer for oncologic imaging with SPECT.

The synthesis of IMT is easy and fast: electrofilic substitution using iodogen, followed
by Sep-Pak purification results in a radiochemical yield and purity of over 90% and 99%,
respectively. IMT can be produced in a Kit formulation. The synthesis produces a
metabolically stable product: no side products are formed and IMT is subject to only minor
deiodination (4% deiodination at 90 min p.i.).

IMT is rapidly taken up by brain tumours: at 30 min p.i. the steady state for tumour
uptake is reached. The tracer is not incorporated into the cell proteins and washes out relative
slowly (approximately 30% at lh p.i.). Dependent upon the tumour type, in brain mean
tumour-to-background ratios of 1.5 up to 2.5 are reached. Moreover, this tumour uptake is
specific since up to 53% of the initial uptake can be blocked by administering a mixture of
naturally occurring amino acids. The latter observation, made by Langen et al., is now
frequently used as proof that IMT, despite the presence of a methyl group and the bulky
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iodine atom, is still a substrate for the amino acid transporters in the tumour but also in the
blood brain barrier (74).

The role of IMT SPECT for the determination of tumour grading of cerebral tumours
is controversial. While some authors reported a high accuracy of IMT SPECT for the
separation of high grade from low grade, others could not identify such a difference and
observed a wide overlap of IMT uptake. However, several studies did demonstrate that IMT
SPECT is a valuable tool to differentiate recurrences of brain tumours from necrotic areas.

During a long time, research about IMT was focussed on the imaging of brain
tumours. It was Jager et al. who first described the feasibility of IMT to detect tumours
outside the brain (75). Similar results were found for a variety of tumours: breast cancer, lung
cancer, soft-tissue sarcoma, head and neck cancer and lymphoma showed similar kinetics as
compared to brain tumours. However, based on the still limited data in extracranial tumours,
the diagnostic value of IMT SPECT is not convincing and inferior to FDG PET in general.
Moreover, a major drawback of IMT for imaging extracranial tumours is its marked long-term
renal accumulation.

Similar to other radiolabelled amino acids, IMT is rapidly eliminated from the body
and the radiation burden is low. After intravenous injection about 90% of IMT leaves the
plasma compartment within 10 min and is predominantly excreted by the urinary tract. Data
on renal excretion of IMT range from 40-70% within the first 3 h post injection. While in
mice high pancreas uptake was reported, in patients only a minor pancreatic uptake was
observed in 35% of the subjects during the first hour which is hardly to separate from
background.

Later on, when tumour uptake was proven, in vitro and in vivo studies in animals were
performed to reveal the transport mechanisms and the toxicity of IMT uptake. Although IMT
is not significantly incorporated into any metabolic pathway the uptake appears to be specific
and related to amino acid transport. In vivo studies in mice and rats as well as in vitro studies
revealed that IMT transport across the blood brain barrier is similar to its parent L-tyrosine
and occurs for over 70% via system L, more specifically LATI1. In general, IMT is non-toxic
and no side effects have been reported after intravenous injection of the tracer (58,74-79).

1.7.2.2. ['¥1]-2-iodo-L-tyrosine

123

The structure of [ ~"1]-2-i0odo-L-tyrosine is shown in figure 1.6.

FIGURE 1.6: Structure of ['*I]-2-iodo-L-tyrosine. The modifications in comparison with the native L-
tyrosine are printed in red.
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The synthesis is easy and can be performed in a Kit-formulation within 60 minutes.
The radioiodination of the precursor occurs through Cu'" assisted isotopic nucleophilic
exchange under acidic and reducing conditions. The synthesis results in a radiochemical yield
of >98% with a radiochemical purity of >98% and no purification is needed.

Until today, the only reported experiments with ['*°I]-2-iodo-L-tyrosine are performed
in vitro and in tumour bearing rats.
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In vitro, ['*’I]-2-iodo-L-tyrosine showed the same uptake affinity for the LATI
transporter in comparison to the native L-tyrosine, suggesting that the large iodine atom does
not hinder the uptake of ['**I]-2-iodo-tyrosine by LAT].

In vivo in tumour bearing rats, ['*’I]-2-iodo-L-tyrosine illustrates high and fast tumour
accumulation (steady state within 30 minutes), low renal accumulation and minor
accumulation in areas of acute inflammation. The low physiologic brain uptake will allow to
image brain tumours (80).

1.7.2.3. ['¥1]-3- iodo-L-tyrosine and [’ I]-iodo-Aza-tyrosine
The structures of these amino acids are shown in figure 1.7.

FIGURE 1.7: Structure of ['*I]-3-iodo-L-tyrosine and ['*I]-iodo-Aza-tyrosine. The modifications in
comparison with the native L-tyrosine are printed in red.
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Radioiodination and purification of [1231]-3-i0d0-L-tyrosine and ['*I]-iodo-Aza-
tyrosine is performed as described for IMT. The radiosynthesis yields > 95 % and > 98 % for
['*1]-3-iodo-L-tyrosine and ['*’I]-iodo-Aza-tyrosine, respectively. A radiochemical purity of
> 99 % is obtained for both amino acids.

The only reports found about these tracers describe the in vitro uptake of ['*’I]-3-iodo-
L-tyrosine (81) and the in vivo uptake of both tracers in tumour bearing rats (80).

The transport of ['*’I]-3-iodo-L-tyrosine in vitro in Xenopus Leavis oocytes is isoform
specific and occurs through LAT]I.

Both amino acid tracers illustrate low tumour uptake and low renal accumulation.
Bloodpool activity is high for ['*’I]-iodo-Aza-tyrosine. Both tracers were rejected for further
analyses because of their low tumour accumulation.

1.7.2.4. ['¥1]-4-iodo-L-phenylalanine

123

The structure of [ ~"1]-4-iodo-L-phenylalanine is shown in figure 1.8.

FIGURE 1.8: Structure of ['*’I]-4-iodo-L-phenylalanine. The modifications in comparison with the native
L-phenylalanine are printed in red.
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Currently, two methods are used for the radioiodination of 4-iodo-L-phenylalanine:
Cu'" assisted isotopic nucleophilic exchange as described above, yielding 98 % with a
radiochemical purity of > 98% (80)
Non-isotopic Cu”" assisted ['*’I]-iododebromination of 4-bromo-L-phenylalanine in the
presence of ascorbic acid. This radioiodination method results in a 90 % radiochemical
yield after HPLC isolation and a radiochemical purity of > 99 % (82)

This tracer is studied predominantly by Samnick, et al. in pancreatic tumours, in vitro
as well as in vivo in tumour engrafted mice:

In vitro: the uptake of ['**I]-4-iodo-L-phenylalanine in pancreas tumour cells is mediated
by transport systems L and ASC. The tracer shows minor (8 %) protein incorporation and
thus reflects the amino acid transport in the tumour cells.
In vivo: ['*’I]-4-iodo-L-phenylalanine showed high tumour uptake but the rate of tracer
entering the tumour was slower in comparison to the other abovementioned amino acids.
Low brain and abdominal uptake and low renal accumulation are demonstrated and are
comparable to those of ['“’I]-2-iodo-L-tyrosine. However, together with the earlier
mentioned [1231]-iod0-Aza—tyrosine, [1231]-4-i0d0-L-pheny1alanine shows a high bloodpool
activity (almost 2 times higher in comparison to ['*’I]-2-iodo-L-tyrosine and IMT).
Moreover, ['*I]-4-iodo-L-phenylalanine illustrates significant accumulation in regions of
acute inflammation and thus is less tumour specific. The latter observation might be due to
the high bloodpool activity of this tracer (80;82-84).

1.7.2.5. ['Z1]-4-amino-3-iodo-phenylalanine (IAPA) and ['*I]-L-Iodo-1,2,3,4-tetrahydro-7-
hydroxyisoquinoline-3-carboxylic acid (ITIC)

The structure of these amino acids is shown in figure 1.9.
FIGURE 1.9: Structure of [*’I]-4-amino-3-iodo-phenylalanine (IAPA) and ['*I]-L-Iodo-1,2,3,4-
tetrahydro-7-hydroxyisoquinoline-3-carboxylic acid (ITIC). The modifications in IAPA in comparison

with the native L-phenylalanine are printed in red.
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IAPA and ITIC are prepared using the lodogen technique followed by HPLC resulting
in a radiochemical yield of 80% and a radiochemical purity of 98% for both tracers.

In vitro characterisation of IAPA and ITIC transport in gliomablastoma cells shows
that IAPA is predominantly taken up by system L and ASC while system A is not involved.
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By contrast, none of these three principal neutral amino acid transport systems appear to be
significantly involved in the cellular uptake of ITIC. The uptake mechanism of ITIC remains
unclear. Both tracers are not incorporated into the cell proteins.

In vivo in glioma bearing rats, both tracers are taken up by the tumour. While IPA
showed comparable values to IMT, ITIC demonstrated significantly lower tumour uptake
levels. Moreover, the initial uptake of ITIC in the tumour decreased significantly by time,
suggesting an efflux from the tumour.

General biodistribution studies revealed the ITIC shows a marked renal accumulation with
comparable values to IMT (83,85).

1.7.2.6. Overview of the developed radiolabelled amino acids for SPECT

TABLE 1.2: presents an overview of the characteristics of the radiolabelled L-amino acids for oncologic
imaging with SPECT.

Tracer IMT 21T 3T AzaTyr | 41Phe TAPA ITIC
T+
Synthesis Todogen | Cu'” Iodogen | Iodogen gﬁy or Iodogen | Iodogen
. . 5
;{iae?é"‘:hemlcal 90% | 98% | 98% | 95% Zg(;“ o1 80% 80%
0
: . 5
gj‘r‘}g‘:hemlcal 9%  [98% | 99% | 99% ggé’ 1 98% 98%
0
Major  transport Not Not L and
system used LATI LATI tested tested LATI ASC Unclear
Tumour . Good Good | Poor Poor Good High Poor
accumulation
Blood clearance Fast Fast Fast Slow Slow Fast Fast
Kidney High |Low |Low |Low |Low |Low  |High
accumulation
Tumour . . Not Not Not Not
specificity High High tested tested Low tested tested

1.8 STATUS OF RADIOLABELLED D-AMINO ACIDS

As mentioned before, most naturally occurring amino acids possess the L-
configuration. It was long believed that only L-amino acids are present in higher animals and
that the D-isomers are only utilized in lower species such as micro-organisms and bacteria.
However, recent studies revealed a substantial amount of D-amino acids present in mammals,
more precisely D-serine and D-aspartate. The presence of other D-amino acids is negligible
and mostly due to ingestion of D-amino acids.

Much attention has been paid to the physiological functions and origin of D-amino
acids. D-serine is now thought to have an important role in the central nervous system to
modulate the N-methyl-D-aspartate (NMDA) subtype of the glutamate receptor and D-
aspartate is reported to regulate the hormonal release in endocrine glands such as testis,
pituitary gland and pineal gland. Moreover, D-aspartate could have a role in ontology and

21




Chapter 1: Introduction

differentiation since D-aspartate increases in each tissue corresponding to the morphological
and functional maturation of the tissue.

Many research groups report on the relationship between pathophysiological processes
and D-amino acids. For example: not only some brain regions in Alzheimer’s disease show
altered D-amino acid levels but also renal disease demonstrates elevated D-amino acid levels
in serum.

The use of D-amino acids in oncology might find some applications. Tamamesa et al.
were the first to report on D-amino acids as potential tumour specific imaging tools. They
showed the preferential uptake of some natural radiolabelled D-amino acids in comparison to
the L-isoforms in tumor bearing mice. Moreover, Yanagida and co-workers showed in vitro in
tumour cells that system L seems to lack stereospecificity: D-amino acids are transported with
high affinity by LATI.

Exogenous uptake of D-amino acids (by ingestion or from micro-organisms) will lead
to the metabolization by D-amino acid oxidase, present in liver and kidneys, resulting in the
formation of the corresponding o-keto acid and ammonium. The latter together with the
stereospecificity of the translational machinery will result in the formation of proteins
uniquely consisting of L-amino acids.

Regarding these characteristics, D-amino acids, transported by LAT1, will clear faster
from the blood, will not incorporate into the cell proteins, and will be transported by the
LAT]1 transporter with high affinity, as compared to the corresponding L-isomers. As a result,
promising D-amino acid tracers for in vivo oncologic imaging could be developed leading to
better tumour to background contrast and less radiation burden (86-92).

1.9 AIM OF THIS THESIS

With the increasing clinical application of 'F-FDG, clinical oncologic imaging
through radiolabelled amino acids is also gaining interest. These amino acid tracers may help
in imaging areas in which '®F-FDG imaging is limited. In contrast, amino acid uptake has
been demonstrated to be increased relative to normal grey and white matter in the majority of
low- and high grade tumours in the brain. Moreover, amino acids appear to play a marginal
role in the metabolism of inflammatory cells. Furthermore, amino acid transport is a relative
rapid process and therefore tumour imaging based on amino acid transport can be performed
within 20 minutes post injection ('*F-FDG imaging occurs generally at 60 min p.i.).
Radiolabelled amino acids may thus be more suited than '*F-FDG for tumour imaging
(58,72,93).

Our research group focussed on the development of phenylalanine analogues, more
specifically on the substitution of the iodine atom on the 2 position in phenylalanine allowing
the 4 position to be free for enzymatic interaction.

It is very important to synthesize the new molecule 2-iodo-L-phenylalanine with a
high and reproducible yield and without the formation of undesired side products. Moreover,
if this goal could be accomplished, 2-iodo-L-phenylalanine could be used as a precursor for
Kit radioiodination using the Cu''-assisted nucleophilic exchange by analogy with the
radiolabelling of 2-iodo-L-tyrosine (80).

As mentioned before, two major transporter systems are over-expressed in tumours for
providing the cells with nutrients. One of these systems is LATI, a member of the L
transporter family which is restricted to highly proliferating tissues. This system is responsible
for the uptake of neutral branched chain and aromatic amino acids and shows a high affinity
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and broad substrate selectivity. L-phenylalanine is one of those amino acids which are
transported with high affinity by LAT1. However, the introduction of the large iodine atom
could alter not only its uptake but also its affinity towards the transporter. In vitro
characterisation of the new tracer ['*°I]-2-iodo-L-phenylalanine could answer these questions.
The R1M cell model, as used for the evaluation of ['*I]-2-iodo-L-tyrosine, could be applied.

Once it is demonstrated that the new tracer is transported with high affinity through
the LAT1 system, the following step in the evaluation of the tracer as a tumour diagnostic tool
for SPECT could be undertaken. In vivo evaluation of ['*I]-2-iodo-L-phenylalanine will not
only elucidate the tracer behaviour in terms of biodistribution and clearance but will also
demonstrate its tumour specificity. The same tumour cell line as used for the in vitro
evaluation will be applied for the generation of a tumour bearing athymic mouse model.

As mentioned before, a few decades ago it was shown that both L and D amino acids
are taken up in tumours and that both the L and D form of the [''C]-methionine could
accumulate in human brain tumours. However, the development of and the studies with
radioactively labelled amino acids for tumour diagnosis were focused on the L-enantiomers as
it was supposed that the amino acid tracers had to be incorporated into the tumour cell
proteins. Today, it has been demonstrated that the LAT1 system is not stereoselective and that
the transport of amino acids reflects the malignancy of tumours.

Regarding the latter aspects and the unnatural character of D-amino acids, our research
group additionally developed ['*’I]-2-iodo-D-phenylalanine. However, the same in vitro and
in vivo evaluation as for the L-analogue should be performed to answer the question whether
this ['*’I]-2-iodo-D-phenylalanine could present additional benefits for diagnosing cancerous
lesions with SPECT.

As a valorisation of the tracer characteristics for tumour imaging, the evaluation of and
the comparison between both ['**1]-2-iodo-L-phenylalanine and ['**I]-2-iodo-D-phenylalanine
in various tumours, representing those tumour families with highest prevalence in humans,
should be performed. Moreover, an additional comparison with the recently developed tumour
tracer ['*’1]-2-iodo-L-phenylalanine would allow us to choose the optimal analogue for
clinical practice.

Before introducing ['*’I]-2-iodo-L-phenylalanine in human clinical practice, a few
applications of the tumour tracer could be highlighted. On the one side veterinarian nuclear
oncologic imaging is improving since the owners are prepared to give their pets the best care
and on the other side, therapy evaluation is a very important topic in curing patients from
cancer.
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CHAPTER INTRODUCTION

The first goal in this thesis is the development and evaluation of ['*’I]-2-iodo-L-
phenylalanine as a tumour tracer for SPECT.

This chapter starts with the synthesis of the cold precursor 2-iodo-L-phenylalanine and
optimization of the reaction by experimental design. Precursor synthesis was performed using a
new approach on the nucleophilic exchange mechanism: the Cu'" assisted nucleophilic
exchange in acidic and reducing conditions. The influence and relationship between selected
factors and the response (yield), as well as the optimal conditions for 2-iodo-L-phenylalanine
precursor synthesis using factorial design were determined. Moreover, using the cold iodo-
precursor, a Kit radio-iodination based on the same principle was performed to render ['**'%1]-
2-iodo-L-phenylalanine. The optimised reaction conditions together with the Kit formulation
could be applied, at a later stadium of this thesis, for the precursor synthesis and radiolabelling
of 2-iodo-D-phenylalanine.

Once the new tracer ['*/'**I]-2-iodo-L-phenylalanine is developed, in vitro evaluation
of the amino acid analogue could be carried out in a R1M rabdomyosarcoma cell model. This
cell model was previously used to characterize the transport mechanism of other labelled
amino acids such as ['*I]-2-iodo-L-tyrosine and showed that the in vitro uptake is a good
representation of the in vivo uptake in rodents bearing a RIM tumour. The transport
characteristics for ['*’I]-2-iodo-L-phenylalanine uptake were examined in different buffer
systems and in the presence of several inhibitors. Michaelis-Menten and Lineweaver Burk
plots were applied to obtain Ky, and K; values for ['*°I]-2-iodo-L-phenylalanine cell uptake,
respectively. Moreover, the incorporation into the cell proteins of the new amino acid analogue
was investigated.

Due to the promising in vitro characteristics, in vivo evaluation of ['*’I]-2-iodo-L-
phenylalanine was performed in a RIM athymic mouse model. The potential application as
tumour diagnosticum was investigated by means of dynamic planar imaging and dissection.
Not only tumour uptake was examined but also the excretion route of the tracer and its
metabolic stability. The specificity of tumour uptake was determined by (1) a displacement
study using amino acids which are predominantly transported by the LAT1 system and by (2) a
biodistribution study of the tracer in NMRI mice bearing an acute inflammation. In the latter
setting, the uptake of ['*I]-2-iodo-L-phenylalanine in the inflamed tissue was compared to that
of '"®F-FDG. The initial uptake kinetics in the tumour are modelled by a rectangular hyperbola
as used to represent saturable-pathway absorption in the in vitro experiments. These
experiments were performed by analogy with the evaluation of several other amino acids such
as ['*’I]-2-iodo-L-tyrosine and IMT in rodents bearing a R1M tumour.

Additionally, the effect of sedation and data-acquisition method (dissection or planar
imaging) on ['*I]-2-iodo-L-phenylalanine distribution in R1M-bearing athymic mice was
investigated. Indeed, non-invasive animal imaging experiments require that movements of the
animal should be minimized to reduce artefacts. To accomplish the latter setting, the animals
were sedated using pentobarbital. However, in order to interpret the results correctly, it is
important to identify the influence of sedation on tracer distribution since these preclinical data
are used for human extrapolation. Kinetic modelling of the initial biodistribution kinetics was
performed and statistical analyses were used to compare on the one hand the treated groups and
on the other hand the data-acquisition methods.
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2.1 Optimization by experimental design of precursor synthesis of 2-iodo-L-
phenylalanine, a novel amino acid for tumour imaging.
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2.1.1 ABSTRACT

Various radiolabelled amino acids show promising results in tumour detection as
applied in the management of cancer patients. We synthesised the precursor 2-iodo-L-
phenylalanine for easier Kit labelling of []23/]251]-2-i0d0-L-phenylalanine using the Cu'’-
assisted nucleophilic halogen exchange. Precursor synthesis was optimised by experimental
design: 8 parameters were initially screened by a quarter fractional design. The resulting most
important parameters (i.e. temperature, CuSO,, Nal) were further optimized using a full 3-
factor 3-level factorial design. The final conclusion for the optimal values for temperature,
reaction time and concentration of 2-bromo-L-phenylalanine, Nal, CuSQO4, SnSO,, C¢HsO7 and
C7H¢O4 were 180°C, 24h, 61mM, 485mM, 10mM, 90mM, 90mM and 100mM, respectively.
The yield was increased from 39% to consistently more than 74% 2-iodo-L-phenylalanine.
Structure confirmation and quality control was performed by 'H-NMR, MS and HPLC (RP and
chiral). No phenylalanine-related impurities or racemisation was detected. Subsequent
radioiodination of the obtained 2-iodo-L-phenylalanine was performed in Kit conditions with
n.c.a. Na'”"'®I resulting in a labelling yield of >98%. After Ag-membrane filtration, a
radiochemical purity of >99% was obtained. The Cu'"-assisted nucleophilic exchange reaction
allows both routine kit preparation and “cold” synthesis of 2-iodo-L-phenylalanine from 2-
bromo-L-phenylalanine. The reaction presents an interesting alternative for a cumbersome
multi-step stereospecific synthesis.

i i i
OH  180°C, 24n OH  100°c, 1n OH
N H2 NH 2 123 N HZ
Br CuS0,, Nal, SnSO,, I CusO,, Na™1, SnS0,, 123l
1 CgHg0,, C,H;0, 5 CeHs07, C/H:O, 3
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2.1.2 INTRODUCTION

Although conventional imaging techniques such as Magnetic Resonance Imaging
(MRI) are widely used as golden standards in detecting tumours, they are not reliable to
distinguish normal tissue from tumour lesions after surgical resection and/or radiotherapy of
the tumour. Therefore, those techniques are not optimal for monitoring the effectiveness of
therapy or detecting tumour recurrence [1].

During the last decade, Positron Emission Tomography (PET) and Single Photon
Emission Computed Tomography (SPECT) have become essential tools in the management of
cancer patients. ['°F]-Fluorodeoxyglucose (['*F]-FDG) is by far the most widely used PET
radiopharmaceutical for oncologic imaging. However, there are several well-known
disadvantages about the use of ['*F]-FDG: glucose metabolism is not significantly increased in
all tumour types and the tracer is also accumulated in infection, inflammation, granulomatous
diseases [2-3]. Moreover, due to its high brain accumulation, ['*F]-FDG is less sensitive in
brain tumours.

Besides upregulation of the glucose metabolism, amino acid transport and protein
metabolism are also increased in tumour cells. At present, ['*’1]-3-Iodo-a-methyltyrosine (*I-
IMT) is the only routinely used SPECT amino acid tumour tracer for diagnosis. This tracer has
major advantages in comparison to ['*F]-FDG such as high and fast tumour uptake and rather
low uptake in grey matter and inflammatory lesions. However, its marked long term renal
accumulation limits its use for oncologic imaging outside the brain and leads to dosimetry
exposure problems [4]. Recently, 2-iodo-L-tyrosine and 4-lodo-L-phenylalanine have been
developed and evaluated to overcome this problem but either difficult precursor synthesis or
sourcing and high bloodpool activity, respectively, restricts their clinical application.

Recently, we developed a new analogue, i.e. ['*/'**I]-2-iodo-L-phenylalanine, which
shows promising characteristics for the study of residual and recurrent tumours [5].Its synthesis
was performed by a Cu'" assisted nucleophilic exchange under acidic and reducing conditions,
as developed by Mertens et al., with the unlabelled 2-iodo-L-phenylalanine as precursor [6].
Although numerous reports described radiolabelling of aromatic substrates using the latter
method, no report published its application for “cold” precursor synthesis and none
investigated its optimisation using experimental design. The aim of this study was to examine
the influence and the relationship between selected factors and the response (yield) as well as
to determine the optimal conditions for 2-iodo-L-phenylalanine precursor synthesis using
factorial design.

Other nucleophilic exchange reactions are also widely used. However, often low and
irreproducible reaction yields are obtained together with the generation of undesired side
products resulting in cumbersome purification procedure. The described Cu'" assisted
nucleophilic exchange not only provides an easy 1-step, stereospecific, reaction but also the
possibility to establish a Kit-formulation for fast and quantitative routine radioiodination of
['#¥1%]]-2-i0do-L-phenylalanine without the need of an extra purification procedure, which is a
great added value for everyday clinical practice.
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2.1.3 MATERIALS AND METHODS

All reagents used were obtained from commercially available sources. All of the conventional
products mentioned were at least analytic or clinical grade and obtained from Sigma-Aldrich.
The solvents were of HPLC quality (Chemlab, Belgium). The Na['**'*’I] was purchased from
Bristol-Myers-Squibb, Belgium.

2.1.3.1. Preparation of the precursor 2-iodo-L-phenylalanine (2)
2.1.3.1.1. Optimisation of the reaction parameters

2-iodo-L-phenylalanine (2) was synthesized as a precursor for Cu'"-assisted radioiodine
labelling. 2-bromo-L-phenylalanine (1) was obtained by Peptech Corp, USA.

At first, 2-iodo-L-phenylalanine was prepared from 2-bromo-L-phenylalaline in testing
conditions using the Cu'-assisted nucleophilic exchange under acidic and reducing conditions
taken into account the optimal substrate to Cu'" molar ratio range of 5 4 10 as reported by
Gysemans et al.: equimolar quantities of substrate and nucleophile, together with an excess
(duplicate molar quantities in comparison to Cu'") of reducing agents and a substrate to
catalyst (Cu'") molar ratio range of 5 a 10 [7,8]. This resulted in 30.0mM 2-bromo-L-
phenylalanine, 4.6 mM CuSO,4 anhydrous, 9.0mM citric acid anhydrous, 9mM gentisic acid,
9.0mM SnSOy4 and 45mM Nal dissolved in 13.5 mL distilled water. The mixture was flushed
for 15 minutes with N, and a sample was analyzed by RP-HPLC and chiral chromatography.
Next, the reaction mixture was placed at 130°C for 15 hours. After the reaction, the mixture
was cooled down and a sample was analyzed by RP-HPLC and chiral chromatography.

The reaction yield was calculated as: concentration of 2-iodo-L-phenylalanine divided
by the sum of the concentrations of 2-iodo-L-phenylalanine and 2-bromo-L-phenylalanine,
using the HPLC relative response factor of 4.66, representing the ratio of the UV-absorption of
2-iodo-L-phenylalanine divided by that of the bromo-derivative.

The reaction was performed in a closed (solid top cap) pyrex single-neck round-bottom
flask of 25mL with screw thread neck (Glassware-system-45; Sigma-Aldrich, Belgium). The
reaction yield of the synthesis was determined by RP-HPLC as described below. 2-iodo-L-
phenylalanine was purified by preparative RP-HPLC as mentioned below and the product was
identified by '"H-NMR and mass spectroscopy. The UV molar extinction coefficients were
determined as described below.

Starting from the abovementioned reaction parameters, an optimisation of these
reaction parameters was performed. The experimental design construction and its statistical
analysis were performed using Statgraphics 5.1. At first, the parameters of most influence on
the reaction yield were determined using a quarter-fractional factorial screening design. The
parameters tested were: reaction temperature, reaction time, [CuSQO4], [SnSO4], [gentisic acid],
[citric acid], [2-bromo-phenylalanine] and [Nal]. The intervals for testing are shown in Table
2.1.1.
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TABLE 2.1.1: Quarter fractional screening design for main effects

Parameters Levels ANOVA-results
Low High P-value
Time 1h 24h 0.145
Temperature 50°C 180°C 0.000
2-bromo-L-phenylalanine 1 mM 60.6 mM 0.952
CuSO, 1mM 50 mM 0.115
Citric acid 1mM 90 mM 0.888
SnSO, 1mM 90 mM 0.732
Gentisic acid 1 mM 100 mM 0.963
Nal 1mM 500 mM 0.076

The maximum temperature was set at 180°C due to physical limitations (pressure in
pyrex recipient was to high) and the concentration of substrate was set at a maximum of 61mM
due to financial limitations. A second optimisation was performed using a 3-level full factorial
design. The intervals are shown in Table 2.1.2.

TABLE 2.1.2: Full factorial 3-factor 3-level design

Parameters Levels
Low Center High
Temperature 80°C 130°C 180°C
CuSO, 1mM 25.5 mM 50 mM
Nal 1mM 250.5 mM 500 mM

At last, the reaction was performed using the optimised reaction conditions in order to
confirm the high reaction yield, to proof the identity and to confirm the absence of possible
related byproducts (incl. racemisation) of the product under these conditions.

Moreover, the reaction yield as a function of pH under the optimised conditions was
determined.

2.1.3.1.2. Purification of 2-iodo-L-phenylalanine

The solvent of the reaction mixture was removed by rotatory evaporation after reaction.
The dry residu was solubilised in 10mL mobile phase used for preparative HPLC purification
and the pH was adjusted with NaOH to pH 5.5. After centrifugation at 800g for 5 minutes in a
Heracus Christ Labofuge A Centrifuge, the supernatans was removed and filtered over a
Millex HA 0.45um filter (Millipore). Preparative RP-HPLC was used to purify 2-iodo-L-
phenylalanine from 2-bromo-L-phenylalanine and consisted of a Hibar Lichrosorb RP-select B
column (250 x 25mm, 7pm) (Merck, Belgium), a Shimadzu LC-8A preparative liquid
chromatograph pump and a Waters 486 Tunable Absorbance Detector for UV-detection at
A=254 nm. As mobile phase, a 20/80 MeOH/H,O containing ImM ammoniumacetate eluens
adjusted to pH 5.5 with HCI was used at a flow rate of 13 mL/min. The eluate corresponding
with 2-iodo-L-phenylalanine was collected after which the mobile phase was removed by
means of rotatory evaporation. The dry residu was solubilised in 10 ml methanol, filtered and
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evaporated. After repeating these last manipulations three times, 2-iodo-L-phenylalanine could
be isolated as an off-white powder.

Retention times on this preparative RP-HPLC system: 2-iodo-L-phenylalanine = 27.2 min and
2-bromo-L-phenylalanine = 20.2 min.

2.1.3.2. Preparation of [**¥'?*I]-2-iodo-L-phenylalanine (3)

Radiolabelling of the precursor 2-iodo-L-phenylalanine with B3] was performed
using the Cu'"-assisted isotopic exchange, by analogy with the radiosynthesis of ['*’I]-MIBG
and ['*I]-iodo-L-tyrosine [8.,9]. Radioiodination with 1231257 (37 MBq, no carrier added; 10ul)
of 1.0 mg 2-I-L-phenylalanine was performed under acidic and reducing conditions (0.2 mg
CuSQOy, 2.5 mg citric acid, 0.5 mg SnSOy4, 1.3 mg gentisic acid in 565 pl) in a closed conical
glass vial (Perbio Science, Belgium). Before the Na['#"'*°I] solution was added, the vial was
purged for 15 minutes with nitrogen gas. Subsequently, the radioactivity was injected and the
vial was placed into a specially designed stainless steel container. The closed container was
placed into boiling water. After 60 minutes, the reaction was stopped by cooling the system
with cold water. The reaction mixture was drawn up in a syringe containing the appropriate
amount of “make-up solution” (tri-sodium citrate dihydrate, 71 mM) to render the solution
isotonic and to adjust the pH to at least 4. The reaction mixture was sent through a 0.22 pm
Ag-filter (Millipore, Belgium) to remove free 1231251 and a sterile 0.22 um filter (Millipore,
Belgium) into a sterile vacuum vial. Identification and quality control was achieved as
mentioned below by HPLC and Sep-Pak C18 classic (Waters, Belgium). Chiral
chromatography (described below) was used to confirm the absence of 2-I-D-phenylalanine.

2.1.3.3. Identification and quality control
2.1.3.3.1. Chiral chromatography:

Chiral chromatography was used to check the absence of 2-iodo-D-phenylalanine and
consisted of a Chirobiotic T column (150 x 4.6 mm, Sum) (Astec, Belgium), a Waters 515
HPLC Pump, UV-VIS detector at A=254 nm (Waters 486 Tunable Absorbance Detector).

As eluens for the separation of the stereoisomers, a 20/80 EtOH/H,0 containing ImM NH4Ac
buffer adjusted with HCI to pH5.5 was used at a flow rate of 1 mL/min.

The HPLC capacity factors (k’ values): 2-iodo-D-phenylalanine = 4.8 en 2-iodo-L-
phenylalanine = 3.4 (retention times are 4.6 min and 3.5 min repectively; to = 0.8 min).

2.1.3.3.2. RP-HPLC

Reversed-phase HPLC consisted of a Lichrocart RP-8 column (125 x 4 mm, 5um)
(Merck, Belgium) and a Gilson 307 pump, UV-VIS detector at A=254 nm (2487 dual A
absorbance detector, Waters). To analyze radiolabelled compounds, a Nal detector (Bicron
FrisktechTM, probe 1x1 inch) was used. As eluens for the separation of the radiolabelled
compound, a 20/80 MeOH/H,O solution containing 1mM NHAc buffer adjusted with HCI to
pH5.5 was used at a flow rate of 1 mL/min.

The retention time of each product used was determined in order to identify the
additional peak of the sample after heating.
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The HPLC capacity factors (k’ values): 2-iodo-L-phenylalanine = 5.6 and 2-bromo-L-
phenylalanine = 4.0 (retention times are 5.9 min and 4.5 min, respectively with ty = 0.9 min).

2.1.3.3.3. Sep-Pak C18

Additionally to RP-HPLC, Sep-Pak C18 classic (Waters, Belgium) was used to
determine the yield of radioiodination. The Sep-pak was preconditioned with 8 ml MeOH
followed by 4 ml 0.9% NacCl solution and 4 ml of 0.1M KH,PO, buffer at pH6. Subsequently,
10 ul of the reaction mixture was eluted slowly with 6ml of 0.1M KH,PO, buffer at pH6. Both
eluens, which contains the free 123/1251', and Sep-Pak, which contains the radioiodinated 2-iodo-
L-phenylalanine, were counted on radioactivity using a Capintec CRC-15R, Ramsey, NJ, USA
and the radiochemical yield was calculated.

2.1.3.3.4. Structural confirmation of 2-iodo-L-phenylalanine

The melting point of 2-iodo-L-phenylalanine was determined in a Biichi Melting Point
510. 'H nuclear magnetic resonance (NMR) spectra were recorded on a Bruker AMX-500
NMR Spectrometer at the High Resolution NMR Centre of the VUB. Mass spectra were
determined on a VG Quattro II triple quadropole mass spectrometer with electrospray
ionisation (ESI) interface in the positive mode (Micromass, Manchester,UK).

The precursor 2-iodo-L-phenylalanine was identified by mass spectroscopy and 'H
NMR. In the mass spectrum, a base peak at m/z of 292 (M+1) and a smaller fragment at 293
(M+2) was observed, with no fragmentation under the experimental analytical conditions. The
peaks observed in the 'H-NMR were attributed to NH; (5 2.9), NH,-CH-COOH (& 3.8),
phenyl-CH; (6 3.2 and 3.4), phenyl-CH (ortho) (6 7.1), phenyl-CH (meta) (6 7.4 and 7.9),
phenyl-CH (para) (6 4.8). Moreover, both spectra showed that the end-product did not contain
decomposition products. The melting point was 243.7°C and confirmed on the one hand the
identification by mass and 'H-NMR spectra and on the other hand the purity of the product.

UV spectral data, recorded on a UV-VIS detector (LKB Biochrom ULTROSPEC K
4053 kinetics spectrometer), of 2-bromo-L-phenylalanine and 2-iodo-L-phenylalanine
dissolved in aqueous methanol (i.e. mobile phase of HPLC system) showed the typical
substituted benzene-aromatic maxima around 210-233 (K-band; & = 2.8 resp. 4.8 x 10° L.mol
"em™) and 263-265 nm (B-band; € = 0.198 resp. 0.570 x 10° Lmol™.cm™) (Figure 2.1.2). A
bathochromic shift from 2-bromo-L-phenylalanine to 2-iodo-L-phenylalanine is observed,
consistent with the mesomeric differences between the 2 aromatic auxochromic halogen-
substituents.

2.1.4. RESULTS

Eight parameters were initially considered as potentially significant factors influencing
the yield (Table 2.1.1).

The pH was not defined as a separate factor in this experimental design, because this
parameter was itself a function of the reagents and their concentrations. Moreover, it was
already known that an acidic medium was required. The pH of the 67 experimental units
showed indeed a mean value of 1.94+0.30 (n=67). After the optimisation, the influence of pH
was demonstrated by a simple one-factor-at-a-time experiment, confirming the acidity
requirement of this reaction (Figure 2.1.1).
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FIGURE 2.1.1: Influence of the pH on the reaction yield of the precursor 2-iodo-L-phenylalanine.
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The response was the percentage yield (% molar conversion), defined as:
(mmoles 2-iodo-L-phenylalanine formed / mmoles initial 2-bromo-L-phenylalanine)*100%.

The response was so defined because the major objective of this study was the
optimisation of the 2-iodo-L-phenylalanine synthesis, allowing one to obtain as economically
as possible this precursor at high quality, where the commercially available 2-bromo-L-
phenylalanine was the cost-driver and not the unlabelled Nal. It was obtained by RP-HPLC
peak area integration, taking into account the relative response factor of the iodo-derivative
versus the bromo-derivative at the detection wavelength of 254 nm (Figure 2.1.2). The mass
balance was verified by comparing the initial molar quantity of 2-bromo-L-phenylalanine with
the sum of the resultant reaction mixture of 2-iodo-L-phenylalanine and 2-bromo-L-
phenylalanine. A mean value percentage deviation of -0.18 % (st.dev. = 1.77 %; n = 67) was
obtained, in agreement with the observation that no phenyl-alanine related impurities were
detected in the chromatograms.
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FIGURE 2.1.2: UV spectra of both 2-bromo-L-phenylalanine (1) and 2-iodo-L-phenylalanine (2) at 1.07 x
10 mol.I" and 4.8 x 10-4 mol.I"*, respectively in aqueous methanol.
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Seen the number of parameters, a quarter-fractional factorial design was used for the
initial screening to estimate the main effects of the eight factors. This design requires
minimally only 2% which equals 64 runs. To avoid bias, the runs were performed in a totally
random order. The fractional factorial design consisting of 64 factorial points was
supplemented with triplicate centre points which were located in the middle of the
experimental region.

Among the various treatments in the screening design, the highest molar conversion
(90%) was obtained with the highest temperature (180°C) for 1 hour, while all other reagents
were at 1mM concentration. Several experimental units showed no HPLC-detectable molar
conversion and these yield-results were set equal to zero.

The experimental results of this screening design were analyzed by ANOVA to estimate the
main effects, fitting the following model:

Y =Bo+ Y% Bi Xi + Y i Yo Bii Xi X
where Y is the response (% molar conversion), B; are the coefficients and X; are the uncoded

independent variables. The main effects together with the most important two-factor
interaction terms (P-value <0.2) were retained in the final evaluation. The levels of the
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parameters, as well as the ANOVA significance conclusions for the main effects are given in
Table 2.1.1. Graphical representation of the main effects is visualised in Figure 2.1.3.

FIGURE 2.1.3: Main effects plot, resulting from the screening design. Temp: temperature; Phe: 2-bromo-
L-phenylalanine; CA: citric acid and GA: gentisic acid.
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Clearly, the energy-input (time and temperature), as well as cupper-catalyst and Nal-
substrate concentration are the most important factors. Several interaction terms (data not
shown) were also statistically significant. As cupper occurred most frequently in these
interaction terms, it was decided to include this parameter also in the full-factorial design,
despite its non-significant main effect (P-value of 0.115). Although time occurred also in five
interaction terms, this parameter was not included in the full factorial design for practical,
experimental reasons as well as its known energy-input relation with temperature.

Having established the most important factors as temperature, CuSO4 and Nal
concentrations from the initial screening design, second order quadratic effects were estimated
by a 3-level factorial design, allowing to measure the curvature of the response. In this second-
order model, squared terms are thus also included:

Y =Bo+ Y1 Bi X+ X B Xi& + Y Yo By Xi X

The 3 variables together with their levels applied are given in Table 2.1.2. The other
reaction parameters were set fixed at 24 hours (reaction time) 61mM 2-bromo-L-
phenylalanine, 90mM citric acid, 90mM SnSO, and 100mM gentisic acid. Twenty-seven (i.e.
3%) experimental units were performed and the experimental yields were fitted to the second
order polynomial:

Yield = 5.28x10" — 1.08 Temp + 4.61x10” CuSO4 — 9.39x107 Nal

+8.44x10™ Temp.CuSO,4 + 1.75x10 Temp.Nal + 6.13x10™* CuSO,4.Nal
+4.64x107 (Temp)™1.09x107 (CuSO4)* — 3.65x10™ (Nal)*.
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A coefficient of determination of 0.85 was obtained with temperature and Nal as the
statistically significant factors (main as well as interaction and quadratic terms of both). CuSO4
concentration was not statistically significant, nor is interaction and quadratic terms. Figure
2.1.4 shows the comparison between the experimental data and the predictions given by the
previous equation.

FIGURE 2.1.4: Predicted (from full factorial design) versus experimental values of yield (%6).
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Using this 3-level factorial design, the optimal reaction conditions for temperature,
CuSO4 and Nal concentration were 180°C, 49mM and 500mM, respectively. Due to the
physical limitations of the glassware used, the optimum for reaction temperature was not
reached. As mentioned previously, no statistically significant influence of the tested CuSO4
concentrations within the experimental region on the reaction yield could be demonstrated.
Figure 2.1.5 shows the response surface plot for the two remaining significant factors
temperature and Nal.
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FIGURE 2.1.5: Response surface plot for the significant factors temperature and Nal concentration,
obtained from the full factorial design (level of CuSQO,: 25.5 mM).
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Chemical identity as well as its chemical purity was confirmed by melting point, 'H-
NMR, spectroscopy and chromatography (see experimental section). Chiral chromatography
demonstrated the absence of 2-iodo-D-phenylalanine when performing the reaction at optimal
conditions.
Subsequent radioiodination with [Na'*’I] of 2-I-L-phenylalanine by Cu'*-assisted
isotopic exchange showed a labelling yield of over 98% ['*I]-2-iodo-L-phenylalanine (3)
(expressed on original quantity of Na'*’I). This radio-chemical synthesis was followed by Ag-
membrane filtration, obtaining a radiochemical purity of >99% and a specific activity of 11
GBg/mmol. Thus, additional purification of the reaction mixture is not necessary which
allowed us to conduct the radio-synthesis as a Kit. It was shown by chiral radio-
chromatography that there was no detectable amount of D-analogues. No optimisation of the
radioiodination of 2-iodo-L-phenylalanine was necessary since the radiochemical yield and
purity was already very high using the conditions as described for 2-iodo-L-tyrosine .

2.1.5. DISCUSSION

Mertens et al. first described the Cu'*-assisted nucleophilic exchange radioiodination
method with a minimal quantity of side products [10]. Cu*" was in situ reduced into Cu'" in an
acidic and reducing medium with an excess of Sn*" ions and gentisic acid. Evidence was given
that the Cu'"-assisted nucleophilic exchange radioiodination proceeds by the formation of an
intermediate organo-copper complex (Figure 2.1.6) with a suggested optimal substrate to Cu'*
molar ratio range of 5 a 10 under the applied experimental conditions [8].

41



Chapter 2: Synthesis and evaluation of ['**'*°I]-2-iodo-L-phenylalanine

FIGURE 2.1.6: Proposed mechanistic model for the Cu'* assisted nucleophilic exchange in acidic and
reducing conditions. Ar = aromatic phenylalanine moiety; Y =Bror I; X = 1.
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In this study, this Cu'" nucleophilic exchange reaction was applied and optimised for
the “cold” precursor synthesis of 2-amino-3-(2-iodophenyl)propanoic acid or 2-iodo-L-
phenylalanine (2) from 2-amino-3-(2-bromophenyl)propanoic acid or 2-bromo-L-
phenylalanine (1).

Mertens et al. indicated that the acidic pH of the reaction mixture was important to
avoid the hydrolysis of Sn’" and thus avoiding precipitation [7]. A separate experiment was
performed to verify this and the results confirmed that an increase of pH resulted in a decrease
of the reaction yield (Figure 2.1.1).

The optimal molar substrate to Cu' " ratio range of 5 a 10, proposed by Mertens and co-
workers, was not confirmed using optimisation by experimental design: no interaction between
the latter factors was observed. This discrepancy could be explained by the analysis method.
Indeed, a one-factor-at-a-time analysis does not take into account the interaction between the
fixed factors.

2.1.6. CONCLUSION:

The Cu'"-assisted nucleophilic exchange synthesis of 2-iodo-L-phenylalanine occurs
without changing the stereospecificity and presents an interesting alternative for a cumbersome
multi-step stereospecific synthesis. High yields and radiochemical purities were obtained. The
following conditions are proposed as optimal for the “cold” synthesis of the 2-iodo-L-
phenylalanine precursor from 2-bromo-L-phenylalanine: reaction time of 24hours, reaction
temperature of 180°C, 61mM 2-bromo-L-phenylalanine, 90mM citric acid, 100mM gentisic
acid, 90mM SnSOy,, 48mM CuSO4 and 500 mM Nal.
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2.2 Synthesis, Radiosynthesis and In vitro characterisation of [**1]-2-iodo-L-
phenylalanine in a R1M rhabdomyosarcoma cell model as a new potential
tumour tracer for SPECT.

J. Mertensl3*, V. Kersemansz, M. Bauwensl, C. Joosl, T. Lahouttel, A. Bossuytl, G.
Slegers™.

" Nuclear Medicine Department/BEFY, Vrije Universiteit Brussel, Laarbeeklaan 103,
1090 Brussel, Belgium,

2 Radiopharmacy Department, Universiteit Gent, Harelbekestraat 72, B9000 Gent,
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*Inter University Institute for Radiopharmaceutical Chemistry

Keywords: ['*’I]-2-iodo-L-phenylalanine, Kit preparation, LAT1 transport uptake,
specific tumour tracer, SPECT

Nuclear medicine and Biology 2004; 31:739-746

2.2.1. ABSTRACT

['*°1]-2-iodo-L-phenylalanine, a new radioiodinated phenylalanine analogue was
evaluated as a potential specific tumour tracer for SPECT. The tracer is obtained with an
overall radiochemical yield of at least 98 %, a purity of > 99 % and a specific activity of
11 MBg/mmole in one pot Kit conditions using the Cu " assisted isotopic exchange. The
tracer is evaluated in vitro using R1M rat rabdomyosarcoma cells in HEPES buffer with
and without Na” jons and in MEM buffer. The uptake of ['*°I]-2-iodo-L-phenylalanine
follows a reversible pseudo first order reaction which is the same in presence and absence
of Na" ions, but the compound is not incorporated into the cell-proteins. The reversible
uptake is proven to occur with the same affinity as L-phenylalanine by a saturable
transport system which is competitively inhibited by BCH, a L transport type selective
molecule. Trans-stimulation of the efflux by BCH and typical L transported amino acids
shows that the transporter is of the anti-port type and fulfils all the properties of the LAT1
heterodimer transport system. ['*’I]-2-iodo-L-phenylalanine is thus a phenylalanine
analogue that for the uptake uses for the major part the LAT1 transport system which is
known to be over-expressed in tumour cells. This, together with the easy Kit preparation,
makes ['*I]-2-iodo-L-phenylalanine a promising tumour specific tracer for SPECT.
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2.2.2. INTRODUCTION

[''C]-labelled and [ISF]-labelled L-amino acid analogues show a better tumour
selectivity in comparison to ['*F]-FDG which is considerably taken up in inflammatory
tissue [1,2,3].

Amino acid transport across the cell membrane is mediated via amino acid
transport systems. Among the different amino acid transport systems, the Na'-
independent L-type LAT amino acid transport system 1 (LAT1 system) is a major route
for providing cells with large amino acids including branched or aromatic amino acid
analogues. The LATI1 transport system is a capacitive limited transport system
functioning through a 1:1 anti-port exchange of amino acids [4,5]. The subtype LATI,
covalently bound by a disulfide bridge to the heavy chain type II glycosylated membrane
protein 4F2hc, required for functional surface expression, is highly expressed in
proliferating tissue to support the high-level protein synthesis for continuous growth and
proliferation and shows a broad selectivity for large neutral amino acid analogues like L-
phenylalanine, L-tyrosine [5,6,7] and iodo-alfa-methyl-L-tyrosine [8,9,10]. This amino
acid transport system is heavily up-regulated in tumour tissue and has only a very limited
expression in normal tissue [5]. The over-expression of this type of transport system in
RIM cells was proven by the uptake of [*H]-L-phenylalanine , [*H]-L-tyrosine and of
['*1]-2-iodo-L-tyrosine which occurred for the largest part (> 85 %) by the Na®
independent L system, more specifically the LATI system [11]. The aim of this study is
to characterise in vitro in the same cell model ['*° []-2-10do-L-phenylalanine ([1251]-2-I-L-
Phe), with the bulky iodine atom at the 2-position, as a potential new tracer for tumour
diagnosis with SPECT.

2.2.3. MATERIALS AND METHODS

All the conventional products mentioned were at least analytical or clinical grade.
The solvents were of HPLC quality.

2.2.3.1 Synthesis of the precursor

2-iodo-L-phenylalanine (2-I-L-Phe) was prepared using the Cu'" non-isotopic
exchange method [12,13]. Briefly, in a reaction vial, a 10 ml aqueous solution containing
30.3 mM 2-bromo-L-phenylalanine (Peptech Corp., Burlington, Ma,USA), 4.46 mM
CuSO4 (Merck), 8.9 mM citric acid (Merck), 9.0 mM SnSO4 (Merck), 10.7 mM gentisic
acid (Merck) and 44.5 mM Nal (Merck) was added. The solution is flushed with N, for
10 minutes and heated at 160 °C for 16 hours under N, atmosphere. After centrifugation
the solution containing the product was transferred to a new flask and the water was
evaporated. After reuptake in an appropriate volume of mobile phase, purification was
performed by HPLC using a 7 um Hibar Lichrosorb RP-select column (250 x 25 pm) and
20/ 80 MeOH (Merck)/ H20 containing 1 mM NHsAc (Merck) (pH 5.5, A = 261 nm) at
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13 ml/min. Further purification was performed by repeated dissolving of the remaining
precipitate in MeOH coupled to evaporation of the MeOH fraction.

2.2.3.2. Radiochemistry

['*1]-2-iodo-L-phenylalanine (['*’I]-2-I-L-Phe) was prepared using the Cu'’
assisted Kit preparation method [12,13]. In a 1 ml septum-closed vial, 28 pl of a
CuS04.5H,0 (Merck) solution (1.3x10™® mol/ul) was added to a mixture of 2-I-L-Phe (1
mg), SnSO4 (0.5 mg), gentisic acid (Merck) (1.25 mg) and citric acid (Merck) (2.5 mg) in
500 pl H>O. This solution was flushed with N, for 10 minutes. 37 MBq Carrier-free
sodium ['*’I] iodide in 10% M NaOH (Bristol-Meyers Squibb Pharma, Belgium) was
added. The reaction vial placed in a septum-closed closed safety container was heated at
100 °C during 60 minutes. The reaction mixture followed by 500 ul of a 71 mM Nas-
citrate solution was passed through a sterile 0.22 um Ag-membrane filter (Millipore).

2.2.3.3. Quality Control

Quality control of 2-I-L-Phe and the radioiodinated analogue was achieved by
HPLC, using a C8-column (LichrosPher 100RP8 (5 um), Lichrocart 125-4) and 10/90
MeOH/H,0O (v/v) containing 1 mM NH4Ac as mobile phase at 1.0 ml /minute while
monitoring UV absorption (Shimadsu UV detector, 280 nm) and radioactivity (Nal-
detector).

Chiral chromatography was performed on a Sum Chirobiotic T (Astec) column (150 mm
x 4.6 mm) using 80/20 Methanol/H,O (v/v) containing 20 mM ammonium acetate at a
flow of 1 mL/ minute. In these conditions a complete separation of the chiral isomers was
obtained.

The capacity values (k’) of L-2-I-Phe and D-2-I-Phe were 2.7 and 3.8, respectively.

2.2.3.4. Cell model
2.2.3.4.1. Cell cultures

RIM rhabdomyosarcoma cells (VUB) were cultivated in cell culture flasks
(NUNC) at 37 °C and a 5% CO, atmosphere in MEM (Minimum Essential Medium with
Earl’s salts and with L-glutamine) (Invitrogen) in the presence of 10 % (v/v) Foetal
Bovine Serum (FBS) (Invitrogen), 100 IU/mL Penicilline (Invitrogen) and 100pg/mL
Streptomycine (Invitrogen). For in vitro experiments cells were cultivated in 6-well-
plates (NUNC) for 2 days until adhesive mono-layers, containing about 4 (£ 0.2) million
cells per well were obtained.
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2.2.3.4.2. In vitro evaluation

All in vitro experiments were carried out in 6-well-plates, using three wells for
each data-point. Influx and efflux were studied both in a Na" containing buffer (HEPES+
(Sigma), 100 mM NaCl (Merck), 2 mM KCI (Sigma), 1 mM MgCl, (Merck), | mM
CaCl, (Merck), 10 mM Hepes (Sigma), S mM Tris (Merck), 1 g/LL glucose (Merck) and 1
g/L Bovine Serum Albumine (Sigma), pH = 7,4), a Na' free buffer (HEPES-, 100 mM
Choline-Cl (Sigma), 2 mM KCI, 1 mM MgCl,,1 mM CaCl,, 10 mM Hepes, 5 mM Tris, 1
g/L glucose and 1 g/ Bovine Serum Albumin, pH = 7,4) and MEM buffer (pH 7.2,
containing essential and non essential amino acids of which 1.2 mM of amino acids
known to be transported by the L transport system). The process was terminated by
physical withdrawal of the buffer and washing three times with ice-cold phosphate-
buffered saline (PBS). Subsequently, the cells were detached from the well with 2 mL of
0, 1 M NaOH. The radioactivity of the samples was counted using a gamma-counting-
system (Cobra-inspector 5003, Canberra Packard, Meriden, CT, USA).

This cell model was already used for the evaluation of several radioiodinated
amino acids which were later on tested in vivo in tumour bearing rats. It was shown that
the in vitro uptake results could accurately predict the uptake obtained later in vivo in
rodents. [14,15].

2.2.3.4.3. Time and concentration dependency

The cells were incubated for times ranging from 1 to 20 minutes in 1 ml of 0.1
mM 2-I-L-Phe in HEPES+ and HEPES- or MEM containing 37 KBq ['*’I]-2-I-L-Phe.
[*H]-L-phenylalanine (Amersham Biosciences) or [H]-L-tyrosine (Perkin Elm,
Canberra) were used as reference products. Saturation of the uptake was measured at 15
min with concentrations of 2-I-L-Phe varying from 0.01 to 0.2 mM. The data were fit to
the Michaelis-Menten relation and the K, apparent, Vmax and K; values were calculated from
Eady-Hofstee and Hanes-Woolf and Lineweaver-Burk (LWB) plots. “Ku apparent” 1S the
combination of the K, values related to the transport system(s) involved.

2.2.3.4.4. Inhibition of [**°1]-2-1-L-Phe influx

In these inhibition experiments the cells were incubated with 37 KBq ['*°I]-2-I-L-
Phe for 15 minutes in HEPES+ and HEPES- buffer supplemented with 5 mM L-
phenylalanine or BCH (2-Amino-2-norbornane-carboxylic acid). LWB plots were used
for the calculation of Ki.

2.2.3.4.5. Trans- stimulation of ['?°1]-2-1-L-Phe efflux

The cells were incubated with 37 KBq ['%1]-2-1-L-Phe for 15 minutes in HEPES+
and HEPES- buffer. The incubation medium was removed and the cells were washed
three times with ice-cold PBS. Subsequently HEPES buffer containing 5 mM L-
phenylalanine or SmM BCH or MEM buffer was added. The efflux medium was
removed after 20 minutes; the cells were washed three times with ice-cold PBS, detached
with 0.1 M NaOH, suspended and counted.
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2.2.3.4.6. Incorporation into cell proteins

The cells were incubated with the radioactive amino acid for a period ranging
from 15 minutes up to 18 hours in MEM under constant CO, partial pressure (5%) using
the GENBOX system. After removal of the radioactive solution, the cells were submitted
twice to efflux conditions in fresh MEM solution and washed with ice cold PBS buffer.
Precipitation of proteins was performed by adding 2 mL of 20 % trichloroacetic acid,
intense mixing (vortex) followed by cooling during 30 minutes at 0 °C. After two times
of repeated centrifugation and washing, 2 ml of 0.1 M NaOH was added and radioactivity
was counted.

2.2.4. RESULTS

2.2.4.1. Chemistry and radiochemistry

The mean yield of the precursor-synthesis of 2-I-L-Phe under the applied
experimental conditions was 65 %. Chiral chromatography showed that the reaction
conditions involved did not induce chiral modification leading to the formation of 2-iodo-
D-phenylalanine

The labelling yield in Kit conditions was at least 98 %. The final product showed
a radiochemical purity of > 99 %. The specific activity was 10.9 GBg/mmol. Chiral
chromatography showed that no chiral modification occurred during labelling leading to
the formation of ['*’I]-2-iodo-D-phenylalanine. The product was stored at 4 °C. HPLC
analysis during the long time course of the experiments revealed the quality of the
preparation to be stable for at least a month. After that period a few percent of free
radioiodide was observed. This was quantitatively removed by passing the solution
through a sterile 0.22 um Ag-membrane filter (Millipore). ['*’I]-2-I-L-Phe also remained
stable in the “cell model” conditions.

2.2.4.2. In vitro evaluation
2.2.4.2.1. Kinetic model

The change of radioactivity (*AA) inside the cells reflects the change of specific
activity of the "tracer amino acid" as related to the transported amino acids inside and
outside the cells using the same transport system(s) as the radioactive amino acid
analogue.

The uptake of radioactivity (*AA,t)i, as a function of time for cells in equilibrium
with the medium shows a rectangular hyperbolic shape reaching an equilibrium
(*AA.eqQ)in.

The “uptake as function of the time” kinetics can be represented by:
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1/(*AA¢)in = 1/(*AAeq) in T [tin/( *AAeq )in] 1/t (l)

The velocity at initial conditions with t <<t j; is
VO = [d(AAt=0,in) /dt] t=0 ~ *AAeq,in/ t1/2 (2)
= 1/*AAeq + (1/Vo) 1/t 3

It allows an accurate estimation of V from a 3 points uptake - time curve around t; .
The time kinetics equation for a reversible first order reaction is given by:
*(AA)in / (*AAcq)in = 1-¢ Kt with  Kg=k influx + k efflux 4)

Applying series expansion and assuming that Kgt >>> (Kgt)* equation (4) can be
approximated by:

“(AA)in / (*AAeg)in = V(*AAcgin + [1/(*AAcg)in - Kr] 1/t (5)

The reversible exchange of *AA, ruled by an anti-port transport system (see
transport type characteristics), represented by the rectangular hyperbole, can be assumed
theoretically to behave as a reversible pseudo first order reaction.

In equations (1) and (5) [*AA{in and [*AAc]in reflect the specific activity
respectively related to the amount of free neutral amino acid exchanged and the amount
present in the tumour cells.

At equilibrium, per unit of volume:

[*AAi7eq /X xi. l’l’lAAi]out = [*AAi,eq /2xi . mAA]in (6)
with: - m amount in moles in outer (out) compartment or in the cells (in)
- 2 ki . mAAi representing all the amino acids using the same transport
system(s) and «i their relative Km values (for the LAT anti-porter
system it is assumed that [ki]i, # [Ki]ou [7]) -

Equation (6) shows that as long as the amount of tracer is negligible as compared
to the amount of natural amino acids using the same transport system(s), there is no need
for extremely high specific activity.
2.2.4.2.2. Uptake-time kinetics

The uptake of ['*’I]-2-I-L-Phe/2-I-L-Phe increases with time following a

hyperbole to reach an equilibrium value of 4.5 * 0.2% per million cells up from 15
minutes (Figure 2.2.1).
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FIGURE 2.2.1: Uptake of [***]-2-1-L-Phe/ 2-1-L-Phe as function of time in different buffer systems.
Calculated time course based on mean data from HEPES and HEPES®. Data expressed as mean *
SD (n =3).
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When plotting 1/(*AAy)ix as a function of 1/t for the uptake of 2-['*°I]-L-Phe the same
linear relationship (R* > 0.97) was obtained in both buffer systems (Figure 2.2.2).
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FIGURE 2.2.2: Uptake of [**1]-2-1-L-Phe/2-1-L-Phe: plot of 1/(*AA) i» as function of 1/t. Data are
expressed as mean + SD (n=3).

0.7

0.6 -

0.5

o
S
|

1/uptake (1/%)

o
w

O HEPES-

0.2 4 B HEPES+

0.1

0 0.2 0.4 0.6 0.8 1 1.2
1/time (1/min)

The results obtained when applying equations (1) and (3) are represented in Table 2.2.1.

TABLE 2.2.1: Calculated kinetic parameter values applying equations (1), (3) and (5).

Vo ty2. hyperbole | (*AAeqQ)in ty: rev.1% order
(% uptake/minute) (minutes) (% uptake) (minutes)
HEPES+ 2.6 1.82 4.76 2.6
HEPES- 2.6 1.80 4.74 2.6

Figure 2.2.1 shows that the theoretical time course hyperbole calculated from these
values fits the experimental data. The uptake kinetics of ['%]]-2-1-L-Phe are the same as
the short time kinetics (up to 15 minutes) obtained for [°’H]-L-phenylalanine ( [*AAin]eq =
4.8 % per million of cells and t;, = 1.9 minutes). The uptake of ['#1]-2-1-L-Phe in MEM
is lower in comparison to the uptake in HEPES™ and HEPES".

In figure 2.2.3, the linear relation between Ln{( [*AAcqlin —[*AAdin) / *AAcqin}
and the time shows that the apparent capacitively limited uptake, represented by the

rectangular hyperbole, can be approached by a reversible pseudo first order reaction
(equation (6)).
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FIGURE 2.2.3: Uptake of [**I]-L-2-1-Phe as function of time: Pseudo reversible first order fit. Data
expressed as individual points.
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2.2.4.2.3. Concentration depending kinetics

The uptake at the 15 minutes time point (exchange rate at equilibrium) of ['*°1]-2-
I-L-Phe/2-I-L-Phe for concentrations ranging from 0.1 to 2 mM in HEPES+ was
measured. The uptake as a function of concentration is saturable and follows the
Michaelis-Menten relation (Fig 2.2.4).
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FIGURE 2.2.4: Uptake of [***1]-2-1-L-he2-1-L-Phe in HEPES+: Michaelis-Menten plot. Data: mean =+
SD (n=3). Calculated curve based on generated K., and V., data.
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The related Eady-Hofstee (Fig. 2.2.5) shows a single substrate — transport system
interaction. The resulting apparent Km value is 46 uM and is comparable to these of
[3H]—L—tyrosine (Km: 39 pM) and [3H]—L—phenylalanine (Km: 55 puM) in the same
conditions. The calculated simulation using the experimental Km ;pparent and Vmax values
fits the experimental curve completely (R*>0.97) (Fig. 2.2.4).
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FIGURE 2.2.5: Uptake of [***1]-2-1-L-Phe/2-1-L-Phe in HEPES+: Eady-Hofstee plot. Data: mean +
SD (n = 3).
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3.4.2.4. Transport Type Characterisation

The uptake of ['*°’I]-2-I-L-Phe was reduced to 15 % of the original value by the
presence of 5 mM BCH, and to 3 % by 5 mM L-phenylalanine in both  HEPES- and
HEPES+. Moreover, the inhibition of ['*I]-2-I-L-Phe uptake by BCH, phenylalanine and
tyrosine was competitive as revealed from a double-reciprocal Lineweaver-Burk plot
showing different lines for different concentrations of inhibiting compound with different
slopes but the same intercept on the I/mass-uptake axis. Inhibition of *H-L-
phenylalanine/L-phenylalanine concentration dependent uptake by 2-I-L-Phe related
Lineweaver-Burk plots also showed a typical competitive inhibition pattern (Fig. 2.2.6)
resulting in an apparent Ki value of 57 uM for 2-1-L-Phe.
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FIGURE 2.2.6: Inhibition of the uptake of 3H-L-phenylalanine/L-phenylalanine (lower) by 2-1-L-Phe
(upper): Lineweaver- Burk plots. Data are expressed as mean + SD (n=3).
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3.4.2.5. Protein incorporation paradigm

['*1]-2-I-L-Phe is not significantly (< 1% of the uptake) incorporated into the
R1IM cell proteins. A slight apparent accumulation after repeated stimulated effluxes in
MEM can be explained by the fact that the huge excess of natural amino acids inside the
cell compete for transport with ['*’I]-2-I-L-Phe resulting in an apparent bounded aspect.

Fig. 2.2.7 shows the total uptake as well as the incorporated fraction of [*H]-L-
phenylalanine in R1M cells as function of time.
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FIGURE 2.2.7: Uptake (upper curve) and incorporation (lower curve) of [3H]-L-phenylalanine/ L-
phenylalanine as function of time. Data are expressed as mean = SD (n = 3).
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It indicates that the incorporation rate in vitro is very much slower (0.03 %/min.)
than the short time reversible uptake kinetics (2.6 % / min.) and that incorporation
follows a pseudo zero order reaction pattern. Both linear parts of the time related curves,
representing respectively the total uptake (upper) and the incorporation fraction (lower),
show the same slope up from 20 minutes.

2.2.5. DISCUSSION

Amino acid transport across the cell membrane is mediated via amino acid transport
systems. Among the different amino acid transport systems, the Na'-independent L-type
LAT amino acid transport system 1 (LAT1 system) is a major route for providing cells
with large amino acids including branched or aromatic amino acid analogues. This amino
acid transport system is heavily up-regulated in tumour tissue and has only a very limited
expression in normal tissue [5]. In view of the latter characteristics, ['*’I]-2-I-L-Phe was
developed as a potential tumour tracer for SPECT.

There is no significant difference between the uptake patterns of ['>°1]-2-I-L-Phe
in presence of 0.1 mM 2-I-L-Phe in HEPES+ and HEPES- (Fig. 2.2.1 and Table 2.2.1).
The inverse relationship between *AA, and time revealed the same linear straight line (R*
> 0.97) both buffer systems (Fig. 2.2.2) meaning that in the two buffer systems 2-I-L-Phe
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is transported by the same transport system. However, the uptake of ['%1]-2-1-L-Phe in
MEM is lower in comparison to the uptake in HEPES™ and HEPES". This could be due to
the competition of other natural amino acids. MEM mimics in vivo conditions in blood
and contains about 1.2 mM amino acids which are known to be transported by the L
transport system.

The uptake of ['*I]-2-I-L-Phe was reduced to 15 % of the original value by the
presence of the specific inhibitor of L transport system BCH, and to 3 % by the native L-
phenylalanine in both HEPES- and HEPES+. This points to the fact that the major part
of the uptake is ruled by the same transport system belonging to the L type. Moreover,
the competitively ['*°1]-2-I-L-Phe uptake inhibition BCH, phenylalanine and tyrosine as
revealed from a double-reciprocal Lineweaver-Burk plot proves that radioiodinated 2-I-
L-Phe shows a high affinity for the transport system involved.

The fact that the stimulated efflux in HEPES+ and HEPES- buffer in presence of
5 mM L-Phe or 5 mM BCH amounted to about 80 % of the initial uptake while in
absence of amino acids this was limited to < 10%, points to an anti-port transport system.
This means that the uptake occurs through obligatory exchange by a parallel functioning
unidirectional transport system which transports specifically BCH. The transport system
type that fulfils all these properties is the LAT1 heterodimer transport system [4,5,6,7 ].
2-1-L-Phe is thus a phenylalanine analogue that for the major part uses this LATI1
transport system for reversible exchange in the R1M cell model.

Protein incorporation studies indicate that the incorporation rate in vitro is much
slower than the short time reversible uptake kinetics. This means that the uptake in the
growing cells by a reversible exchanging mechanism (equation (6)) remains constant and
that the LAT coupled influx of radioactivity is directly related to the requirement of
amino acids for protein synthesis or the cell metabolism. Related to equations (1) and (6)
the uptake at equilibrium of ['*’I]-2-I-L-Phe, even not incorporated into the proteins,
reflects the total “amino acid turn-over” of the tumour cells. Several authors [16]
presumed that radioactive labelled amino acid analogues could only be useful as an
appropriate tracer for emission tomography when they are recognised by the natural
amino acid related t-RNA and incorporated into the cell proteins. More recent articles
about the application of '*I, ''C and "F labelled amino acids in vivo in humans
[14,17,18 ] proved that the increased uptake, due to over-expression of amino acid
transporters, was directly related to the metabolic requirements of the tumour cells.

2.2.6. CONCLUSION

A new promising tumour specific tracer for SPECT is proposed. Radioiodinated 2-1-L-
Phe can be obtained with an almost quantitative yield in a one-pot Kit preparation. This
tracer is shown to be taken up in a high amount using the LAT1 transport system which is
over-expressed in the major part of cancer cells.
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2.3.1. ABSTRACT

The application of ['*’I]-3-Iodo-o-methyltyrosine is limited to diagnosis of brain

tumours due to its marked long term uptake in kidneys. In vitro evaluation of ['*I]-2-iodo-L-
phenylalanine showed high uptake in R1M cells by LAT1 transport. This study evaluates
[1231]-2-i0d0-L-pheny1alanine as a new specific tumour tracer for SPECT. Methods: [123/ 12571-
2-iodo-L-phenylalanine is prepared as a one pot Kit using the Cu'"-assisted isotopic exchange
method. The characteristics of ['*’I]-2-iodo-L-phenylalanine were examined in vivo in RIM
tumour bearing athymic mice and in acute inflammation bearing NMRI mice. The uptake of
['#¥1%°]]-2-i0do-L-phenylalanine in tumour and other organs of interest were measured by
dynamic planar imaging (DPI) and gamma counting after dissection. Displacement of ['**I]-2-
iodo-L-phenylalanine radioactivity by L-phenylalanine, L-methionine and L-cysteine was
measured. ['*’I]-Todo-HSA planar imaging was performed to correct for bloodpool activity and
MRI to delineate the tumour in DPI. ['*F]-FDG uptake was measured with an animal PET.
['%1]-2-iodo-L-phenylalanine and ['*F]-FDG uptake in inflamed muscle were compared.
Results: ['**''*°1]-2-iodo-L-phenylalanine showed a high and fast tumour uptake and followed
a reversible first order pattern allowing to calculate t;; and tr (time to reach equilibrium). Net
tumour-to-background ratios up to 6.7 at 60 min were obtained. This radioactivity was
significantly displaced by L-phenylalanine, L-methionine and L-cysteine pointing to reversible
LAT transport. When plotting tg of the tumour uptake as a function of tumour volume, a
rectangular hyperbolic curve was obtained. The almost constant tg values at higher tumour
volumes (> 4ml) could be linked to increased necrotic tissue. Fast blood clearance of the tracer
through the kidneys to the bladder and low tracer activity in abdomen and brain was observed.
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The inflamed muscle showed only a slight increase of ['*’I]-2-iodo-L-phenylalanine
uptake (inflammation to background ratio RIB=1.30+0.02), in contrast to the high ['"*F]-FDG
uptake (RIB=11.1+1.7). The in vivo stability of ['**'*’I]-2-iodo-L-phenylalanine was good:
only 7% of free radioiodide and no other labelled metabolites were observed after 90 min.
Conclusions: ['*'*I]-2-iodo-L-phenylalanine is quickly taken up by the overexpressed
LATI1-system in RIM tumours with high tumour specificity. The availability of a Kit and the
specificity of the tracer make ['*’I]-2-iodo-L-phenylalanine a promising tool for oncologic
SPECT imaging.

2.3.2 INTRODUCTION

Both amino acid transport across the cell membrane and protein synthesis rate are early
features of malignant transformation. A and L type amino acid transport have been shown to be
increased in tumour cells relative to normal tissue and these transport systems have been the
major focus of the development of amino acid tumour tracers for oncologic imaging (1,2).

At present, [1231]-3-Iodo-(x-methyltyrosine is the only routinely used amino acid tracer
for Single Photon Emission Computed Tomography (SPECT) tumour diagnosis. This tracer
has major advantages in comparison to '°F-Fluorodeoxyglucose ('*F-FDG) such as high and
fast tumour uptake and rather low uptake in grey matter and inflammatory lesions. However,
its marked long term renal accumulation limits its use for oncologic imaging outside the brain
(2-5). Recently, other L-system transported radiolabelled amino acids for SPECT have been
developed and evaluated to overcome this problem: 2-iodo-L-tyrosine (6), 4-iodo-L-
phenylalanine (7) and 2-iodo-L-phenylalanine. The latter was developed in our research group
and showed high accumulation in vitro by L type amino acid transport (more specific LAT1) in
RIM (rabdomyosarcoma) tumour cells without incorporation in the cell proteins (8). Recent
articles proved that incorporation of radiolabelled amino acids is not necessary and that the
increased uptake is directly related to the metabolic requirements of the tumour cells (8).
Therefore we evaluated in vivo in rodent ['*’I]-2-iodo-L-phenylalanine as a potential SPECT
tracer to detect brain as well as periphery tumours.

2.3.3 MATERIALS AND METHODS

All the conventional products mentioned were at least analytical or clinical grade and
obtained from Sigma-Aldrich. The solvents were of HPLC quality (Chemlab, Belgium).

2.3.3.1. Synthesis of Precursor 2-iodo-L-phenylalanine

2-iodo-L-phenylalanine was prepared from 2-bromo-L-phenylalanine (PepTech Corp,
USA) using the Cu'" assisted nucleophilic exchange under acidic and reducing conditions
(30.3 mM 2-bromo-L-phenylalanine, 4.4 mM CuSQy4, 8.9 mM citric acid, 9.0 mM SnSOy, 10.7
mM gentisic acid, 44.5 mM Nal) at 160°C for 16 hours (9). 2-iodo-L-phenylalanine and 2-
bromo-L-phenylalanine were recovered separately from RP-HPLC separation (Hibar
Lichrosorb RP-select 7um; A = 261 nm; Merck, Belgium) with 20/80 MeOH/H,0O containing
ImM NH4Ac (pH 5.5, 13 ml/min) and 2-iodo-L-phenylalanine was purified from methanol by
evaporation. Identification and quality control was achieved by NMR, LC-MS, TLC and
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HPLC. Chiral chromatography (5 pum Chirobiotic T, 150 x 4.6 mm; Astec) with 20/80
MeOH/H,0 containing 20 mM NHsAc (pH 5.5, 1 ml/min) was used to check chiral
modification to 2-iodo-D-phenylalanine.

2.3.3.2. Radiochemistry
2.3.3.2.1. [*®1/**1]-2-iodo-L-phenylalanine.

Radioiodination with '*I (222 MBgq; 10 — 20 pl) or 11 (37 MBgq; 10ul) (Nordion
Europe, Belgium) of 1.0 mg 2-iodo-L-phenylalanine was performed by Cu'" assisted isotopic
exchange (9) under acidic and reducing conditions (0.2 mg CuSOs, 2.5 mg citric acid, 0.5 mg
SnSOy4, 1.3 mg gentisic acid in 565 pl; 60 min at 100°C). The reaction mixture was drawn up
in a syringe containing the appropriate amount of “make-up solution” (Tri-sodium Citrate
dihydrate, 71 mM) to render the solution isotonic and to adjust the pH to at least 4. The
reaction mixture was sent through a 0.22 pm Ag-filter (Millipore, Belgium) and a sterile 0.22
um filter (Millipore, Belgium) into a sterile vacuum penicillin vial to remove the free '*/'*°I",
Identification and quality control was achieved by HPLC and Sep-pak C18 (Waters, Belgium).
Chiral chromatography was used to check the absence of 2-iodo-D-phenylalanine.

2.3.3.2.2. [*®*1]-iodo-Human Serum Albumin.

Radioiodination of Human Serum Albumin (HSA) with '**I (Nordion Europe, Belgium)
was performed by electrophilic substitution using the Iodogen technique. Iodogen (1, 3, 4, 6-
tetrachloro-3a,, 6a-diphenylglycouracil; Pierce, Belgium) was coated on the wall of
polypropylene vials using 70 pg of Iodogen per 200 pl of chloroform per vial. The solvent was
evaporated by airflow at room temperature. In the Todogen vial, the '*’T (111 MBq) solution
was added to HSA (50 pg) in 140 pl 0.1 M potassium phosphate buffer at pH 8.5. After 15 min
at room temperature the mixture was removed from the lodogen coated vial to stop the reaction
and was sent through a 0.22 um Ag-filter to remove the free '*’I" from ['*’I]-iodo-HSA. The
specific activity was 1.5 10° GBg/mmol. Quality control was achieved using a standard
prepacked PD-10 SEC column (Size Exclusion Chromatography, Amersham Pharmacia
Biotech, Sweden) using PBS/HSA as the eluting agent.

2.3.3.3. In Vivo Experiments
2.3.3.3.1. Laboratory Animals.

Water and food was freely available during the experimental period.

For the tumour model, male SWISS~nu/nu mice (n=33) (Bioservices, The Netherlands)
were injected subcutaneously in the right flank (armpit region) with 5.10° RIM
rabdomyosarcoma cells. Tumours were grown and normal tumour growth curves were
obtained using sliding caliper measurement and the estimate volume formula V = 0.4 a’b, a
and b being the short and the long axis of the tumour respectively (10). Imaging experiments
with [1231]-2-iod0-L-pheny1alanine, ['*1]-iodo-HSA and "F-FDG and dissection experiments
with ['*I]-2-iodo-L-phenylalanine were performed.

For the inflammation model, male NMRI mice (n=9) (in house breeding program) were
injected in the right biceps brachii with 25 ul of turpentine. Imaging (['*I]-2-iodo-L-
phenylalanine, ['*1]-iodo-HSA and 'SF-FDG) and dissection (['*’1]-2-iodo-L-phenylalanine
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and '"F-FDG) experiments with the inflamed mice were performed 24 hours after
turpentine injection.

During all imaging experiments, the animals were anesthetized intraperitoneal (IP) with
75 pl (1.5 mg) of solution containing 20 mg pentobarbital per ml (Nembutal, 60 mg/ml, Ceva
Santé Animale, Belgium). For the biodistribution experiments by dissection, the animals were
killed without sedation by cervical dislocation and the organs of interest were dissected.

All tracers (['*"'*°I]-2-iodo-L-phenylalanine, "F-FDG and ['*’I]-iodo-HSA) were
injected intravenously (IV) in the lateral tail vein. The study protocol was approved by the
ethical committee for animal studies of our institution. Guidelines of the National Institute of
Health principles of laboratory animal care (NIH publication 86-23, revised 1985) were
followed.

2.3.3.3.2. Dynamic Planar Imaging (DPI).

Imaging was performed using a gamma camera (Toshiba GCA-9300A/hg) in planar
mode equipped with a high-resolution parallel-hole collimator. All images were acquired into
128 x 128 matrices (FOV: 23.5 x 12.46 cm) and with a photopeak window set at 15 % around
159 keV. Together with the animals, a syringe with a known amount of radioactivity was
scanned, to allow the semi-quantification of the results of the ROI analysis. The ROIs were
drawn using a MRI maximum intensity projection (MIP) (10). The ROI of the heart was used
as a measure for bloodpool activity. Due to partial volume effects, the measured bloodpool
data will be overestimated (11). The injected activity (IA) was calculated as the amount of
radioactivity in the syringe before and after injection (Capintec CRC-15R, Ramsey, NJ, USA).
The tracer uptake was expressed as the percentage 1A per Pixel (%IA/P).

At first, a ['?I-HSA study was performed to measure the relative bloodpool
distribution to correct the uptake of ['*I]-2-iodo-L-phenylalanine in the tumour and the
inflammation area as well as the rest of the animal for bloodpool activity. Ten tumour bearing
mice and 3 acute inflammation bearing mice were injected with 7.4 MBq ['*I]-HSA. Ten
dynamic planar images of 1 min were acquired 10 min after injection. ROIs were drawn
around the tumour or inflammation area and the contralateral background area. The tumour to
contralateral background (RTB) and inflammation to contralateral background (RIB) ratios
were calculated and the mean for all animals was determined.

The DPI experiments with ['*I]-2-iodo-L-phenylalanine (figure 2.3.1) were started
when the tumour reached a volume of 0.30 cm’. Thirty tumour bearing mice were followed up
with the new tracer until the tumour reached a volume of 5.00 cm’.
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FIGURE 2.3.1: Scheme of planar imaging procedure. a: static acquisition to determine background

radiation; b: dynamic planar imaging to determine plateau phase (equilibrium) for [***I]-2-iodo-L-
phenylalanine uptake; c: dynamic planar imaging to determine displacement of [***1]-2-iodo-L-
phenylalanine radioactivity with L-phenylalanine, L-methionine or L-cysteine; d: injection of [***I]-2-iodo-
L-phenylalanine at 0 min; e: injection of L-phenylalanine, L-methionine or L-cysteine at 10 min.

e
a Dynamic 2-°|-L-Phe steady state (b} Dynamic 2-*|-L-Phe displacement (c)
90 images; total scan time 31.3 min 90 images of 30 s; total scan time: 45 min
48x10s 28x20s 14x60 s

DPI was started immediately after injection of 18.5 MBq ['**I]-2-iodo-L-phenylalanine.
First, the steady state of tracer uptake in the tumour was determined. Second, at steady state a
displacement study with L-phenylalanine, L-methionine and L-cysteine, which all use the L-
type transport system (12) was performed. For the displacement study, 200 pl of a 145 mM
amino acid solution was IV injected in the lateral tail vein.
ROIs were drawn around the tumour, the contralateral background area, the right kidney, the
heart, the pancreas, the brain, the thyroid and the total body. In the case of the inflammation
model, the ROI for the tumour was replaced by the ROI for the inflammation site. Due to
superposition of the pancreas with other organs such as left kidney and stomach, the results
will be overestimated, especially during the beginning of the DPI scan.
Tumour ['*I]-2-iodo-L-phenylalanine uptake was compared to the uptake in the contralateral
background area and RTB calculated. The significance of displacement of ['*’I]-2-iodo-L-
phenylalanine activity by the above mentioned amino acids was calculated for a 95 %
confidential interval.
The ['*’1]-2-iodo-L-phenylalanine tumour uptake as a function of time, obtained from DPI
experiments, were fit to a pseudo first order model. The kinetic parameters t;/, time-to-reach-
equilibrium (tgr) and theoretical equilibrium for tumour tracer uptake were determined. The
latter as well as the pseudo first order fitting were performed in parallel to the in vitro
experiments performed by Mertens J et al. (8). The relationship tumour volume as a function of
tr was examined, non linear regression was performed and a theoretical rectangular hyperbole
was calculated.
In case of the inflammation model, the uptake of [ “’I]-2-iodo-L-phenylalanine in the
inflammation area was compared to the contralateral background area and the RIB was
calculated.
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2.3.3.3.3. )F-FDG Animal PET Imaging.

PET imaging was performed with a high sensitivity animal PET-scanner (VUB-PET,
resolution 3 — 4 mm) (13). Three NMRI mice bearing an acute inflammation and 3 RIM
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bearing athymic mice were injected with 18.5 MBq of '*F-FDG. Fifteen minutes post
injection, one time frame of 15 min was acquired. The images were reconstructed using
Fourier rebinning and 2D OSEM (13). The images produced had a matrix size of 128 x 128 x
19.
VOIs were drawn around the tumour (or inflammation site) using a MRI image. The
VOI for the tumour was horizontally mirrored to create the contralateral background VOI. The
values are expressed as counts per voxel and the ratios tumour to background (RTB) and
inflammation to background (RIB) were calculated.

2.3.3.3.4. Magnetic resonance imaging (MRI)

The tumour bearing animals were anaesthetized as mentioned above. After sedation, the
animals were placed in a specially designed restrainer box in which sterile conditions could be
retained. 3D Dess-weighted images, being hybrid T1-T2 weighted images, were generated on a
1 Tesla whole-body system (Magnetom SP; Siemens, Erlangen, Germany) (10). The animals
were scanned two at a time using a small surface flex coil.

2.3.3.3.5. Dissection: Biodistribution Of [*#1]-2-iodo-L-phenylalanine.

The IA was calculated by weighing the syringes before and after injection of the tracer
and by the use of a dilution series of the injected tracer solution which was also weighed and
counted for radioactivity using the auto gamma-counting system (Cobrall Series, Canberra
Packard, Meriden, CT, USA Cobra).

Thirty RIM bearing athymic mice were injected with 7.4 kBq ['*’I]-2-iodo-L-
phenylalanine, six days after the last imaging experiment was performed. At various time
points (2, 30, 45, 60 and 180 min) post injection 6 animals per time point were sacrificed. The
organs and tissues were removed, washed and weighted. The blood was collected in an EDTA
coated vial. The radioactivity of the samples was counted by use of an auto gamma-counting
system (Cobrall Series, Canberra Packard, Meriden, CT, USA Cobra). The amount of
radioactivity in the organs and tissues was calculated as the differential absorption rate (DAR):
[(%IA/ g)tumour]/ [(%IA/ g)total body] .

Inflammation bearing NMRI mice (n=3) were injected with 7.4 kBq of ['*’I]-2-iodo-L-
phenylalanine together with 16 MBq of '*F-FDG through the lateral tail vein. After 30 min, the
mice were sacrificed and organs and tissues were removed, washed and weighted. Muscle
tissue was collected from the inflamed left leg and the non-inflamed right leg. The '°F activity
was counted on day 1 and the '*T activity in the same samples was counted three days later.
The amount of radioactivity in the organs and tissues was calculated as DAR.

2.3.3.3.6. Metabolization Study:
In vivo stability of ['*’I]-2-iodo-L-phenylalanine. The blood, collected in the tumour
model biodistribution study, was used for a metabolization study of ['*’I]-2-iodo-L-
phenylalanine as a function of time. Five hundred microlitres of blood was centrifuged at 1800
g for 10 min and the supernatant (plasma) was removed from the pellet. First, 200 ul of plasma
was diluted three times with 9 %o NaCl. Second, 200 pl of this “plasma — NaCl — solution” was
added to the same volume of 20 % Trichloroacetic acid to denaturize the protein content. After
5 min centrifugation at 1800 g, the supernatant was collected and filtered with a 0.22 pum filter.
The samples were analysed on RP-HPLC (C18 Hypersil BDS, 5 pm, 250 x 46 mm; A = 254
nm) (Alltech, Belgium) with 20/80 MeOH/H,O containing ImM NHsAc (pH 5.5, 1 ml/min)
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and fractions of 0.5 ml were collected and counted by use of a gamma counting system
(Cobrall Series, Canberra Packard, Meriden, CT, USA Cobra).

To determine the influence of EDTA on the formation of ['*°I]-2-iodo-L-phenylalanine
metabolites, 2 control experiments were performed. First, 7.4 kBq of ['*I]-2-iodo-L-
phenylalanine was added to an EDTA coated vial and treated identical to the blood samples.
Secondly, mouse blood was recovered from a wild type NMRI mouse and 7.4 kBq of ['*I]-2-
iodo-L-phenylalanine was added. After 90 min of incubation at 37°C, the sample was treated
as mentioned above.

2.3.4. RESULTS

2.3.4.1. Synthesis And Radiolabeling of 2-iodo-L-phenylalanine

Yields up to 65 % were obtained under the applied reaction conditions for the presursor
synthesis of 2-iodo-L-phenylalanine from 2-bromo-L-phenylalanine using the Cu'" assisted
nucleophilic exchange method.

Radioiodination of 2-iodo-L-phenylalanine by Cu'® assisted isotopic exchange,
followed by Ag-membrane filtration, resulted in a radiochemical purity of > 99% and a specific
activity of 65 GBg/mmol ([1231]—1abeling) and 11 GBg/mmol ([1251]—1abeling).

In both cases, it was shown by chiral HPLC that there was no detectable amount of D
analogues.

2.3.4.2. In Vivo Results
2.3.4.2.1. In Vivo Stability Of [***I]-2-iodo-L-phenylalanine.

HPLC analysis of the mouse blood showed a dehalogenation of 7.3 % of ['*’I]-2-iodo-
L-phenylalanine 90 minutes post injection. No other metabolites were detected. EDTA did not
show any influence on the deiodination of ['*’I]-2-iodo-L-phenylalanine.

2.3.4.2.2. Planar Imaging.

DPI with ['*I]-HSA showed no significant difference between the blood flow in the
tumour or inflammated muscle and the contralateral reference leg (RTB = 1.1 £ 0.2 and RIB =
1.1+£0.2).

The ['*’1]-2-iodo-L-phenylalanine uptake — time kinetics in R1M tumours in vivo is shown in
Figure 2.3.2 and follows a rectangular hyperbolic shape.
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FIGURE 2.3.2: Uptake of [**1]-2-iodo-L-phenylalanine (%lA/P) in tumour and contralateral

background region as functions of time by dynamic planar imaging for tumour volumes ranging from
0.3cm®t0 5.0 cm®.

3
T g 0N um
a ... Eg LT ] ]
<
S 2]
% QR <><><><><><><><><><><><><>
a
=]
Q Q
3 O ® Tumor
= % ¢ Contralateral background
0 1 T T T T T
0 5 10 15 20 25 30
Time (min)

When plotting 1/ (net tumour uptake) as a function of 1/t, a linear relationship (R* >
0.95) is obtained (Fig. 2.3.3A). This means that important kinetic parameters such as t,
velocity at initial conditions and the theoretical equilibrium of tumour tracer uptake can be
determined. This results in the calculated values for ['*’I]-2-iodo-L-phenylalanine of: (net
tumour uptake)equitibrium = 2.7 %IA/P, t;» = 0.5 min. Figure 2.3.3B indicates that [1231]-2-i0d0-

L-phenylalanine uptake in R1M tumours follows a pseudo reversible first order reaction (R* >
0.90) (8).
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FIGURE 2.3.3: (A) Uptake of [*?1]-2-iodo-L-phenylalanine: plot of 1/(AA;) as function of 1/t.

Equation of fitted curve: y=0.17x+ 0.37 (R?*=0.9784) resulting in AA(*)=2.73 %IA/P and t,,=0.46

min. (B) Uptake of [*?*1]-2-iodo-L-phenylalanine as a function of time by dynamic planar imaging: pseudo

first order fit (R? = 0.9764). (*) Net [***I]-2-iodo-L-phenylalanine tumour uptake at equilibrium (%IA/P);
(1) Net [*#1]-2-iodo-L-phenylalanine tumour uptake when equilibrium is not reached (%1A/P).
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At equilibrium (plateau phase), net ['*’1]-2-iodo-L-phenylalanine uptake in the tumour

was high. It increased from 0.60 £ 0.03 %IA/P up to 5.7 = 0.4 %IA/P for tumour volumes
ranging from 0.3 cm’ to 5.0 cm® (Fig. 2.3.2, 2.3.4A and 2.3.4B). When plotting the ['*’I]-2-
iodo-L-phenylalanine tumour uptake at equilibrium as a function of tumour volume a large

spread of the results (R = 0.11) and no correlation between tumour uptake and tumour volume
was observed.
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FIGURE 2.3.4: (A) Uptake of [***1]-2-iodo-L-phenylalanine uptake in the rabdomyosarcoma tumour

model as functions of time by dynamic planar imaging for a tumour volume of 0.50 cm®. Each image
is the result of the summation of 11 consecutive frames. Relative scaling was used (see coloured tool bars).
(B) Uptake of [*?*1]-2-iodo-L-phenylalanine at steady state. B = Bladder; P = Pancreas-zone; K = Kidney; T
= Tumour; C = Calibration syringe.
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When plotting the “time to reach equilibrium” tg as a function of tumour volume a
hyperbolic curve (R* > 0.90) reaching a plateau up from a tumour volume of 4.0 cm’ was
obtained (Fig. 4.5). Non-linear regression of a theoretical hyperbolic curve to the experimental
values shows a top value of 15.3 + 0.7 min. The experimental curve fitted the theoretical
rectangular hyperbole (R*=0.91) (Fig. 2.3.5).
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FIGURE 2.3.5: The “time to reach equilibrium” (tg) as a function of tumour volume. tz = time to reach
equilibrium; NLR = Non Linear Regression
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The displacement of ['*I]-2-iodo-L-phenylalanine activity in the tumour with L-

phenylalanine, L-methionine and L-cysteine is summarized in Table 2.3.1. The radioactivity in
the tumour decreased rapidly for a small but significant amount (p<0.05) after IV
administration of those amino acids and reached a new plateau within 2 min.

TABLE 2.3.1: Displacement study of [***1]-2-iodo-L-phenylalanine activity in the tumour using planar
gamma scintigraphy.

(*) % of all animals in which a significant displacement of radioactivity was observed (n = 25); (1) amount
(%) of tracer decrease by administering the amino acid (mean + SD); (}) L-type transporter system; (8)
ASC-type transporter system; (||) other systems; () A-type transporter system

Amino acid used Contribution of Transport Systems %P * % Dt
L-phenylalanine  |L  (70%), ASC § (25%), O || (5%) 72 123+42
L-methionine L (50%), ASC (20%), A 7 (10%), O (20%) 80 16.0 4.2
L-cysteine L (30%), ASC (55%), A (10%), O (5%) 57 11.5+7.8

['#1]-2-iodo-L-phenylalanine was cleared quickly through the kidneys, without
accumulation, to the bladder (Fig. 2.3.6). This is confirmed by the fact that the first order fits of
the activity as a function of time were almost the same for kidneys and the heart (Fig. 2.3.6).
High tracer uptake (3.3 = 1.5 %IA/P) was noticed in the zone of the pancreas but due to
superposition of the pancreas with other organs such as left kidney and stomach, the results are
overestimated (14). Low uptake of radioactivity in the thyroid (2.1 = 1.1 %IA/P), brain (1.5 +
0.8 %IA/P) or abdominal organs was observed (Fig. 2.3.7).
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FIGURE 2.3.6: Uptake of [**I]-2-iodo-L-phenylalanine uptake (%IA/P) as a function of time by
dynamic planar imaging: clearance of the tracer through the kidneys to the bladder.
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FIGURE 2.3.7: Uptake of [*?*I]-2-iodo-L-phenylalanine uptake (%IA/P) in heart, pancreas, brain and
thyroid as functions of time by dynamic planar imaging.

6
& Pancreas
¢ O Brain
5 LY :
<& A Thyroid
¢®
X ¢ 9 X Heart

Activity (%lA/P)

O l T T T T T T T T

0 2 4 6 8 10 12 14 16 18
Time (min)

Important was that there was no significant (detectable) increased uptake of ['*I]-2-
iodo-L-phenylalanine in the inflammation area. The RIB was 0.97 + 0.14. This results in an
apparent tumour to inflamed tissue ratio (ratio T/I) of 5.9 &+ 0.42.
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2.3.4.2.3. ®F-FDG Animal PET Imaging.

The uptake of '"*F-FDG was high in the tumour but also in the inflammation area. A
RTB of 3.6 + 1.6 and a RIB of 2.3 + 0.6 were obtained. The resulting apparent ratio T/I is 1.6 £
1.2.

2.3.4.2.4. Biodistribution By Dissection.

The biodistribution data of ['*’I]-2-iodo-L-phenylalanine in RIM tumour bearing
athymic mice are shown in Table 2.3.2.

TABLE 2.3.2: Biodistribution study by dissection of [*?*1]-2-iodo-L-phenylalanine in R1M bearing athymic
mice expressed as DAR (n = 6).

Tissue Mean + SD
2 30 45 60 180

Blood 1.76+£0.94 | 1.46+0.37 | 1.39+0.28 | 1.06+0.31 | 1.16+0.21
Brain 0.34+0.01 | 0.49+0.09 | 0.55+0.18 | 0.63+0.16 | 0.47+0.07
Heart 1.31+0.15{0.8440.23 | 0.65+0.09 | 0.82+0.04 | 0.74+0.18
Lung 1.33£0.28 | 1.110.50 | 0.69+0.24 | 0.80+0.07 | 0.86%0.25
Stomach 0.88+0.20 | 1.98+1.23 | 2.60+1.25 {3.344+0.24 | 2.61+1.59
Liver 0.88+0.08 | 0.52+0.17 | 0.42+0.08 | 0.53+0.08 | 0.56+£0.10
Kidneys 4.81+2.16 | 1.73£0.51 | 1.79+£0.46 | 1.45+0.10 | 1.03+0.28
Small intestine | 0.57+0.05 [ 0.61£0.08 | 0.59+0.20 [ 0.7620.12 | 0.70+0.23
Large intestine | 0.41+0.13 | 0.29+0.03 | 0.18+0.07 | 0.32+0.08 | 0.44+0.13
Pancreas 5.37+1.03 |4.71£1.00 |4.56+1.98 | 7.87+2.61 | 8.64+1.74
Front leg 0.77+£0.23 1 0.43+0.38 | 0.644+0.36 | 0.56+0.24 | 0.47+0.12
Tumour 1.13£0.11 {2.584+0.61 | 2.70+0.23 | 3.76%+0.52 | 3.02+0.39
RTB 1.61+0.72 | 3.58+0.97 | 5.02+£2.20 | 6.71£1.26 | 6.35+1.05

The net ['*’I]-2-iodo-L-phenylalanine tumour uptake reached equilibrium up from 60
min with a mean DAR value of 3.8 + 1.5. At the same time point, ['*’I]-2-iodo-L-
phenylalanine activity in the blood and in the contralateral leg tissue reached a DAR of 1.1 +
0.3 and 0.6 + 0.2 respectively.

['*1]-2-iodo-L-phenylalanine was cleared very fast through the kidneys, without
accumulation, to the bladder. A significant uptake of radioactivity in the pancreas was
observed. No significant accumulation of radioactivity was observed in other abdominal organs
such as liver, lungs, small intestine and large intestine, neither in the brain.

The biodistribution data of ['*°I]-2-iodo-L-phenylalanine and "*F-FDG in inflammation
bearing NMRI mice are shown in Table 2.3.3. A marked high "*F-FDG uptake in the inflamed
muscle with a RIB value of 11.1 £ 1.7 is observed while only a small increase of ['*°I]-2-i0do-
L-phenylalanine uptake in the inflammation site vis a vis the contralateral muscle was noticed
with a RIB value of 1.30 £ 0.02. This results in a ratio T/I of 8.5 £ 1.7.
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NMRI mice bearing an inflammation expressed as DAR (n = 3).

[]-2-10do-L-phenylalanine

Tissue Mean + SBS

18 [*=1]-2-iodo-L -

[PELFDG phenylalanine
Blood 0.924+0.09 1.10+0.11
Brain 2.10+0.17 0.57+0.20
Heart 0.50+0.28 1.00+0.10
Lung 0.61+0.28 0.80+0.15
Stomach 0.88+0.25 0.29+0.16
Liver 0.37+0.20 0.42+0.53
Kidneys 1.92+1.14 1.92+0.37
Small intestine 0.34+0.05 0.68+0.19
Large intestine 0.17+0.10 0.36+0.09
Pancreas 3.51+£1.03 4.22+1.30
Muscle 1.85+0.01 0.65+0.07
Inflamed muscle 20.50+3.30 0.84+0.10
Ratio inflammation/muscle 11.06+1.72 1.29+0.02

The discrepancies between results obtained by dynamic planar imaging and the
dissection could not only be explained by biodiversity but could also be due to the well known
differences in resolution and counts acquisition between the used methods.

2.3.5. DISCUSSION

['%*]-2-iodo-L-phenylalanine was developed as an alternative SPECT tumour tracer to

['% ]-4-i0do-L-phenylalanine, [123]—2—iod0—L—tyrosine and [123]—3—iodo—a—methyltyrosine to
overcome the high bloodpool and inflammation activity, the difficult precursor synthesis and
the marked long term renal accumulation, respectively (15-17).

The Cu'" assisted nucleophilic exchange not only provides an easy 1-step reaction for
precursor synthesis but also the possibility to establish a Kit-formulation for fast and
quantitative routine radioiodination of 2-iodo-L-phenylalanine without the need of an extra
purification procedure.

In vitro in RIM cells, the uptake kinetics and the K, values of ['*’I]-2-iodo-L-
phenylalanine and the natural amino acid L-phenylalanine are both similar and both amino
acids are transported by the obligatory exchange LAT1 system. Moreover, our research group
revealed that ['*I]-2-iodo-L-phenylalanine is not incorporated into the cell proteins and that
the uptake of the tracer at equilibrium reflects the total “amino acid turn-over” of the R1M
tumour cells. Recent articles proved that incorporation of radiolabelled amino acids is not
necessary for tumour imaging and that the increased uptake is directly related to the metabolic
requirement of the tumour cells (8).

Regarding the abovementioned characteristics, the new tracer ['**/'*I]-2-iodo-L-
phenylalanine, which has a free para position and is some less lipophilic than 4-iodo-L-
phenylalanine, was evaluated in vivo in view of its potential application for oncologic imaging
with SPECT.
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The planar imaging experiments with the new tracer showed that the same uptake kinetics,
compared to the in vitro experiments, could be applied: the uptake as a function of time
followed a rectangular hyperbolic curve and Figure 2.3.3B indicated that for the uptake a
pseudo reversible pseudo first order reaction was followed (8). These observations strongly
suggest that in vivo, ['**'*?°I]-2-iodo-L-phenylalanine is also transported by the LAT1 system.

The latter hypothesis is confirmed by the displacement study. Although the displaced
['**1]-2-i0do-L-phenylalanine radioactivity in the tumour by L-phenylalanine, L-methionine
and L-cysteine was small, it was significant (Table 2.3.1). This shows that the transporter
system involved is of the “obligatory exchanger” type such as LAT1. The rather small amount
of displaced radioactivity can be explained by the fact that the blood plasma is continuously
filtered in the kidneys by the glomerulus and the Bowman’s capsule. When a huge excess of
amino acids, such as L-phenylalanine and L-methionine, is administered to the animals, the
excess will be immediately excreted to the urinary tractus.

['#/1%]]-2-i0do-L-phenylalanine accumulated quickly to reach high amounts in the
R1M tumours and only a very small part did show dehalogenation after 90 minutes (Fig. 2.3.5,
Table 2.3.2). Moreover, low abdominal background, fast blood clearance, low brain uptake and
almost negligible uptake in inflammatory tissue (ratio T/I of 1.3 and 1.6), in comparison to '*F-
FDG (ratio T/I of 5.9 and 8.5), was observed. These findings are also confirmed in literature
for another radiolabelled amino acid, 2-iodo-L-tyrosine, which showed a much lower uptake in
the site of inflammation in comparison to '*F-FDG (17).

Just like [1231]—2—i0d0—L—tyrosine, [1231]—4—iod0—L—phenylalanine and ['*I]-3-iodo-o-
methyltyrosine uptake in rodents (17,18), ['*°I]-2-iodo-L-phenylalanine showed high uptake in
the pancreas. This is typical for labelled amino acid analogues in rodent. In patients, no
significant pancreatic uptake was observed for 2-iodo-L-tyrosine and ['*I]-3-iodo-a-
methyltyrosine (15,17).

The relationship “time to reach the steady state for [ “I]-2-iodo-L-phenylalanine
tumour uptake in vivo” versus “tumour volume”, reached a plateau phase at tumour volume of
4 cm® which could be due to the higher level of necrosis in the larger tumours. It is shown that,
even when the radiolabeled synthetic amino acid tumour tracer is not incorporated into cell
proteins, the uptake reflects the total “amino acid turn-over” of the tumour cells (8).
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2.3.6. CONCLUSION

['#1]-2-iodo-L-phenylalanine is a promising tracer for intracranial as well as

extracranial oncologic imaging with SPECT because of its high and fast tumour accumulation,
low renal and brain uptake, and minor accumulation in acute inflammatory lesions.
Furthermore, its chemical synthesis is easy and allows a kit formulation which is a benefit for
transferring the tracer to clinical use.

2.3.7. REFERENCES

1.Yanagida O, Kanai Y, Chairoungdua A, et al. Human L-Type amino acid transport
system 1 (LATI1): characterisation of function and expression in tumour cell lines.
Biochim Biophys Acta. 2001;1514:291-302.

2.Jager PL, Vaalburg W, Pruim J, et al. Radiolabelled amino acids: basic aspects and
clinical applications in oncology. J Nucl Med. 2001;42:432-445.

74



123/125

Chapter 2: Synthesis and evaluation of [ []-2-10do-L-phenylalanine

3. Weber W, Bartenstein P, Gross MW, et al. Fluorine-18F-FDG PET and iodine-123-
IMT SPECT in the evaluation of brain tumours. J Nucl Med. 1997;38:802-808.
4.Langen KJ, Ziemons K, Kiwit JC, et al. 3-['*’I]-iodo-alpha-methyltyrosine and [methyl-
"C]-L-methionine uptake in cerebral gliomas: a comparative study using SPECT and
PET. J Nucl Med. 1997;38:517-522.

5.Kubota K, Yamada S, Kubota R, et al. Intramural distribution of fluorine-18-
fluorodeoxyglucose in vivo: high accumulation in macrophages and granulation tissues
studied by microautoradiography. J Nucl Med. 1992;33:1972-1980.

6.Mertens JR, Lahoutte T, Joos C et al. In vivo evaluation of 2-1231-Tyr and 2-1231-Phe as
tumour specific tracers for SPECT [abstract]. Eur J Nucl Med. 2002;29:S76.

7.Samnick S, Schaefer A, Siebert S, et al. Preparation and investigation of tumour affinity,
uptake kinetic and transport mechanism of iodine-123-labelled amino acid derivatives
in human pancreatic carcinoma and glioblastoma cells. Nucl Med Biol. 2001;28:13-23.

8.Mertens JR, Lahoutte T, Joos C et al. New approach of cell uptake kinetics of L-2-1231-
Tyr and L-2-1231-Phe, new potential tumour tracers for SPECT [abstract]. Eur J Nucl
Med. 2002;29:S377.

9. Mertens J, Gysemans M; Cu''-assisted nucleophilic exchange radiohalogenation:
application and mechanistic approach. In: New Trends In Radiopharmaceutical
Synthesis, Quality Assurance And Regulatory Control. New York: Plenum Press;
1991:53-65.

10. Waterton JC, Alott CP, Pickfort R, et al; Assessment of mouse tumour xenograft
volumes in vivo by ultrasound imaging, MRI and calliper measurement. In:
Proceedings of the 19™ LH Gray Conference: Quantitative imaging in oncology.
London: Eds Faulkner K, Carey B, Crellin A, Harisson RM; 1997:146-149.

11. Hoffman AJ, Huang SC, Phelps ME. Quantitation in positron emission computed
tomography: 1. effect of object size. J of Comput Assist Tomogr. 1979;3:299-308.

12. Christensen NC. Role of amino acid transport and countertransport in nutrition and
metabolism. Phys Rev. 1990,70:43-77.

13. Xuan L, Rajeswaran S, Smolik W, et al. Design and physical characteristics of a small
animal PET using BaF2 crystals and a photosensitive wire chamber. Nucl Instr Meth.
1996;A382:589-600.

14. Cook, MJ; The Anatomy of the Laboratory Mouse. New York: Academic Press;
1965:55-78.

15. Langen KJ, Pauleit D, Coenen HH. 3-['*I]iodo-alpha-methyl-L-tyrosine: uptake
mechanisms and clinical applications. Nucl Med Biol. 2002;29:625-631.

16. Jager PL, Franssen EJ, Kool W, et al. Feasibility of tumour imaging using L-3-[iodine-
123]-iodo- alpha-methyl-tyrosine in extracranial tumours. J Nucl Med. 1998;39:1736—
1743.

17. Lahoutte T, Mertens J, Caveliers V, et al. Comparative biodistribution of iodinated
amino acids in rats: selection of the optimal analog for oncologic imaging outside the
brain. J Nucl Med. 2003;44:1489-1494.

18. Vekeman M, Chavatte K, Lahoutte T, et al. L-[2-radioiodo] tyrosine, a new potential
protein synthesis and tumour tracer for spect: radiosynthesis and biodistribution in
rodent [abstract]. Eur J Nucl Med. 1999;26:S43.

75



123/125

Chapter 2: Synthesis and evaluation of [ []-2-10do-L-phenylalanine

2.4 Influence of sedation and data-acquisition-method on tracer uptake in
animal models: [**1]-2-iodo-L-phenylalanine in pentobarbital sedated
tumour bearing athymic mice.
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2.4.1. ABSTRACT

Objectives. To minimize movement artefacts during tracer imaging studies,
the animals are generally sedated. Although many reports describe the effect of
barbiturates on brain function, less is published about the general impact on the extra-
cerebral metabolism and tracer biodistribution. This report describes the influence of
pentobarbital on tumour ['*I]-2-iodo-L-phenylalanine uptake using dissection and
nuclear imaging. Methods. R1M tumour bearing athymic mice were divided in 2
populations: untreated and pentobarbital-treated. Each group was subjected to
dynamic and static planar imaging and dissection after ['*I]-2-iodo-L-phenylalanine
injection. Two-compartment blood-modelling of the blood kinetics was performed.
ANOVA, t-test and clustered boxplot analyses were used to compare the results
between the treatment groups and the data-acquisition methods. Results. Two-
compartment blood-modelling demonstrated that pentobarbital slowed down the
elimination velocity and the distribution towards the peripheral compartment organs.
The same results were obtained when performing initial saturable-pathway absorption
kinetics. Both observations lead to higher bloodpool and kidney activities after
administering pentobarbital. The dependence of the DAR/DUR results on organ,
method and treatment demonstrated that all factors had a significant effect. Moreover,
a significant effect for method and treatment was observed for each organ separately
and the RTB showed additionally an ordinal interaction. Although the tumour uptake
values were lower when using nuclear imaging and sedation, the tumour could still be
visualized. Conclusions. An effect of sedation-treatment and data-acquisition method
was demonstrated for 2-iodo-phenylalanine, currently under development as tumour
tracer. More generally, it is recommended that animal experiments should include
quantitative investigation of sedation and the data-acquisition method.
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2.4.2. INTRODUCTION

Non-invasive animal imaging experiments require that movements of the
animal should be minimized to reduce artefacts. To accomplish the latter setting, the
animals are generally sedated over varying periods of time, according to the
characteristics of the tracer being studied. When dissection is used to obtain
Absorption-Distribution-Metabolism-Excretion data, the animals are generally not
sedated to the same extent. Both experimental animal settings aims at obtaining
preclinical data, which can be used for human extrapolations as applied in
physiologic kinetic modelling. However, the influence of the sedation as well as of
the data-acquisition method (imaging or dissection) is most often not investigated or
taken into consideration.

Many reports described the effects of barbiturates on the neuronal system (1,2)
and clinical pharmacology studies describe a thorough analysis of their influence on
the central nervous system. However, less is published about the general impact of
pentobarbital anaesthesia on the extra-cerebral metabolism. Zanelli et al. described
the influence of pentobarbital on the blood perfusion in transplanted mouse tumours
(3). Using %Rb, '*’I-human serum albumin and 'Cr-labelled red blood cells, this
anaesthetic was found on the one hand to increase the relative blood perfusion in
tumours and kidneys, and to decrease the relative muscle perfusion but on the other
hand it reduced the blood volume of the tumour and kidneys. Only a few
investigations, designed to assess the influence of pentobarbital on the metabolism,
are reported but either they did not use nuclear medicine imaging techniques (4,5)
and/or the influence of sedation was only described for the biodistribution of a
specific platinum drug (6).

In order to interpret correctly the planar imaging and dissection results of
['**1]-2-i0do-L-phenylalanine (7), the influence of pentobarbital on tumour tracer
uptake was examined in vivo in rabdomyosarcoma tumour bearing athymic mice.
Moreover, the differences between biodistribution by nuclear imaging and by
dissection are investigated.

2.4.3. MATERIALS AND METHODS

2.4.3.1. Animal model

Male Swiss nu/nu mice (20-25g) obtained from Bio-Services (The
Netherlands) were housed under sterile conditions with free access to food (SSNIFF®
special treated, Bio-Services, The Netherlands) and water. They were accommodated
in sterile conditions in a standard controlled environment. All animal studies were
approved by the local ethical committee and were conform to the Belgian legislation.
Twelve athymic mice were subcutaneously inoculated with 1 million RI1M
rabdomyosarcoma tumour cells in the right armpit region. All mice grew tumours
with a volume of approximately 1 ml after about 28 days. The mouse population was
divided into groups with each group, anaesthetised and conscious, consisted of 6
animals at the start of the experiment.

Each group was subjected to dynamic planar imaging immediately after
intravenous (IV) injection of the tracer 2-iodo-L-phenylalanine followed by static
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planar imaging and dissection. ['*’I]-2-iodo-L-phenylalanine (['*I]-2-I-L-Phe) was
prepared as previously published (7).

2.4.3.2. Anaesthesia

Nembutal sodium solution (Pentobarbital sodium; Ceva Santé Animale,
Belgium) was administered intraperitoneally at a dose of 30 mg/kg, following the
recommendations of the drug information insert. The animals used as the control
group did not receive any sedation or a placebo.

2.4.3.3. Planar imaging

Imaging was performed using a gamma camera (Toshiba GCA-9300A/hg) in
planar mode equipped with a high-resolution parallel-hole collimator. After the IV
bolus injection of the ['*’I]-labelled product in the lateral tail vein, the data were
recorded on a 128 x 128 matrix (field of view: 23.5 x 12.5 cm) and with a photopeak
window set at 15 % around 159 keV. Dynamic planar imaging was performed to
visualize the kinetics of tracer distribution in the organs of interest. The same time
schedule as described for ['*I]-2-iodo-L-phenylalanine was used (7). Time activity
curves were obtained from region of Interest (ROI) analysis using a MRI intensity
projection and the tracer uptake data were expressed as differential uptake ratio
(DUR) and as % Injected dose per Pixel (%ID/P). DUR was defined as: [(counts per
RO issue * Pixels per ROI ol body)/(Pixels per ROI gigsue * counts per ROI ol body)]-
The percentage injected dose per pixel was defined as: [(counts/pixel)ssue/(Injected
dose)*100%] (%ID/P) with the injected dose (ID) calculated as [(countsgaibration *
pixelScalibration * activity in PCI ipjection syringe)/(activity in UCI calibration)], respectively.
Dose calibration was performed with a syringe with known activity (measured on a
calibrated Nal counting system; Capintec, CRC-15R; Ramsey, USA). The latter
calculations were performed to meet the conclusions made by Boellaard and Thie et
al. (8,9). The DURs for the dynamic planar imaging were extrapolated to 90 min
using a Log scale.

Secondly, a static image was recorded in a 1024 x 1024 matrix at 90 min p.1.
and the results of the static and dynamic planar imaging, both expressed as DURs,
were compared. Due to the high amount of counts recorded in the bladder ROI, the
latter ROI was masked and the results before and after masking were compared.

2.4.3.4. Dissection

The biodistribution by dissection was carried out immediately after the static
planar imaging (at 90 min p.i.).

The injected dose (ID) was calculated by weighing the syringes before and
after injection of the tracer and by the use of a dilution series of the injected tracer
solution which was also weighed and counted for radioactivity using the auto gamma-
counting system (Cobrall Series, Canberra Packard, Meriden, CT, USA Cobra).

The animals were sacrificed by cervical dislocation. The organs and tissues of
interest were removed, washed with 9% NaCl solution, dried and weighted. The
blood was collected and weighted. The radioactivity of the samples was counted by
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use of an auto gamma-counting system (Cobrall Series, Canberra Packard, Meriden,
CT, USA Cobra). The amount of radioactivity in the organs and tissues was
calculated as the differential absorption ratio (DAR): [(activityissue * total body
weight)/(weightissue * activityinjected dose)], O concentration in tissue (Bq/g)/injected
dose per body weight (Bg/g). The ratio tumour to background (=frontleg) (RTB) was
calculated.

2.4.3.5. Statistics

ANOVA and t-test statistical analysis was used to compare the results
obtained by static and planar imaging at 90 min p.i. as well as the results obtained
before and after masking of the bladder ROI.

A clustered boxplot analysis was performed to compare both imaging versus
dissection and conscious versus sedation with Nembutal. Univariate ANOVA
analyses was used to check the latter results.

2.4.3.6. Two-compartment modelling

Two-compartment modelling of the blood kinetics, obtained by dynamic
planar imaging, for ['*’I]-2-iodo-L-phenylalanine were fit to a two-compartment
model with IV-bolus injection, without a lag time and with first order elimination,
using WinNonlin 4.0.1. The primary parameters Vi, k; o (elimination velocity), ki
(distribution velocity to the peripheral compartment) and k,; (distribution velocity
from the peripheral to the blood compartment) were determined.

2.4.4. RESULTS

The dynamic planar imaging results of the different organs were extrapolated
by linear regression from the first-order elimination phase (log-lin 10-30 minutes p.i.)
to the 90 minute time-point. The results are given in Table 2.4.1.

TABLE 2.4.1: Extrapolated dynamic versus experimental static imaging results at 90 min p.i.,
expressed as DUR-values (mean + std.dev.; n = 4 and 5 for the conscious and anaesthetized
group, respectively).

Organ Extrapolated dynamic Experimental static
Anaesth Conscious Anaesth Conscious
Heart 1.27+0.11 1.16£0.09 1.19+0.08 1.06£0.10
Kidney 1.76+0.09 1.81+0.16 1.89+0.14 1.67+0.18
Tumour 1.12+0.13 1.09+0.17 0.95+0.15 1.16+£0.23
Contralateral background | 0.69+0.12 0.51+0.08 0.57+0.07 0.45+0.07

ANOVA as well as the paired t-test (n=8) analysis of these results
demonstrated that no statistically significant difference (at o = 0.05) was obtained
between the extrapolated dynamic and experimentally-obtained static planar imaging
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DUR-values at 90 min p.i. As a consequence, the static planar imaging results were
used for the equilibrium comparisons while the initial kinetics of tracer distribution
were characterized with the dynamic planar imaging data. This analysis is important
concerning the experimental setup for ['*°1]-2-I-L-Phe imaging since the extrapolated
dynamic study did not differ significantly from the static image at 90 minutes p.i.
These results recommend using at all times the static imaging device if the initial
tracer kinetics are not required. Indeed, the mice are easier to inject, the method is
less time consuming and it is easier to conduct the experiments without sedation
which will lead to higher tumour uptake values and lower bloodpool activity.

The imaging DUR-data of each organ obtained 90 min. p.i. from the static
imaging experiment were obtained before and after masking of the bladder-ROI due
to (1) differences in urinary excretion pattern between sedated and non-sedated mice
and (2) to the high bladder accumulation together with the normalisation of these
recorded data to the “bladder hot spot” by the data reconstruction procedure.
Comparison using ANOVA demonstrated no statistically significant difference (p =
0.451) between both imaging modes related to the inclusion/exclusion of the bladder-
ROI. Therefore, for all experiments, the imaging DUR’s for heart, kidney, tumour
and contralateral background were obtained with the bladder-ROI not eliminated in
the imaging mode. This study demonstrated that the high bladder accumulation and
thus the high activity concentration did not affect the results. This implicates that no
saturation of the counting system took place and that the linearity of the calculations
was not lost.

The initial uptake kinetics in the tumour and its contralateral background
tissue, as well as the elimination-organ (kidney) are modelled by a rectangular
hyperbola as used to represent saturable-pathway absorption (10). Similar to the
biochemically well-known Michaelis-Menten and its linearised Lineweaver-Burke
equation, this model allows the calculations of the initial velocity (Vj), the
equilibrium activity (Acq) and the time corresponding to reach half the A¢q (ti2). The
data of the imaging up to 2.5 minutes p.i. were used in the calculations. The results
are given in Table 2.4.2.

TABLE 2.4.2: Initial uptake kinetics of [***1]-2-1-L-Phe by dynamic imaging (0 to 2.5 min)
presented as mean * std.dev. (n = 4 untreated and n = 5 for Nembutal treated).

Tumour Contr. Background Kidney
Nemb | Untreated | Nemb | Untreated | Nemb | Untreated
Vo 0.66 + 0.79 + 0.49 + 0.19 + 1.62 + 243 +
(%ID/P.min) 0.023 0.10 0.09 0.06 0.22 0.36
0.08 + 0.08 + 0.04 + 0.02 + 0.17 + 0.10 +
Aeq (ID/P) |~ g 0.00 0.00 0.00 0.00 0.00
ty» (min) 0.123 + 0.10 £ 0.09 = 0.12 + 0.10 + 0.04 £
0.01 0.01 0.02 0.01 0.01 0.01

The blood kinetics obtained by dynamic imaging of the heart are shown in
Figure 2.4.1. Two-compartment modelling demonstrated that Nembutal slowed down
the elimination velocity (k;o). Moreover, kinetic modelling indicated a slower
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distribution of the tracer towards the peripheral compartment organs (k;») but an
equal release velocity of the tracer from the peripheral compartment (ks ).

FIGURE 2.4.1: Representation of the blood kinetics by 2-compartmentmodelling on the dynamic
imaging results: fitting of the theoretical curve to the observed blood-curve (%1D/P = % injected
dose per pixel).
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The results at 90 min p.i. obtained by dissection and static imaging, each with
Nembutal-treated and untreated animals, are given in Table 2.4.3, representing a 2 x 2
factorial experimental design. Values given for each combination method-treatment
are mean values + std.dev. (n = 4 for untreated and 5 for Nembutal-treated mice).

TABLE 2.4.3. Equilibrium DUR/DAR results of [***1]-21-L-PA at 90 min. p.i.

Organ Method Nembutal- Untreated
treated

Heart Imaging 1.194+0.08 1.06 +0.10
Dissection 0.89 + 0.07 0.73+£0.10

Kidney Imaging 1.89 £0.14 1.67£0.18
Dissection 1.04 +£0.10 0.97+0.15

Tumour Imaging 0.95+0.15 1.16 £ 0.33
Dissection 2.40+0.10 3.13+0.33

Contr Bekgr | Imaging 0.57 £ 0.07 0.45+0.07
Dissection 0.72+0.05 0.61 +£0.09

Ratio RTB | Imaging 1.67+0.21 2.54 +0.44
Dissection 3.32+0.20 5.13+0.24

The dependence of the DAR/DUR results on the three factors (organ, method
and treatment) was analysed by a 3-factor ANOVA analysis, demonstrating all three
factors had a significant effect. Post-hoc testing for organ clustering showed each
organ to be treated as a separate group, indicating each of the investigated organs
behaves differently with respect to the equilibrium tracer uptake. The tumour is the
disease target-organ, while the contralateral background is not only the control but is
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representing the general body-tissues as well. The heart is representative for the
blood-activity, while the kidney is the main elimination organ.

Therefore, a 2-factor ANOVA analysis was performed for each organ
separately (Table 2.4.4).

TABLE 2.4.4: ANOVA results for heart, kidney, tumour and contralateral frontleg.

Source heart kidney tumour | Contr.bckgr
Treatment 0.003 0.053 0.001 0.004
Method <0.001 <0.001 <0.001 <0.001
Treatment x Method 0.697 0.299 0.036 0.891

For the kidney, heart and contralateral background, the method and the
treatment showed a statistically significant effect (although marginal treatment effect
for kidney), but the interaction was not significant. For the tumour and the RTB, the
effect of the individual factors as well as their interaction was highly significant. The
detailed ANOVA results for the ratio RTB, the ultimate response in tumour tracer
development, is given in Table 2.4.5.

TABLE 2.4.5: ANOVA results for RTB

Source SS df MS F P
Treatment 7.992 1 7.992 103.5 0.000
Method 19.975 1 19.975 258.7 0.000
Treatment x Method 0.966 1 0.966 12.5 0.003
Error 1.081 14 0.077
Total 29.287 17

The difference of RTB-results between dissection (mean value of 4.22) and
imaging (mean value of 2.10) is thus statistically significant (at o = 0.05). Similarly,
the RTB-results of Nembutal-treated (mean value of 2.49) and untreated mice (mean
value of 3.83) are also statistically significant different. An ordinal interaction is
observed between sedation-treatment and data-acquisition-method, indicating that the
difference between the RTB means for Nembutal-treated and the untreated mice
depends on the data-acquisition-method. For example, with dissection, the difference
between the RTB means for Nembutal-treated and untreated mice is 1.81. But when
we look at the difference obtained by imaging, a mean value of 0.87 is obtained. The
interaction is clearly observed in the graphical representation by clustered box-plots
(Figure 2.4.2).
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FIGURE 2.4.2. Clustered boxplots of the 90 min p.i. results, expressed as differential absorption
ratio (DAR), respectively differential uptake ratio (DUR).
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2.4.5. DISCUSSION

Barbiturates interact with the gamma-aminobutyric acid (GABA)
transmission. GABA is the most common inhibitory transmitter in the mammalian
nervous system. Activation of the postsynaptic GABA receptors results in
hyperpolarization, thereby inhibiting the postsynaptic neuron. The GABA receptor is
an oligomeric complex which includes i.a. a barbiturate binding site. Binding of
barbiturates to this receptor decreases the rate of dissociation of GABA from its
receptor, thus prolonging the duration of GABA-induced hyperpolarization.

The barbiturates are negative inotropic agents. They produce dose-dependent
decreases in ventricular dP/dt and the force-velocity relationship of ventricular
muscle (11). The main hemodynamic effect of parenteral barbiturates is a decrease in
arterial blood pressure that is compensated for by an increase in heart rate. This
decrease in arterial pressure is due to peripheral vasodilation induced by depression of
the medullary vasomotor center and decreased sympathic outflow. Alterations in liver
or kidney function associated with their use are considered secondary to
hemodynamic effects of the drugs and altered perfusion.
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Barbiturates, e.g. pentobarbital, are quite often used as sedating agent in
animal experiments. When performing tracer animal studies, it is important to
identify the influence of sedation on tracer distribution since these preclinical data are
used for human extrapolation. As reported earlier, barbiturates may affect the relative
blood perfusion and the blood volume of the studied organs and consequently may
alter the elimination velocity of the compound. In nuclear medicine and
radiopharmology, the influence of the sedation may be well confounded with the
data-acquisition method (dissection or imaging).

Kinetic two-compartment modelling demonstrated that Nembutal both
decreases the elimination velocity (k; ), and thus blood clearance of ['#1]-2-I-L-Phe,
and the biodistribution velocity (k;,) of the compound to the peripheral
compartment. Both observations will lead to higher bloodpool and kidney activities
after administering the pentobarbital solution which confirmed by the equilibrium
organ data as given in Table 2.4.3 and Figure 2.4.2.

Besides the two-compartment blood modelling, the initial uptake kinetics of
the tissues and organs of interest could also be investigated using the model as
described by Mertens et al (10). This analysis confirmed the 2-compartment
modelling as it demonstrated a higher initial uptake velocity and a lower t;, value for
['#*1]-21-L-PA in the tumour and the kidneys of the untreated mice. Besides kinetic
information, a prediction of the steady state (= equilibrium for tracer uptake) values
could be performed. Although the initial kinetics for tracer uptake differed between
the 2 experimental treatment-groups, they demonstrated the same tumour uptake at
equilibrium but a higher kidney uptake in the Nembutal treated group. The latter
could be due to the presence of urine in the kidneys: as both kinetic modelling
procedures illustrated a slower elimination of the tracer, it would take relatively a
longer time to clear the tracer from the blood when the mice are sedated. This
explanation is supported by the comparison between the 2 data-acquisition methods.
Indeed, the differences of tracer uptake in the kidneys are much smaller when using
dissection, when the organs are washed and dried to remove the urine and blood
fraction, as compared to imaging, where the ROI for the kidney includes the tissue,
the blood and urine. The same rationale explains the higher imaging results for heart
and kidneys as compared to the dissection (Figure 2.4.2).

The method and the treatment showed both a highly significant effect on the
individual organs: the target tumour organ showed significant lower ['**1]-2-I-L-Phe
uptake values after sedation while the blood and kidney values were elevated. This
will result not only in a higher radiation burden for the animal, but also in lower
tumour to blood ratios and thus a more difficult tumour detection with imaging
techniques. However, the tumour could still be visualized using this non-invasive
imaging method in combination with Nembutal despite its worst case scenario. The
influence of Nembutal on tumour detection is also well illustrated by the RTB: both
data-acquisition procedures result in a 1.5 fold lower ratio when sedation was
administered.

2.4.6. CONCLUSION

The data-acquisition method (dissection versus imaging) as well as sedation-
treatment (Nembutal-treated versus untreated animals) significantly influence the
organ uptake results of ['**I]-2-I-L-Phe.
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It is recommended that animal experiments should always include a quantitative
investigation of these two factors, so that the results can be correctly interpreted.

2.4.7.

10.

1.
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Chapter 2: Synthesis and evaluation of [ []-2-10do-L-phenylalanine

CHAPTER CONCLUSION

The precursor 2-iodo-L-phenylalanine was synthesized from its bromo-
derivative 2-bromo-L-phenylalanine using the Cu'-assisted nucleophilic exchange in
acidic and reducing conditions. An experimental design allowed us to determine the
optimal reaction conditions resulting in a yield of at least 60% without the formation
of undesired side products or stereoisomers and with an easy purification procedure.
A Kit-formulation based on the same principle allowed fast and quantitative routine
radioiodination of 2-iodo-L-phenylalanine without the need for extra purification
which is a great added value for everyday clinical practice.

The in vitro studies in the R1M cell model illustrated that, although a bulky
iodine atom was incorporated at the 2 position of the molecule, 2-iodo-L-
phenylalanine is still transported by the L-amino acid transporter subtype 1 (LAT1).
Moreover, the new amino acid analogue illustrated almost the same affinity for this
transporter system as compared to the native L-phenylalanine and L-tyrosine. RT-
PCR and inhibition experiments showed that 2-iodo-L-phenylalanine is transported
for the largest part by LATI. Additionally, 2-iodo-L-phenylalanine is not
incorporated into the cell proteins and LATI1 coupled influx of radioactivity is
directly related to the requirement of amino acids for protein synthesis or cell
metabolism. Thus, even not incorporated, 2-iodo-L-phenylalanine uptake reflected
the total “amino acid turn-over” of the tumour cells.

In vivo, tumour uptake of ['*’I]-2-iodo-L-phenyalanine demonstrated fast,
high and specific tumour accumulation. As compared to the in vitro studies, the same
kinetic approach could be applied: the uptake as a function of time followed a
rectangular hyperbolic curve and a pseudo reversible pseudo first order reaction was
followed. These observations, together with the displacement ['*I]-2-iodo-L-
phenylalanine radioactivity in the tumour by L-phenylalanine, strongly indicated that
in vivo, ['*'***I]-2-i0do-L-phenylalanine is also transported by the LAT1 system, an
“obligatory exchanger” transport system.

Regarding the general biodistribution characteristics, 2-iodo-L-phenylalanine
was cleared fast from the blood through the kidneys to the bladder. No accumulation
was noticed in the kidneys, brain and the abdominal organs with an exception of the
pancreas which is typical in rodents. Moreover, the new tracer showed negligible
uptake in inflammatory lesions in comparison to '*F-FDG.

Additionally, the effect of sedation and data-acquisition method (dissection or
planar imaging) on ['*’I]-2-iodo-L-phenylalanine distribution in R1M-bearing
athymic mice was investigated. Kinetic modelling of the initial biodistribution
kinetics revealed that pentobarbital both decreases the elimination velocity (k; ), and
thus blood clearance of ['*’I]-2-iodo-L-phenylalanine, and the biodistribution velocity
(ki) of the compound to the peripheral compartment. Moreover, the method and
treatment showed both a highly significant effect on the individual organs: the target
tumour organ showed significant lower ['*’I]-2-iodo-L-phenylalanine uptake values
after sedation while the blood and kidney values were elevated. However, the tumour
could still be visualized using this non-invasive imaging method in combination with
Nembutal despite its worst case scenario.
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CHAPTER 3:

Evaluation of ['?¥1%°I]-2-iodo-D-phenylalanine
as a tumour tracer for SPECT.
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CHAPTER INTRODUCTION

During the last decades, the development of radioisotope labelled amino acids for
tumour diagnosis was focused on the L-enantiomers as it was supposed that the amino acid
tracers had to be incorporated into the tumour cell proteins. Today, the latter hypothesis is
refuted and regarding the unnatural character of D-amino acids, our research group additionally
developed ['*’I]-2-iodo-D-phenylalanine

The use of D-amino acids in oncology might find some applications due to their
unnatural character. Exogenous uptake of D-amino acids (by ingestion or from micro-
organisms) will lead to the metabolization by D-amino acid oxidase, present in liver and
kidneys, resulting in the formation of the corresponding a-keto acid and ammonium. The latter
together with the stereospecificity of the translational machinery will result in the formation of
proteins uniquely consisting of L-amino acids. Moreover, regarding these characteristics, D-
amino acids, transported by LAT1, will clear faster from the blood, will not incorporate into
the cell proteins, and will be transported by the LATI transporter with high affinity, as
compared to the corresponding L-isomers. As a result, promising D-amino acid tracers for in
vivo oncologic imaging could be developed.

The cold precursor 2-iodo-D-phenylalanine was synthesized by analogy with its L-
isomer: the optimal reaction conditions for 2-iodo-L-phenylalanine precursor synthesis using
the Cu'" assisted nucleophilic exchange in acidic and reducing conditions were applied.
Moreover, the same Kit-formulation could be used for the radioiodination of the precursor 2-
iodo-D-phenylalanine leading to the same radiochemical yield and purity.

Just like the L-analogue, ['*’I]-2-iodo-D-phenylalanine was first evaluated in vitro in
the R1M rhabdomyosarcoma cell model. The time course for tracer uptake was examined in
MEM up 24 hours to determine the long time kinetics. Transport characterisation was
performed in the presence of several inhibitors. Michaelis-Menten and Lineweaver Burk plots
were applied to obtain Ky, and K; values for ['*’I]-2-iodo-L-phenylalanine cell uptake,
respectively. Moreover, the incorporation into the cell proteins of the new amino acid analogue
was investigated.

Subsequently, in vivo characterisation was performed of ['*’I]-2-iodo-D-phenylalanine
as a tumour tracer by means of dynamic planar imaging and dissection in the R1IM athymic
mouse model. Just like the in vivo evaluation of the L-isomer, the tumour uptake, the excretion
route and the metabolic stability of ['*I]-2-iodo-D-phenylalanine was examined. The
specificity of tumour uptake was determined by (1) a displacement study and by (2) a
biodistribution study of the tracer in NMRI mice bearing an acute inflammation. In the latter
setting, the uptake of ['*’1]-2-iodo-L-phenylalanine in the inflamed tissue was compared to that
of "F-FDG. Two-compartment blood modelling was applied to investigate the short time
kinetics. Moreover, tumour retention and tumour contrast were examined up to 31 hours post
tracer injection. Additionally, dosimetric calculations were performed on the dissection data of
[1231]-2-i0d0-D-phenylalanine, [1231]-2-iodo-L-phenylalanine and [1231]-2-i0d0-L-tyrosine in
order to compare the extrapolated effective dose of both new amino acid analogues with the
tyrosine analogue. These results were compared to the initial kinetic two-compartment
modelling and the consistency of the results was checked.
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3.1 In vitro characterisation of [**1]-2-iodo-D-phenylalanine in a R1M
rhabdomyosarcoma cell model as a new potential tumour tracer for SPECT.

Keywords: ['*’I]-2-iodo-D-phenylalanine, LATI1 transport uptake, accumulation, SPECT,
radionuclide therapy .

Performed in corporation with and at the Free University of Brussels.

3.1.1. ABSTRACT

The aim of this study was the in vitro evaluation of ['*'*I]-2-iodo-D-phenylalanine.

Methods: The radioactive product was prepared in one pot Kit with a yield and radiochemical
purity exceeding 98%. In vitro, time course and concentration dependency and the cellular
uptake mechanism were assessed in RIM rat rhabdomyosarcoma cells. Also, the efflux
mechanism was studied. Results: The uptake of ['*’I]-2-iodo-D-phenylalanine was high, Na”
independent, saturable (Km = 32 uM) and competitively and quantitatively inhibited by BCH
and L-phenylalanine, while its efflux from the cells was stimulated by these same compounds
pointing to an anti-port type LAT1 system. The compound was not incorporated into proteins.
Conclusion: The typical LAT1 uptake mechanism makes ['*’I]-2-iodo-D-phenylalanine a
promising tracer for specific tumour imaging in and outside the brain with SPECT.

3.1.2. INTRODUCTION

Already in 1978, 1982 and 1984 Tamessa and Goto et al. and Takeda et al. (1-3)
showed uptake of ['*C]-labelled D-leucine, D-alanine and D-tryptophane in mice tumour and
human tumour derived tumour cells induced in nude mice, without being able to explain this
phenomenon at that time. They suggested that D-leucine was transported by the same
transporter as L-leucine, but that the isomers were supposed to bind to different parts of the
transporter. This transporter was later defined as the L-transporter. In 1985 Meyer et al. (4)
showed that both the L and D form of the [''C]-methionine could accumulate in human brain
tumours. Since then all the development of and studies with radioactively labelled amino acids
for tumour diagnosis with PET and SPECT were focused on the L-enantiomeric form as it was
supposed that the amino acid tracers had to be incorporated into the tumour cell proteins. More
recently Langen et al. (5) and Lahoutte et al. (6-9) showed that it is the increased L-mediated
transport of amino acid analogues into tumour cells and not necessary the incorporation that is
needed for efficient tumour imaging and follow up. Moreover, Langen et al. (5) have
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demonstrated that the expression of L transporters and related reversible uptake depended on
the proliferation rate of human glioma cells.

This L transporter is a major nutrient transport system responsible for Na'- independent
transport of large neutral amino acids including synthetic amino acids by an obligatory
exchange mechanism coupled to an anti-port system (10, 11). The heterodimeric LAT
transporter contains 2 subunits, a heavy chain 4F2/CD98 and a light chain named LATI1 or
LAT2. LATI1 expression was scarcely detected in non-tumour areas (12-14) but highly
expressed (up-regulated) in proliferating tissues, in particular malignant tumours, as it plays a
critical role in cell growth and proliferation (14,15). A remarkable characteristic of system L
and the hLAT-1 amino acid uptake is its broad substrate selectivity, which enables the
transporter to accept amino acid related compounds, such as D-amino acids and cancer drugs
like Melphalan (1, 12). LAT2 on the other hand has a high level of expression in small
intestine, kidney, placenta, brain and in epithelia and blood-tissue barriers. It transports all of
the isomers of neutral alpha-amino acids by facilitated diffusion; however it does not transport
D-amino acids.

2-iodo-L-tyrosine and 2-iodo-L-phenylalanine (6-9, 16-21) show a very high tumour
selectivity when compared to ['*F]-FDG which is taken up considerably in brain and
inflammatory tissue (22-24). We have shown that ['*C]-D-phenylalanine and D-phenylalanine
were taken up in RIM cells by the LAT transport system (25, 26). R1IM cells are proposed to
evaluate ['**1% []-2-10do-D-phenylalanine in vitro.

3.1.3. MATERIALS AND METHODS

All the conventional products mentioned were at least analytical or clinical grade and
obtained from Sigma-Aldrich. The solvents were of HPLC quality (VWR, Belgium).

3.1.3.1. Precursor synthesis and radiolabelling

The synthesis of 2-iodo-D-phenylalanine/2-iodo-L-phenylalanine and the labelling were
achieved as earlier described (20). Quality control was achieved by HPLC, using a C8-column
(LichrosPher 100RP8 (5 um), Lichrocart 125-4) and 10/90 MeOH/H,0O containing 1 mM
NH4Ac as mobile phase at 1.0 ml/min while monitoring UV absorption (Hitachi UV detector,
254 nm) and radioactivity (Nal(Tl)-detector (Harshaw chemie)).

Chiral chromatography was performed on a chiral column (Sum Chirobiotic T (Astec)
column (150 mm x 4.6 mm)) using 80/20 Methanol/H,O (v/v) containing 20 mM NH4Ac at a
flow of 1 mL/ minute. In these conditions a complete separation of the chiral isomers was
obtained. The capacity values (k’) of 2-iodo-L-phenylalanine and 2-iodo-D-phenylalanine were
2.7 and 3.8, respectively.

3.1.3.2. Reverse Transcriptase — PCR

Primers were designed as shown in Table 3.1.1 (27).
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TABLE 3.1.1: Primer sequences of the LAT specific mMRNA

Primer Sense
LATI Forward 5’- TGTGCTGGCATTATACAGCG - 3’
Backward 5’- AGGTGATAGTTCCCGAAGTC - 3’
LAT? Forward 5’- TTTCCAGGAACCTGACATCG - 3’
Backward 5’ - ACATTGCAGTACATAAGCG - 3’
AF2he Forward 5’- GAATGAGTTAGAGCCCGAGA - 3’
Backward 5’- CGATTATGACCACGGCACCA -3

Reverse Transcriptase PCR was performed on the RIM cell line using BioTaq RED
(Bioline) according to manufacturer guidelines. The amplification of the cDNA strands was
performed using the following conditions:

Pre-cycle: 94°C during 3°, 60°C during 1°, 72°C during 2’
26 cycles of: 94°C during 1°, 60°C during 1°, 72°C during 2’
Hold: 72°C during 10’

Gel-electrophoresis was performed on a 1.5% agarose/EtBr gel at 250V and 250mA during 15
minutes. The entire PCR product was loaded onto the gel, Hyperladder IV (Bioline) was used
as a marker. Actin was used as a positive control of the method, while as a positive control cell
line (4), HeLa cell line was used to confirm the validity of the RT-PCR method.

3.1.3.3. Cell model.
3.1.3.3.1. Cell cultures.

R1M rhabdomyosarcoma cells (VUB) were cultivated as described before (14).
3.1.3.3.2. In vitro experiments.

All in vitro experiments were carried out in 6-well-plates (VWR), using three wells for
each data-point. Influx and efflux were studied both in a Na™ containing buffer (pH 7,4;
HEPES+ (Sigma), 100 mM NaCl (VWR), 2 mM KCI (Sigma), 1 mM MgCl, (VWR), 1 mM
CaCl, (VWR), 10 mM Hepes (Sigma), 5 mM Tris (VWR), 1 g/l glucose (VWR) and 1 g/l
Bovine Serum Albumine (Sigma)), a Na™ free buffer (pH 7,4; HEPES-, 100 mM Choline-Cl
(Sigma), 2 mM KCl, 1 mM MgCl,,1 mM CaCl,, 10 mM Hepes, 5 mM Tris, 1 g/l glucose and 1
g/l Bovine Serum Albumin) and MEM buffer (pH 7.2, containing essential and non essential
amino acids of which 1.2 mM of amino acids known to be transported by the L transport
system). The process was terminated by physical withdrawal of the buffer and washing three
times with ice-cold phosphate-buffered saline (PBS). Subsequently, the cells were detached
from the well with 2 ml of 0, 1 M NaOH. The radioactivity of the samples was counted using a
gamma-counting-system (Cobra-inspector 5003, Canberra Packard, Meriden, CT, USA).
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3.1.3.4. Time and concentration dependency:

For the kinetic studies the cells were incubated for times ranging from 1 to 20 minutes
in 1 ml of 0. mM 2-iodo-D-phenylalanine or 2-iodo-L-phenylalanine respectively in
HEPES+, HEPES- or MEM containing 37 kBq ['*’I]-2-iodo-D-phenylalanine or 37 kBq [ >1]-
2-iodo-L-phenylalanine respectively. [*’H]-L-phenylalanine (Amersham Biosciences), ["H]-L-
tyrosine (Perkin Elm, Canberra) or ['*C]-D-phenylalanine were used as reference products.

For concentration dependency, uptake was measured at 1 min uptake with
concentrations of 2-iodo-D-phenylalanine varying from 0.01 to 0.2 mM. The data were fit to
the Michaelis-Menten relation and the apparent K,,, Vimax and Kj values were calculated from
Eady-Hofstee and Hanes-Woolf and Lineweaver-Burk (LWB) plots. "Apparent K" is
calculated from V, conditions, i.e. uptake after 1 minute where only influx has to be
considered.

Using [*H]-L-phenylalanine/L-phenylalanine as a reference molecule, the type of
competition and K; value of 2-iodo-D-phenylalanine, 2-iodo-L-phenylalanine and D-
phenylalanine were determined using a double-reciprocal Lineweaver-Burk plot.
Concentrations of L-phenylalanine varied from 0.01 to 0.2 mM, while inhibitor concentrations
were set at 0.1 mM.

3.1.3.5. Inhibition of [***1]-2-iodo-D-phenylalanine influx

In these inhibition experiments the cells were incubated with 37 kBq ['*I]-2-iodo-D-
phenylalanine for 1 minute in HEPES+ and HEPES- buffer supplemented with § mM L-
phenylalanine (a LAT transport system inhibitor, BCH (2-Amino-2-norbornane-carboxylic
acid, a LAT transport system specific inhibitor) or MeAIB (Methyl amino isobutyric acid, a
A/ASC transport system specific inhibitor).

3.1.3.6. Incorporation into cell proteins

The cells were incubated with the radioactive amino acid for a period ranging from 15
minutes up to 18 hours in MEM under constant CO, partial pressure (5%) using the GENBOX
system. After removal of the radioactive solution, the cells were submitted twice to efflux
conditions in fresh MEM solution and washed with ice cold PBS buffer. Precipitation of
proteins was performed by adding 2 mL of 20 % trichloroacetic acid, intense mixing (vortex)
followed by cooling during 30 minutes at 0 °C. After two times of repeated centrifugation and
washing, 2 ml of 0.1 M NaOH was added and radioactivity was counted.

3.1.3.7. Trans- stimulation of ['*I]-2-iodo-D-phenylalanine or [***I]-2-iodo-L-
phenylalanine efflux.

The cells were incubated with 37 kBq ['*’I]-2-iodo-D-phenylalanine or 37 kBq ['*1]-2-

iodo-L-phenylalanine for 15 minutes in HEPES- buffer. The incubation medium was removed
and the cells were washed three times with ice-cold PBS. Subsequently HEPES- buffer

92



Chapter 3: Evaluation of [123/1251]—2—iod0-D—phenylalanine

containing 0.1 mM L-phenylalanine was added. The efflux medium was removed after 30
seconds or 1 minute, after which the cells were washed three times with ice-cold PBS,
detached with 0.1 M NaOH, suspended and counted.

3.1.4 RESULTS
3.1.4.1. Chemistry and radiochemistry

2-iodo-D-phenylalanine and 2-iodo-L-phenylalanine were pure for at least 99%. The
labelling yield in Kit conditions (2 component Kit) was at least 98%. The final injection ready
product showed a radiochemical purity of > 99% and was sterilised with a sterile 0.22 ym Ag-
membrane filter (Millipore). At the end of labelling the specific activity of both ['*I]-2-iodo-
L-phenylalanine and  ['*I]-2-iodo-D-phenylalanine was 10.9 GBg/mmol.  Chiral
chromatography showed that no chiral modification occurred during the labelling. The sterile
and isotonic ['*’I]-2-iodo-D-phenylalanine solution was injected in the rats within 2 - 4 hours
after the preparation. The ['*I]-labelled compound was stored at 4°C. HPLC analysis during
the long time course of the experiments revealed the quality of the preparation to be stable for
at least a month. After that period a small amount of free radioiodide was observed (2-3%).
This was quantitatively removed by filtering the solution through a sterile 0.22 um Ag-
membrane filter.

3.1.4.2. In vitro evaluation.
3.1.4.2.1. RT-PCR

The RT-PCR result, as obtained by gel-electrophoresis for the RIM cell line is depicted
in Figure 3.1.1.

FIGURE 3.1.1: RT-PCR as obtained by gel-electrophoresis of the R1M cell line.
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3.1.4.2.2. Time and concentration depending kinetics and affinity

Within the first hour, the uptake of ['**]-2-iodo-D-phenylalanine in R1M cells in MEM
buffer is about 25% lower than that of ['*’I]-2-iodo-L-phenylalanine (Figure 3.1.2). The uptake
of both compounds at longer times, up to 24 hours, shows a slight accumulation which is not
due to incorporation (the iodinated phenylalanine analogues are not incorporated into the cell
proteins) nor to cell growth (the results are expressed per million cells).

FIGURE 3.1.2: [***]-2-iodo-D-phenylalanine and ['**]-2-iodo-L-phenylalanine Uptake-time kinetics in R1M
cells in MEM buffer: mean+ SD (n =9).
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The uptake in V, conditions (at the 1 minute) of [125]—2—iod0—D—phenyla1anine as a function of

2-iodo-D-phenylalanine concentration (0.01 — 0.2 mM) is saturable and follows the Michaelis-
Menten relation. The related Eady-Hofstee plot shows a single substrate — transport system
interaction (Figure 3.1.3).
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FIGURE 3.1.3: Eady-Hofstee plot of uptake of ['**1]-D-2-iodo-phenylalanine/D-2-iodo-phenylalanine in
R1M cells at Vo Data expressed as mean £+ SD (n = 3).
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The resulting apparent Km value is 32 £ 10 uM. The Ki calculated from the inhibition of the
uptake of [*H]-L-phenylalanine/L-phenylalanine in R1M cells in HEPES- medium resulted in a
value of 50 £ 10 uM (Figure 3.1.4). In the same conditions 2-iodo-L-phenylalanine and D-
phenylalanine showed Ki values of 35 + 10 uM and 124 + 10 uM respectively.
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FIGURE 3.1.4: Inhibition of [3H]-L-phenylalanine/L-phenylalanine uptake by D-2-iodo-phenylalanine, D-
phenylalanine and 2-iodo-L-phenylalanine: Lineweaver-Burke plot Data expressed as mean £+ SD (n = 3).
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3.1.4.3.3. Transport Type Characterisation.

There was no significant difference between the uptake of ['*’I]-2-iodo-D-
phenylalanine in HEPES+ (Na’ presence) and HEPES- (Na" absence) and the uptake was
reduced to 2 % of the original value by both the presence of 8 mM of L-phenylalanine and of 8
mM BCH, a specific inhibitor of L transport system (Figure 3.1.5). Moreover, the inhibition by
8 mM MeAIB (a specific inhibitor of the Na+ dependent A/ASC transport system) is
negligible. Figure 3.1.4, representing a double-reciprocal Lineweaver-Burk plot, reveals that
the inhibition of [*H]-L-phenylalanine by 2-iodo-D-phenylalanine, 2-iodo-L-phenylalanine and
D-phenylalanine (the latter both proven LAT transported amino acids) is competitive. 0.1 mM
2-iodo-D-phenylalanine caused a net efflux of 26 % within 1 minute of the initial uptake of
[*H]-L-phenylalanine and the efflux of ['*I]-2-iodo-D-phenylalanine from the cells is
stimulated by L-phenylalanine and BCH.
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FIGURE 3.1.5: Uptake of [**I]-2-iodo-D-phenylalanine in presence and absence of Na+ and the inhibition
by 8 mM L-phenylalanine, 8 mM BCH and 8 mM MeAIB. Data expressed as mean £ SD (n = 3).
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3.1.5. DISCUSSION

Reverse Transcripase PCR gel electrophoresis (Fig. 3.1.1) clearly shows the presence of
the mRNA of hCD98hc, hLAT1 and hLAT2 in the RIM cell line, allowing a functional LAT1
and LAT?2 transport system. The band width and brightness indicate a greater presence of the
LATI transport system compared to the LAT2 transport system.

The Lineweaver-Burk plot (Figure 3.1.2) reveals from the same intercept of the
different lines obtained for L-phenylalanine, D-phenylalanine, 2-iodo-D-phenylalanine and 2-
iodo-L-phenylalanine that all these compounds enter the RIM cells in vitro by the same
transport system(s). The influx of ['*’I]-D-2-I-phenylalanine was completely inhibited by 8
mM BCH, whereas no Na“ dependence could be found. The influx of 0.1 mM 2-iodo-D-
phenylalanine caused an efflux of 26% of the initial [*H]-L-phenylalanine uptake while ['*°T]-
2-iodo-D-phenylalanine efflux, although in a smaller amount, was stimulated by 0.1 mM L-
phenylalanine and BCH. These characteristics are compliant with the utilization of the LAT
system as an obligatory 1/1 antiport system.

The difference in uptake kinetics (Fig. 3.1.1) and affinity for influx (Fig.3.1.4) between
2-iodo-D-phenylalanine and 2-iodo-L-phenylalanine might be due to the fact that the D-form
only shows a high affinity for the LAT1 system and much lower affinity for LAT2 while 2-
iodo-L-phenylalanine shows a high affinity for both transporter types. BCH is highly “general
L transport” specific but with low affinity so it does not allow to differentiate the LAT types in
the current conditions.

The small difference in affinity between the L and D iodinated phenylalanine analogues, if
expressed as Ki values L about 30% more than D, is less than observed for the non-substituted
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phenylalanines (L about 250% more potent). This can be due by the fact that the increase in the
lipophilicity due to the substituted iodine atom, in the amino acid — transporter interaction
reduces the relative influence of the chiral o carbon atom on the recognition sites of the
transport system.

It is stated in literature (5, 10, 21) that the LAT systems show a relatively symmetrical
broad selectivity but strongly asymmetrical substrate affinity, such that the intracellular amino
acid concentration controls their exchange activity. The increase in non-incorporated uptake in
vitro as well as a less stimulated efflux than L-phenylalanine can be due to a significant
difference in affinity between the radioiodinated D analogue and the natural L amino acid
present in the tumour cells

3.1.6. CONCLUSION

It is shown that the uptake of 2-iodo-D-phenylalanine in R1M cells is significantly
slower then the uptake of 2-iodo-L-phenylalanine, as would be expected for the “unnatural” D-
amino acid analogue. The K;, (32 uM) and K; (50 uM) values for 2-iodo-D-phenylalanine
however indicate a good affinity to the uptake system involved. The uptake of 2-iodo-D-
phenylalanine is Na' independent and is quantitatively inhibited by 8 mM L-phenylalanine and
8 mM BCH and competitive with well known LAT amino acids indicating transport via the
LAT transport system. As the difference in affinity, as compared to the L analogue and natural
L amino acids ,of the new tracer inside the R1M cells is larger than in the outer medium a
“pseudo” accumulation effect is generated.

The rather fast uptake and the accumulation effect over longer times make ['>'I] labelled 2-
iodo-D-phenylalanine a promising SPECT tracer for tumour specific imaging and potentially
for radionuclide therapy with [*'].
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Rabdomyosarcoma Athymic Mice Model by Means of Dynamic Planar Imaging as a
Potential Diagnostic Tool.
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3.2.1. ABSTRACT

Objectives. Tamamesa et al. reported the preferential uptake of D-amino acids in tumour bearing
mice (4,5). Moreover, Yanagida et al. showed in vitro in tumour cells that the LAT transporter
seemed to lack stereospecificity. According to the successful results of ['*’I]-2-iodo-L-
phenylalanine, ['*’I]-2-iodo-D-phenylalanine was developed and its tumour detecting
characteristics were evaluated in vivo. Methods. ['*'I]-labelling of 2-iodo-D-phenylalanine was
performed in Kit formulation using the Cu'" assisted nucleophilic exchange. ['*’I]-2-iodo-D-
phenylalanine was evaluated in RIM tumour bearing athymic mice using dynamic planar
imaging (DPI) and dissection and the stability of the tracer in vivo was tested. Tumour tracer
retention and tracer contrast were evaluated as a function of time. Two-compartment blood
modelling and dosimetric calculations were performed on the biodistribution results. Moreover,
['%°1]-2-iodo-D-phenylalanine and '*F-FDG uptake in acute inflammation was investigated by
dissection. Results. ['*’I]-2-iodo-D-phenylalanine was metabolically stable. Fast, high and
highly specific tumour accumulation was observed. Two-compartment modelling confirmed the
fast clearance of the tracer through the kidneys to the bladder as observed by DPI and dissection.
Moreover, when compared to the L-isomer, ['*’I]-2-iodo-D-phenylalanine demonstrated a faster
clearance and a faster uptake in the peripheral compartment. No accumulation in the abdomen or
in the brain was noticed. Dosimetry revealed that, compared to ['*’I]-2-iodo-L-phenylalanine and
[1231]-2-iodo-L-tyrosine, ['**1]-2-iodo-D-phenylalanine demonstrated the lowest radiation burden.
Although, ['*’1]-2-iodo-D-phenylalanine showed a tumour retention of only 4%, the tumour
contrast increased up to 350 % at 19 hours p.i. Conclusions. ['*’I]-2-iodo-D-phenylalanine is a
promising tracer for diagnostic oncologic imaging due to its high, fast and specific tumour
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uptake and fast blood clearance. Moreover, the new tracer possessed better diagnostic imaging
characteristics regarding the enhanced tumour contrast in comparison to its L-analogue.

3.2.2. INTRODUCTION

At present, more and more interest exists in nuclear medicine based tumour detection by
Positron Emission Tomography (PET) and Single Photon Emission Computed Tomography
(SPECT). The most prominent example is ['*F]-Fluorodeoxyglucose (‘*F-FDG), which is
routinely used for oncologic imaging, but due to its high brain and inflamed tissue uptake, new
more specific oncologic imaging tracers are required (1).

Both increased amino acid transport across the cell membrane and protein synthesis rate
are early features of malignant transformation. A and L type amino acid transport have been
shown to be increased in tumour cells relative to normal tissue and these transport systems have
been the major focus of the development of amino acid tumour tracers for oncologic imaging
(1,2)

Recently, various radiolabelled L-amino acids have been developed successfully to
overcome the limitations of "*F-FDG. Moreover, it was demonstrated that membrane transport of
the amino acids reflects the malignancy of the cell and that incorporation of radiolabelled amino
acids into the cell proteins is not necessary. The increased amino acid uptake is directly related to
the metabolic requirements of the tumour cells (1,3). ['*’I]-3-Iodo-a-methyltyrosine is at present
the only routinely used amino acid tracer for SPECT but due to its marked long term renal
accumulation, the development of other radiolabelled amino acid tumour tracers is necessary.

Tamamesa et al. (4) suggested the use of D-amino acids as specific tumour detecting
agents. They showed the preferential uptake of some unnatural radiolabelled D-amino acids in
comparison to the L-isoforms in tumour bearing mice. Moreover, Yanagida et al. showed in vitro
in tumour cells that system L seems to lack stereospecificity: D-amino acids are transported with
high affinity by LAT1 (2). The latter, together with the slower excretion of D-amino acids from
the tumour cells could be an important rationale to develop D-amino acids as tumour diagnostic
agents (5). Moreover, a lower radiation burden is expected from D-amino acids in comparison to
the L-isoforms because of their faster blood clearance due to both negligible tissue distribution
and incorporation into cell proteins.

Our research group developed [ []-2-iodo-D-phenylalanine and demonstrated its
uptake in vitro in a R1M (rabdomyosarcoma) cell model (6). The D-isomer was taken up by the
L amino acid transporter system subtype 1 (LAT1), overexpressed in many tumours, and
accumulated slower but in the same amounts as compared to ['*I]-2-iodo-L-phenylalanine. This
paper evaluated ['**'*°I]-2-iodo-D-phenylalanine as a potential new tumour diagnosticum in vivo
in a R1M athymic mouse model by means of dissection and dynamic planar imaging.

123/125

3.2.3. MATERIALS AND METHODS

All the conventional products mentioned were at least of analytical or clinical grade and
obtained from Sigma-Aldrich. The solvents were of HPLC quality (Chemlab, Belgium).
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3.2.3.1. Synthesis of Precursor 2-iodo-D-phenylalanine

2-iodo-D-phenylalanine was prepared from 2-bromo-D-phenylalanine (PepTech Corp,
USA) by analogy with 2-iodo-L-phenylalanine as mentioned before (3). Briefly, the Cu'"
assisted nucleophilic exchange under acidic and reducing conditions was used (30.3 mM 2-
bromo-D-phenylalanine, 4.4 mM CuSOQy4, 8.9 mM citric acid, 9.0 mM SnSOy4, 10.7 mM gentisic
acid, 44.5 mM Nal; at 160°C for 16 hours). 2-iodo-D-phenylalanine and 2-bromo-D-
phenylalanine were recovered separately from RP-HPLC (Hibar semi-preparative Lichrosorb
RP-select 7um; A = 261 nm; Merck, Belgium) with 20/80 MeOH/H,0O containing 1mM NHsAc
(adjusted to pH 5.5 with HCI, 13 ml/min). 2-iodo-D-phenylalanine was obtained from methanol
by evaporation of the mobile phase. Identification and quality control were achieved by LC-MS,
TLC and HPLC. Chiral chromatography (5 pm Chirobiotic T, 150 x 4.6 mm; Astec) with 20/80
MeOH/H;0 containing 20 mM NH4Ac (adjusted to pH 5.5 with HCI, 1 ml/min) was used to
confirm the chiral purity.

3.2.3.2. Radiochemistry
3.2.3.2.1. [*®*1/**I1]-2-iodo-D-phenylalanine

Radioiodination with '*I" (222 MBgq; 10 — 20 pl) or 11 (37 MBgq; 10 ul) (Nordion
Europe, Belgium) on 1.0 mg 2-iodo-D-phenylalanine was performed by Cu'" assisted isotopic
exchange under acidic and reducing conditions as described before. The reaction mixture was
drawn up in a syringe containing the appropriate amount of “make-up solution” (Tri-sodium
Citrate dihydrate, 71 mM) to render the solution isotonic and to adjust the pH to at least 4. The
reaction mixture was filtered by 0.22 pm Ag-filter (Millipore, Belgium) to remove free '*’I" and
by a sterile 0.22 pum filter (Millipore, Belgium) for sterilisation into a sterile vacuum vial.
Quality control was achieved by HPLC and Sep-pak C18 (Waters, Belgium). Chiral
chromatography was used to confirm the chiral purity.

3.2.3.2.2. [**1]-iodo-Human Serum Albumin.

Radioiodination of Human Serum Albumin (HSA) with '**I (Nordion Europe, Belgium)
was performed by electrophilic substitution using the Iodogen technique as described before (3).
The reaction mixture was sent through a 0.22 pm Ag-filter to remove the free 'I' from ['*I]-
iodo-HSA and through a sterile 0.22 pm filter for sterilisation. The specific activity was 4.10°*
GBg/mmol. Quality control was achieved using a standard prepacked PD-10 SEC column (Size
Exclusion Chromatography, Amersham Pharmacia Biotech, Sweden) using PBS/HSA as the
eluting agent.

3.2.3.3. In Vivo Experiments
3.2.3.3.1. Laboratory Animals.
The study protocol was approved by the local ethical committee for animal studies and was
within the rules of Belgian legislation. Guidelines of the National Institute of Health principles of

laboratory animal care were followed.
Water and food were freely available during the experimental period.
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Male SWISS~nu/nu mice (n=30) (Bioservices, The Netherlands) were injected
subcutaneously in the right flank (armpit region) with 5.10° RIM rabdomyosarcoma cells.
Normal tumour growth curves were obtained using sliding caliper measurement and the estimate
volume formula V = 0.4 a’.b, a and b being the short and the long axis of the tumour respectively
(3,7). For the inflammation model, male NMRI mice (n=5) (in house breeding program) were
injected in the right biceps brachii with 25 pl of turpentine to create an acute inflammation.

During all imaging experiments, the animals were anesthetized by intraperitoneal
injection (IP) with 75 ul (1.5 mg) of a solution containing 20 mg/ml pentobarbital (Nembutal, 60
mg/ml, Ceva Santé Animale, Belgium). For the biodistribution experiments by dissection, the
animals were sacrificed by cervical dislocation without sedation and the organs of interest were
dissected.

[123/ 125I]-2-iodo-D-phenylalanine, BE.FDG  and ['"I]-iodo-HSA  were injected
intravenously (IV) in the lateral tail vein.

3.2.3.3.2. Dynamic Planar Imaging (DPI).

Imaging was performed as described before using a gamma camera (Toshiba GCA-9300A/hg) in
planar mode equipped with a high-resolution parallel-hole collimator (3). All experiments were
conducted within the same mouse population to limit the number of animals needed.

In order to perform semi-quantitative analysis, a syringe with known ['*I]-2-iodo-D-
phenylalanine activity (measured on a calibrated ionisation chamber; Capintec, CRC-15R;
Ramsey, USA) was used as dose calibration. The syringes, containing ['>I]-2-iodo-D-
phenylalanine were counted by the same Capintec before injection. The tracer uptake was
expressed the differential uptake ratio (DUR): [(countSissue * PpixelSiotal body)/(PiXelSiissue *
countsyoal body)]- The latter calculations are performed to meet the conclusions and guidances of
Boellaard and Thie (8,9).

At first, a ['*I]-iodo-HSA study was carried out to measure the relative bloodpool
distribution to correct the uptake of ['*I]-2-iodo-D-phenylalanine in the studied organs for
bloodpool activity. Ten tumour bearing mice were injected with 7.4 MBq ['*’I]-iodo-HSA. Of
each animal, ten dynamic planar images of 1 min were acquired starting 10 min p.i. ROIs were
drawn around the tumour, heart and the contralateral background area. The tumour to
contralateral background (RTB) ratio was calculated and the overall mean for the animals
determined.

DPI experiments were started when the tumour reached a volume of 1 cm’. Immediately
after injection of 18.5 MBq ['*’I]-2-iodo-D-phenylalanine, a dynamic acquisition was performed
to determine the steady state of tracer uptake in the tumour. Subsequently, at steady state a
displacement study with L-phenylalanine (200 pl IV of a 145 mM solution) was performed.
Regions of interest (ROI’s) were drawn using a MRI maximum intensity projection as described
before (3). ['*’I]-2-iodo-D-phenylalanine tumour uptake was compared to the uptake in the
contralateral background area and RTB calculated. The significance of displacement of ['*I]-2-
iodo-D-phenylalanine activity by L-phenylalanine was calculated for a 95% confidential interval.

To test the tumour retention of ['*’I]-2-iodo-D-phenylalanine, 3 R1M bearing athymic
mice were injected with 37 MBq of the tracer. One, 6.5, 16, 19, 21, 24 and 31 hours p.i., a static
image of 15 min was acquired (1024 x 1024 matrix; FOV 23.5 x 12.46 cm and with a photopeak
window set at 15% around 159 keV). Tumour retention of the tracer was calculated relatively to
the time-point 1h p.i.. The tumour contrast was defined as DUR relative to the 1 hour time-point:
relative DUR = (%IA/Pumou/%01A/Pioral) at 1, 6.5, 16, 19, 21, 24 or 24 hours divided by DUR at
steady state (1h).
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3.2.3.3.3. MRI.

The tumour bearing animals were anaesthetized as mentioned above. After sedation, 3D
Dess-weighted images, being hybrid T1-T2 weighted images, were generated on a 1 Tesla
whole-body system (Magnetom SP; Siemens, Erlangen, Germany) as mentioned before (3,7).

3.2.3.3.4. Dissection: Biodistribution of [*?*I]-2-iodo-D-phenylalanine in tumour model.

The injected dose (ID) was calculated by weighing the syringes before and after injection
of the tracer and by the use of a dilution series of the injected tracer solution which was also
weighed and counted for radioactivity using the auto gamma-counting system (Cobrall Series,
Canberra Packard, Meriden, CT, USA Cobra).

The same mouse population as applied for the DPI experiments was used. Twelve RIM
bearing athymic mice were injected with 7.4 kBq ['*’I]-2-iodo-D-phenylalanine, six days after
the last imaging experiment was performed. At various time points (2, 5, 10, 15, 30, 45, 60, 90,
120 and 180 min) post injection 3 animals per time point were sacrificed. The organs and tissues
were removed, washed and weighted. The blood was collected in an EDTA coated vial. The
radioactivity of the samples was counted by use of an auto gamma-counting system (Cobrall
Series, Canberra Packard, Meriden, CT, USA Cobra). The amount of radioactivity in the organs
and tissues was calculated as the differential absorption rate (DAR): [(activitysssue * total body
weight)/(weightissue * actiVityinjected dose)]-

3.2.3.3.5. Two-compartment modelling.

The data obtained by DPI and dissection for [1231]-2-i0d0-D-phenylalanine were fit to a
two-compartment model with IV-bolus injection, without a lag time and with first order
elimination, using WinNonlin 4.0.1 (Figure 3.2.1). This kinetic model was chosen by analogy
with [1231]-3-iodo-a-methyltyrosine (10) The primary parameters Vi, kio, ki» and ky; were
determined.

FIGURE 3.2.1.: Graphic presentation and kinetic parameters of the 2-compartment model applied on blood
dynamic imaging data of [***1]-2-iodo-D-phenylalanine. (*) [*?*1]-2-iodo-D-phenylalanine or (1) [***1]-2-iodo-
L-phenylalanine. (A) DPI results and (B) dissection results.
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105



123/125

Chapter 3: Evaluation of | []-2-10do-D-phenylalanine

3.2.3.3.6. Dissection: Biodistribution of [**I]-2-iodo-D-phenylalanine in inflammation model.

Inflammation bearing NMRI mice (n = 5) were injected with 7.4 kBq of ['*’I]-2-iodo-D-
phenylalanine together with 16 MBq of "*F-FDG 24h post terpentine injection. After 30 min, the
mice were sacrificed and the blood, muscle from the inflamed and non-inflamed leg was
removed, washed and weighted. The '*F activity was counted on day 1 and the '*’I" activity in
the same samples was counted three days later. The amount of radioactivity in the organs and
tissues was calculated as DAR.

3.2.3.3.7. Metabolization Study: in Vivo Stability of [*?°1]-2-iodo-D-phenylalanine.

The blood, collected in the dissection study, was used for a metabolization study of ['*°I]-
2-iodo-D-phenylalanine as a function of time as described before (3).

3.2.3.4. Dosimetric calculations

Mean time—activity curves (expressed as %lnjected Activity/weightissie or %lInjected
Activityyissue) Were generated for the organs of interest from the dissection experiment. Source
organ residence times were determined from time-integration of the bi-exponential fit to the
experimental biodistribution data. Fitting was performed in SPSS 12.0 software package. In
order to fit the experimental data, 2 extra time points were generated at 792 min and 2376 min
p.i. (I1x and 3x the half life of iodine-123, respectively) by only considering the physical decay of
the tracer and thus assuming the worst case scenario. The latter was performed because the
dissection was only conducted until 180 min p.i. of the tracer. Extrapolation of the animal
biodistribution to the human reference adult was performed by assuming that either the
%IA/weightiissye or %I A4issue in mice and humans was equal. Absorbed radiation dose estimates
were then calculated for the target organs applying the MIRD methodology (11) for healthy
adults using the MIRDOSE 3.0 software package. The absorbed-dose estimate for the urine
bladder wall was determined according to the dynamic bladder model as described by Cloutier et
al. using a bladder voiding interval of 4.8 hours (12). The dosimetric calculations were not only
performed on the data mentioned in this report but also on the dissection data of 2-iodo-L-
phenylalanine and 2-iodo-L-tyrosine, as reported earlier, in order to compare the new D-isomer
tracer to other newly developed amino acid analogues.

The parameters of the exponential fitted curves in SPSS were applied for hierarchical
clustering of the organs using the average linkage algorithm. This analysis was performed to
discover which organs exhibit the same behaviour for ['*’I]-2-iodo-D-phenylalanine tracer
biodistribution.

3.2.4. RESULTS

3.2.4.1. Synthesis and Radiolabeling of 2-iodo-D-phenylalanine

Yields up to 65 % were obtained for the presursor synthesis of 2-iodo-D-phenylalanine
from 2-bromo-D-phenylalanine using the Cu'" assisted nucleophilic exchange method.

Radioiodination of 2-iodo-D-phenylalanine by Cu'" assisted isotopic exchange, followed
by Ag-membrane filtration, resulted in a radiochemical purity of > 99 % and a specific activity
of 65 GBg/mmol (['*’1]-labeling) and 11GBg/mmol (['*’I]-labeling).
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In both cases, it was shown by chiral HPLC that there was no detectable amount of L
analogues

3.2.4.2. In Vivo Results
3.2.4.2.1. In Vivo Stability of [**I]-2-iodo-D-phenylalanine.

HPLC analysis of the mouse blood showed 4.8 % of free iodide 90 minutes post
injection. No other metabolites were detected. EDTA did not show any influence on the
deiodination of ['*’I]-2-iodo-D-phenylalanine.

3.2.4.2.2. Planar Imaging.

DPI with ['*I]-iodo-HSA showed no significant difference between the blood flow in the
tumour and the contralateral reference leg: RTB = 1.1 £0.2.

At equilibrium (plateau phase), net ['**I]-2-iodo-D-phenylalanine uptake in the tumour
was high. An overall mean of ['*’I]-2-iodo-D-phenylalanine tumour uptake of 1.00 + 0.02 was
obtained (Figure 3.2.2). Administration of L-phenylalanine resulted in a significant displacement
of the ['*’I]-2-iodo-D-phenylalanine activity from the tumour: the radioactivity in the tumour
showed a decrease of 9.6 % + 2.3 % as compared to the initial uptake values (p<0.05) after IV
administration of L-phenylalanine.

FIGURE 3.2.2: Overall mean for [*?*1]-2-iodo-D-phenylalanine uptake (DUR) in tumour and contralateral
background region as functions of time by dynamic planar imaging.
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['**1]-2-i0do-D-phenylalanine blood elimination showed a renal clearance to the bladder
(Fig. 3.2.3). High tracer uptake was noticed in the zone of the pancreas: it reached a peak value
of 3.3 £ 0.2, 2 min p.i. but decreased rapidly (Figure 3.2.4). Due to superposition of the pancreas
with other organs such as left kidney and stomach, the results of pancreas uptake are
overestimated (13). Low uptake of radioactivity in the thyroid (1.08 £ 0.06) or brain (0.76 +
0.05) was observed (Figure 3.2.4).
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FIGURE 3.2.3: Uptake of [***I]-2-iodo-D-phenylalanine (DUR) as a function of time by dynamic planar
imaging: clearance of the tracer through the kidneys to the bladder. Kinetic fitting of the observed blood
curve for [**1]-2-iodo-D-phenylalanine tracer distribution with the theoretical (line) curve using a two-
compartment model.
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FIGURE 3.2.4: Uptake of [**I]-2-iodo-D-phenylalanine (DUR) pancreas zone, brain and thyroid.
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The retention study of ['**I]-2-iodo-D-phenylalanine showed that only 4% of the initial
[]-2-iodo-D-phenylalanine uptake remained in the tumour 31 hours p.i.. However, when
concerning tumour contrast, an increase of 352% 19 hours p.i. was observed (Table 3.2.1).
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TABLE 3.2.1: Retention study of [*?*1]-2-iodo-D-phenylalanine activity in the tumour using planar gamma
scintigraphy. (*) % contrast enhancement in comparison to the initial [**1]-2-iodo-D/L-phenylalanine tumour
contrast; (1) % of the initial [***1]-2-iodo-D/L-phenylalanine uptake that remained in the tumour; (8) [***1]-2-
lodo-L-phenylalanine; (||) [**I]-2-1odo-D-phenylalanine.

Tumour contrast (%+SD)* | Tumour retention (%+SD){
Time (h) 2-1-L-Phe§ 2-1-D-Phe | 2-1-L-Phe 2-1-D-Phe
1 1000 1000 100.0+0.0 100.0+0.0
6.5 100+2 120422 67.8+2.5 52.6+10.7
16 75+19 314+36 23.2+5.6 15.5+1.6
19 71+17 352+31 23.1+7.9 6.7+2.1
21 95+25 213+34 21.1+8.5 5.0£1.7
24 91+16 251+36 17.14+6.3 5.0+2.0
31 86+16 197+10 11.6+3.9 4.0+1.1

3.2.4.2.3. Biodistribution By Dissection.
Biodistribution data of ['*’I]-2-iodo-D-phenylalanine for the selected time-points 2, 30,
60 and 120 minutes p.i. in RIM tumour bearing athymic mice are shown in Table 3.2.2. Those of
[1251]—2—iodo—L—Phenylalanine were reported earlier (3).

TABLE 3.2.2: Biodistributon study by dissection of ['*°1]-2-iodo-D-Phenylalanine in R1M bearing athymic
mice (n = 3).

Differential Absorption Ratio (DAR) Mean * SD
Time (min) 2 30 60 120
Blood 3.10+0.12 |1.25+0.21 |1.08+0.12 |1.06+0.05
Brain 0.33+0.07 |0.36%0.06 |0.42+0.05 |0.38+0.10
Heart 2.13+0.07 |1.04+0.29 |0.81+0.10 |0.73+0.04
Lung 2.17+0.12 |0.91+0.20 |0.75+0.07 |0.71+0.09
Stomach 0.68+0.20 |[1.87+1.13 |2.14+1.15 |2.83#1.75
Milt 2.20+£0.28 |0.99+0.28 |0.81+0.20 |0.95+0.12
Liver 2.21+0.23 |0.91+0.16 |1.02+0.25 |1.07+0.33
Kidneys 17.65+2.55 | 6.88+3.27 |[2.97+0.24 |2.05+0.04
Small intestines 1.33+0.13 |1.02+0.31 |1.20+0.14 |1.88+0.71
Large intestines 0.64+0.07 |0.40+0.20 |0.50+0.11 |1.73%0.20
Fatty tissue 0.73+0.39 |0.66+0.45 |0.19+0.02 |0.32+0.10
Contr. Bckgr. 1.10+0.21 |1.06+0.19 |[0.68+0.12 |0.66+0.04
Pancreas 10.52+3.63 | 10.68+5.18 | 6.84+1.07 |6.17+0.53
Tumour 2.05+0.82 |3.89+1.22 |2.30+0.39 |2.09+0.54
RTB 1.86+0.36 |3.64+0.48 |3.38+0.52 |3.13+0.73

The net ['*’I]-2-iodo-D-phenylalanine tumour uptake reached equilibrium from 30 min
with a mean DAR value of 3.9 + 1.2. At the same time point, ['*’I]-2-iodo-D-phenylalanine
activity in the blood and in the contralateral leg tissue reached a DAR of 1.3 + 0.2 and 1.1 £ 0.2
respectively.

['*°1]-2-iodo-D-phenylalanine was cleared very fast through the kidneys, without
accumulation. A high uptake of radioactivity in the pancreas was observed. Very low
accumulation of radioactivity was observed in other abdominal organs such as liver, lungs,
stomach, small intestine and large intestine, neither in the brain.
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Comparison of "*F-FDG with ['*’I]-2-iodo-D-phenylalanine uptake in the inflammation
site resulted in a “ratio inflamed muscle to contralateral muscle” of 10.5 £ 2.1 and 1.43 + 0.09,
respectively.

3.2.4.2.4. Two-compartment modelling.

The results obtained by two-compartment modelling are given in Figure 3.2.1 and 3.2.4.
They showed that ['*’1]-2-iodo-D-phenylalanine biodistribution by DPI and dissection fitted the
theoretical curve for the proposed kinetic model (all R*> 0.95). When compared to its L-isomer,
['#1]-2-i0do-D-phenylalanine was cleared almost two times faster from the blood. Moreover,
['**1]-2-iodo-D-phenylalanine was taken up faster in the peripheral compartment but its
elimination velocity from this compartment was comparable to that of ['*I]-2-iodo-L-
phenylalanine. Both biodistribution methods showed the same kinetic pattern.

3.2.4.3. Dosimetry

Mean radiation dose estimates were calculated for the human reference adult using time—
activity curves and organ residence times derived from mice biodistribution data. The
MIRDOSE 3.0 program was applied assuming that either the %IA/g tissue values or the %IA
values for [1231]-2-iodo-D-phenylalanine, ['* I]-2-i0odo-L-phenylalanine and ['1]-2-i0do-L-
tyrosine in mice are equal to those in humans. Dosimetry results according to both estimates are
summarized in Table 3.2.3. They show that the highest equivalent organ dose was reached for
the pancreas and stomach. When selecting the highest equivalent organ dose for each organ out
of both dosimetry estimations, this worst-case scenario would result in an effective dose of
0.0330, 0.0375 and 0.0542 mSv/ MBq for ['*’I]-2-iodo-D-phenylalanine, ['**I]-2-iodo-L-
phenylalanine and ['*I]-2-iodo-L-tyrosine, respectively. Although no statistically significant
difference was observed between the two phenylalanine analogues (p = 0.378), the tyrosine
analogue differed significantly from the latter tracers (p = 0.041).

TABLE 3.2.3: Dosimetric calculations and estimation of the “worse-case” effective dose for [***I]-2-iodo-D-
phenylalanine, [***1]-2-iodo-L-phenylalanine and [**1]-2-iodo-L-tyrosine.

2-iodo-D-phenylalanine | 2-iodo-L-phenylalanine | 2-iodo-L-tyrosine
| Organs Dose %ID | Dose %ID/g | Dose %ID | Dose %ID/g | Dose %ID | Dose %ID/g
Adrenals 1.56E-02 |9.24E-03 1.39E-02 | 1.04E-02 2.38E-02 |1.26E-02
Brain 4.95E-03 |5.18E-03 4.37E-03 | 6.37E-03 1.14E-02 |1.30E-02
Breasts 6.23E-03 | 5.59E-03 5.95E-03 | 6.46E-03 6.07E-03 | 6.26E-03
Gallbladder Wall 1.78E-02 |9.61E-03 1.52E-02 | 1.09E-02 2.66E-02 |1.33E-02
LLI Wall 2.46E-02 |8.98E-03 2.85E-02 | 2.02E-02 4.92E-02 | 1.94E-02
Small Intestine 3.41E-02 |1.15E-02 2.59E-02 |1.42E-02 4.02E-02 |1.48E-02
Stomach 1.28E-01 |1.92E-02 5.49E-02 |1.30E-02 5.83E-02 |1.36E-02
ULI Wall 2.88E-02 |9.20E-03 2.21E-02 |1.16E-02 4.55E-02 |1.28E-02
Heart Wall 1.32E-02 |1.01E-02 1.05E-02 |9.36E-03 1.81E-02 |1.49E-02
Kidneys 2.07E-02 |8.02E-03 9.07E-03 | 6.00E-03 5.20E-02 | 1.84E-02
Liver 1.69E-02 |8.29E-03 1.24E-02 | 6.92E-03 3.64E-02 |1.62E-02
Lungs 8.89E-03 |9.44E-03 6.99E-03 | 8.08E-03 1.18E-02 |1.49E-02
Muscle 8.94E-03 | 7.00E-03 1.07E-02 | 1.06E-02 1.14E-02 |9.92E-03
Ovaries 1.51E-02 |9.34E-03 2.19E-02 |2.00E-02 2.50E-02 |1.80E-02
Pancreas 1.98E-01 |4.27E-02 2.14E-01 |4.91E-02 5.41E-01 |1.24E-01
Red Marrow 8.77E-03 |6.87E-03 9.35E-03 | 9.28E-03 1.07E-02 | 8.91E-03
Bone Surfaces 1.47E-02 |1.28E-02 1.56E-02 |1.65E-02 1.65E-02 | 1.57E-02
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Skin 5.49E-03 |4.92E-03 6.03E-03 | 6.53E-03 5.84E-03 |5.95E-03
Spleen 2.32E-02 |8.90E-03 2.37E-02 | 1.03E-02 3.93E-02 |1.40E-02
Testes 6.85E-03 | 6.63E-03 1.36E-02 | 1.46E-02 1.19E-02 |1.26E-02
Thymus 7.93E-03 |7.50E-03 7.77E-03 | 8.68E-03 7.72E-03 | 8.36E-03
Thyroid 7.44E-03 |7.42E-03 7.60E-03 | 8.85E-03 6.79E-03 | 8.00E-03
Urin Bladder Wall 9.93E-03 |9.29E-03 3.02E-01 |3.03E-01 2.61E-01 |2.60E-01
Uterus 1.33E-02 |9.40E-03 3.64E-02 |3.55E-02 3.49E-02 |3.12E-02
Total Body 1.03E-02 |7.50E-03 1.14E-02 | 1.09E-02 1.38E-02 |1.08E-02
"worse-case" dose | 3.30E-02 mSv/MBq 3.75E-02 mSv/MBq 5.42E-02 mSv/MBq

The clustering results of the coefficients of the exponential models as used in the
dosimetric calculations are visually presented by the dendrogram in Figure 3.2.5. It presents the
closeness of the different organs with respect to the ['*I]-2-iodo-L-phenylalanine tracer
pharmacokinetic behaviour. The dendrograms for ['*I]-2-iodo-D-phenylalanine and ['*I]-2-
iodo-L-tyrosine are not shown but they demonstrate the same behaviour. Clearly, the tumour,
remainder of the body, kidneys and stomach are separate groups, with 2 additional clusters: (1)
blood-group containing blood, lungs, spleen, heart and liver and (2) other organs group
containing the organs left. When looking at the elimination coefficients only (dendrogram not
shown), an identical, even more pronounced, pattern was observed, with exception of the
stomach which belongs to the blood-group. Indeed, the elimination kinetics from the stomach
was similar to the blood-group organs, which however did not show uptake kinetics under the
applied experimental conditions. These clustering results indicate that not every organ is to be
considered separately in full pharmacokinetic modelling, due to similar pharmacokinetic
behaviour within the groups. Five different groups can be defined.

FIGURE 3.2.5: Hierarchical clustering using average linkage algorithm for the exponential curve parameters
obtained by non-linear regression of the dissection data of 2-iodo-L-phenylalanine.
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3.2.5. DISCUSSION

Tamamesa et al. reported the preferential uptake of D-amino acids in tumour bearing
mice (4,5). Moreover, Yanagida and co-workers showed in vitro in tumour cells that the LAT
transporter seemed to lack stereospecificity: D-amino acids were transported with high affinity
by LATI1 (2). Accordign to the succesful results of [1251]—2—iodo—L—phenylalanine, ['%1]-2-iodo-
D-phenylalanine was developed and its tumour detecting characteristics were evaluated.

In vitro in R1M cells, the K, values of [1251]—2—i0d0—D—phenylalanine, ['%1]-2-i0do-L-
phenylalanine and the natural amino acid L-phenylalanine were similar. All compounds were
transported by the same obligatory exchange LAT1 system (6), confirming the hypothesis made
by Yanagida et al. In vitro (full MEM buffer) accumulation of ['*’I]-2-iodo-D-phenylalanine in
R1M cells over a longer period of time (up to 24 hours) was noticed although no incorporation e
into the cell proteins was found, just like the L-isomer (2,14).

Given the abovementioned characteristics, the new tracer [ “1]-2-iodo-D-phenylalanine
was evaluated in vivo using dynamic planar imaging in view of its potential application for
oncologic diagnostic imaging.

Identical to 2-iodo-L-phenylalanine, the D-isomer could be synthesised easily and radio-
iodinated quantitatively in a Kit formulation using the Cu'" assisted nucleophilic exchange
method (3). The same precursor yields and the same tracer specific activities were obtained for
both tracers. No metabolization of ['*’I]-2-iodo-D-phenylalanine took place. Only a minor
dehalogenation was observed, which was somewhat lower in comparison to the L-isomer and
which is reflected by the low radioactivity uptake in the thyroid. Thus, oral administration of
stable potassium iodide before injection of ['**I]-2-iodo-D-phenylalanine shall protect the thyroid
from radioiodine poisoning.

Concerning the planar imaging data of ['**1]-2-iodo-D-phenylalanine, tracer kinetics were
in accordance with the proposed 2-compartment model. Moreover, due to its higher k; o velocity
and thus faster tracer elimination from the blood, 2-iodo-D-phenylalanine will demonstrate better
tumour contrast at the same time-point in comparison to its L-isomer. Additionally, 2-iodo-D-
phenylalanine was taken up faster by the peripheral compartment as compared to 2-iodo-L-
phenylalanine (k;2(D) = 1.4 x k; (L)) but both tracers were eliminated at equal velocities from
the peripheral compartment (k,. (D) = ka1(L)). These findings together with the very fast ['*]-
2-iodo-D-phenylalanine wash out from the pancreas will lead to faster and higher tumour uptake
and thus better tumour contrast as compared with the L-analogue. This hypothesis is confirmed
by the ['*I]-2-iodo-D-phenylalanine tumour retention study. Although only 4 % of the initial
['#1]-2-iodo-D-phenylalanine uptake remained in the tumour after 31 hours, the tumour contrast
became much more favourable for oncologic imaging in comparison to ['*’I]-2-iodo-L-
phenylalanine with a retention of 11%: whereas the latter showed a decrease in tumour contrast,
['*1]-2-i0do-D-phenylalanine demonstrated an contrast increase of 352 % 19 hours p.i. (Table
3.2.1). These results demonstrate the capability of 2-iodo-D-phenylalanine as a tumour detecting
agent by SPECT and opens perspectives as a radiotherapeutic agent. Indeed, meta-
iodobenzylguanidine (MIBG), which showed only a tumour uptake of 2 % of the ID, has become
an effective anti-neuroblastoma agent, besides its diagnostic tumour imaging application. Apart
from its tumour-targeting properties, our new tracer 2-iodo-D-phenylalanine is metabolically
stable but shows lower liver uptake and accumulation than MIBG and is rapidly cleared from the
circulation via the kidneys, being an ideal starting point for systemic radiotherapy (15-17).

Although the kinetic modelling of both tracers showed similar trends for DPI and
dissection, the values differed significantly from each other. This could be explained by the
difference in data-acquisition: the ROI for the blood in DPI includes besides the blood also the
heart muscle. Although the dissection results showed that no accumulation of the tracer took
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place in the heart-muscle (primary energy source = glucose), the latter tissue could have an
additional effect on the total counts in the ROI resulting in higher values.

Regarding the tumour uptake, DPI showed that ['*I]-2-iodo-D-phenylalanine
accumulated quickly to reach a high level in the R1M tumours. The specificity of this ['**/'*°I]-2-
iodo-D-phenylalanine tumour uptake was confirmed by: (1) a low contribution of the blood flow
to tumour activity, (2) by the small but significant amount of radioactivity displaced by L-
phenylalanine coupled to the obligatory exchange by LATI1 and (3) by a minor uptake in
inflamed tissue.

Moreover, low abdominal background, fast blood clearance and low brain uptake were
observed (Figure 3.2.3, 7.4 and Table 3.2.2) which is favourable for brain tumour detection as
well as peripheral tumour detection. As compared to 2-iodo-L-phenylalanine, the net tumour
uptake and RTB of 2-iodo-D-phenylalanine are similar but the D-isomer was cleared two times
faster from the blood (Figure 3.2.1, 3.2.3) (3). The latter will result in better tumour to blood
ratios and less radiation burden to the animal.

Exogenous uptake of D-amino acids (by ingestion or from micro-organisms) will lead to
the metabolization by D-amino acid oxidase, present in liver, kidneys and pancreas parenchym.
The latter together with the stercospecificity of the translational machinery will result in the
formation of proteins uniquely consisting of L-amino acids (18,19). Although 2-iodo-D-
phenylalanine showed high uptake in the pancreatic zone, it was excreted very fast. This
observation could implicate that the D-isomer, just like ['*’I]-2-iodo-L-phenylalanine, is not
incorporated into the cell proteins since the pancreas in rodent demonstrates a high protein turn
over. In human, this high uptake of radiolabelled amino acids in the pancreas does not occur
(20).

The abovementioned characteristics of ['*I]-2-iodo-D-phenylalanine, make this tracer a
potential diagnostic tool for oncologic imaging. The rapid blood clearance together with the
high, fast and specific tumour uptake shall lead to specific targeting of the tumour with minor
radiation burden to other organs and tissues.

The dissection study presented more detailed, but equal, results about the tracer
distribution as compared to DPI. It confirmed the high tumour uptake but low abdominal uptake
of ['*1]-2-iodo-D-phenylalanine and its renal clearance. Regarding dosimetry, important
differences between the three amino acid analogues were observed: of the three tracers, 2-iodo-
L-tyrosine showed the highest effective dose followed by 2-iodo-L-phenylalanine and 2-iodo-D-
phenylalanine, respectively. These results confirm the predictions made by 2-compartment
modelling where a slower elimination and distribution to the peripheral compartment was
observed for the L-analogue in comparison to 2-iodo-D-phenylalanine which results in slower
clearance of 2-iodo-L-phenylalanine from the blood and thus a higher radiation burden. The
extrapolation of the animal dosimetric data to humans indicate that the administration of 30 MBq
of ['*I]-2-iodo-D-phenylalanine to healthy volunteers in a study of the human biodistribution
will result in an effective dose of less than 1 mSv, limit for category IIb studies involving a risk
of 107 according to the ICRP Publication 62 (21). Moreover, pancreas accumulation is typical in
rodents and does not appear in humans what will additionally lead to lower effective doses. The
low effective doses and biodistribution data obtained in present study assure that the use of ['*I]-
2-iodo-D-phenylalanine in patients for medical diagnostics will not be restricted by radiation
burden concerns.

Using hierarchical classification for [ “’I]-2-iodo-L-phenylalanine for the exponential
fitted parameters, a first step towards physiological modelling could be undertaken. This analysis
indicated that not every organ is to be considered separately in full pharmacokinetic modelling,
due to similar pharmacokinetic behaviour within the groups. Five different groups can be
defined: tumour, remainder of the body, stomach, blood-group and other organs group. The
stomach as an individual group can be explained by the uptake of free '*’I after dehalogentaion.
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The abovementioned characteristics of ['*’I]-2-iodo-D-phenylalanine make this tracer a

potential diagnostic tool for oncologic imaging. The rapid blood clearance together with the
high, fast and specific tumour uptake shall lead to specific targeting of the tumour with minor
radiation burden to other organs and tissues.

3.2.6.

CONCLUSION

['**1]-2-i0do-D-phenylalanine is a promising tracer for diagnostic oncologic imaging due

to its high, fast and specific tumour uptake and fast blood clearance. Moreover, the new tracer
possessed better diagnostic imaging characteristics regarding the enhanced tumour contrast in
comparison to its L-analogue.

3.2.7.
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CHAPTER CONCLUSION

The precursor 2-iodo-D-phenylalanine was synthesized by analogy with its L-isomer: the
optimal reaction conditions for 2-iodo-L-phenylalanine precursor synthesis using the Cu'"
assisted nucleophilic exchange in acidic and reducing conditions were applied. Moreover, the
same Kit-formulation could be used for the radioiodination of the precursor 2-iodo-D-
phenylalanine leading to the same radiochemical yield and purity.

In vitro evaluation of ['*’I]-2-iodo-D-phenylalanine in the R1M rabdomyosarcoma cell
model revealed a difference in uptake kinetics and affinity for influx between ['*’I]-2-iodo-D-
phenylalanine and ['*I]-2-iodo-L-phenylalanine which might be due to the fact that that the D-
form only shows a high affinity for the LAT1 system and much lower affinity for LAT2 while
[1251]-2-i0d0-L-pheny1alanine demonstrates a high affinity for both transporter types. BCH is
highly “general L transport” specific but with low affinity so it does not allow to differentiate the
LAT types in the current conditions. Concentration depending kinetics illustrated that ['*°1]-2-
iodo-D-phenylalanine was transported into the cells by a single substrate-transport system
interaction and that the K, value for the latter amino acid analogue was comparable to that of L-
phenylalanine and 2-iodo-L-phenylalanine.

['#1]-2-iodo-D-phenylalanine showed in many aspects comparable characteristics to

['#*1]-2-iodo-L-phenylalanine. Indeed, besides the same general biodistribution characteristics,
such as renal clearance of the tracer and the absence of accumulation in the abdominal and brain
regions, ['*’I]-2-iodo-D-phenylalanine tumour accumulation was high and specific and occurred
through the same transporter system LAT1. Moreover, the two-compartment modelling and the
excretion as function of time both revealed that ['*’I]-2-iodo-D-phenylalanine was cleared 2
times faster from the blood in comparison with [1231]-2-iodo-L-pheny1alanine. However,
concerning the long time kinetics, both tracers showed some important differences. In vivo
planar imaging revealed that although less ['*’1]-2-iodo-D-phenylalanine remained in the tumour
19 hours p.i. in comparison with its L-analogue, an increase of 352% in tumour was observed
whereas the tumour contrast for the L-isomer decreased to 71%.
The in vivo evaluation of ['*I]-2-iodo-D-phenylalanine illustrated that this tracer could be used
as tumour diagnosticum for SPECT. Moreover, due to its metabolic stability and its fast
clearance from the circulation, ['**1]-2-iodo-D-phenylalanine might be an interesting tracer for
radionuclide therapy applications.
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Comparative biodistribution between ['%°I]-2-
iodo-L-phenylalanine, ['%°*I]-2-iodo-L-
tyrosine and ['%*I]-2-iodo-L-phenylalanine.
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CHAPTER INTRODUCTION

As a valorisation of the tracer characteristics for tumour imaging, the evaluation of and
the comparison between both ['**I]-2-iodo-L-phenylalanine and ['*’I]-2-iodo-D-phenylalanine
in various tumours, representing those tumour families with highest prevalence in humans,
should be performed. Moreover, an additional comparison with the recently developed tumour
tracer [1231]-2-i0d0-L-phenyla1anine would allow us to choose the optimal analogue for
clinical practice.

At the moment, several amino acids have been developed for SPECT tumour imaging.
Of these amino acid analogues, 2-iodo-L-tyrosine has made the largest progressions towards
clinical application. Literature illustrated that the latter tracer showed no kidney accumulation
and good tumour specificity characteristics.

As a consequence, we compared ['*I]-2-iodo-L-phenylalanine to ['*I]-2-iodo-L-
tyrosine in the RIM athymic mouse model whether the former showed comparable or even
better characteristics. Dynamic planar imaging and dissection were performed to study on the
one hand the general tracer characteristics and on the other hand the tracer uptake kinetics.
The latter was achieved using two compartment modelling. Moreover, both tracers were
compared to '*F-FDG to determine their additional benefits.

Although positive results were obtained using ['*’I]-2-iodo-L-phenylalanine and ['*’I]-
2-iodo-D-phenylalanine, the question whether those two amino acids analogues could be used
as “general tumour detecting agents” was not answered yet. As a consequence, both tumour
tracers were evaluated in different tumour cells lines, corresponding with those tumours with
high prevalence in human. Moreover, after this comparative biodistribution, the optimal
analogue could be identified for further clinical use. Dynamic planar imaging and dissection
were performed to study on the one hand the general tracer characteristics
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4.1 Comparative Biodistribution Study of the New Tumour Tracer [**1]-2-iodo-
L-phenylalanine with [*?*1]-2-iodo-L-tyrosine.
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4.1.1 ABSTRACT

Introduction. Amino acid tracers are developed to overcome the limitations of '"*F-FDG since
amino acid transport across the cell membrane is upregulated in tumour cells. The newly
developed tracer ['*’I]-2-iodo-L-phenylalanine showed high and specific tumour uptake and
no accumulation in the kidneys and brain. This study compared ['*’I]-2-iodo-L-phenylalanine
with [1231]-2-i0d0-L-tyrosine, an [1231]-IMT-analogue, which has recently entered clinical
trials. Methods. ['*’I]-2-iodo-L-phenylalanine and [1231]-2-i0d0-L-tyrosine were evaluated in
rabdomyosarcoma tumour bearing athymic mice by means of dynamic planar imaging (DPI)
and dissection. A displacement study with L-phenylalanine was performed to prove the
specificity of tracer tumour uptake and kinetic modelling was applied on the DPI results.
Moreover, the biodistribution of both tracers was compared with "*F-FDG. Results. Both
['1]-2-iodo-L-phenylalanine and ['*’I]-2-iodo-L-tyrosine showed fast, high and specific
tumour accumulation with no significant difference observed between both tracers. However,
['*1]-2-iodo-L-phenylalanine was cleared faster from the blood to the bladder in comparison
to the tyrosine analogue. Moreover, ['*I]-2-iodo-L-phenylalanine tumour uptake equilibrated
faster with the blood. Dissection showed that ['*’1]-2-iodo-L-tyrosine slightly accumulated in
the liver, which was not the case for the phenylalanine analogue. Compared to '*F-FDG, both
tracers demonstrated better imaging characteristics relating to brain and heart uptake.
Conclusions. ['*1]-2-iodo-L-phenylalanine showed more promising characteristics for
oncologic imaging as compared to ['*I]-2-iodo-L-tyrosine. The former tracer demonstrated
not only faster blood clearance but the tracer uptake in the tumour reached its equilibrium
with the bloodpool activity faster which lead to faster and better tumour contrast. Moreover,
both tracers could overcome the limitations of '"*F-FDG.

119



Chapter 4: Comparative biodistribution

4.1.2. INTRODUCTION

During the last decade, amino acid analogues gained much more interest in metabolic
tumour imaging. They have put forward beneficial properties over ['*F]-fluorodeoxyglucose
("*F-FDG) and thus, they may help in imaging areas in which '*F-FDG imaging is limited [1].

Malignant tumours represent a hypermetabolic state: not only glucose metabolism but
also protein synthesis and amino acid transport are enhanced in cancer cells [2,3]. A- and L-
type amino acid transport has been shown to be upregulated in tumour cells compared to
normal tissue and these transport systems have been the major focus of the development of
amino acid tumour tracers for oncologic imaging. Earlier studies showed that the enhanced
amino acid transport across the cell membrane correlated with the malignancy of the tumour.
Therefore, amino acid transport tracers are valuable tracers to reflect the malignancy of
tumours [1].

2-amino-3-(4-hydroxy-3-['*’IJiodophenyl)-2-methylpropanoic acid (3-['*I]-Iodo-o-

methyltyrosine; '*I-IMT) is currently the main and only routinely used amino acid tumour
tracer for SPECT. However, its application in the abdominal area is limited by its marked and
rapid renal accumulation [4,5]. To overcome these limitations, numerous amino acid
analogues were investigated. Most attention was paid to 2-iodo-L-tyrosine which showed no
accumulation in the kidneys and demonstrated high tumour specificity [6]. The latter amino
acid has recently entered the clinical trial process.
To overcome the limitations of 3-['*’I]-Iodo-o-methyltyrosine, our research group focussed
on 2—amin0—3—(2—[123I]iod0phenyl)propanoic acid ([1231]—2—i0d0—L—phenyla1anine) and
described its promising properties as SPECT tumour diagnosticum in a variety of tumours
[7,8]. The aim of this study was to compare the in vivo behaviour of ['%1]-2-i0do-L-
phenylalanine with 2-amino-3-(4-hydroxy-2-['*’I]Jiodophenyl)propanoic acid (['**1]-2-iodo-L-
tyrosine) in order to evaluate whether the phenylalanine analogue exhibited better diagnostic
imaging characteristics over the tyrosine analogue.

123

4.1.3. MATERIALS AND METHODS

All the conventional products mentioned were at least of analytical or clinical grade
and obtained from Sigma-Aldrich. The solvents were of high-performance liquid
chromatography quality (Chemlab, Belgium). The precursor 2-iodo-L-tyrosine was obtained
from ABX, Belgium.

4.1.3.1. Synthesis of Precursor 2-iodo-L-phenylalanine
2-iodo-L-phenylalanine was prepared from 2-bromo-L-phenylalanine (PepTech Corp,
USA) as described before, using the Cu'" assisted nucleophilic exchange under acidic and

reducing conditions [9]. After optimisation, the mean reaction yield was 74 % and no
contamination of the D-isomer was detected by chiral chromatography.
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4.1.3.2. Radiochemistry
4.1.3.2.1. [*®1/**1]-2-iodo-L-phenylalanine and [*%1/**°[]-2-iodo-L-tyrosine.

Radioiodination of 1.0 mg 2-iodo-L-phenylalanine or 2-iodo-L-tyrosine with '’T" (222
MBg; 10 — 20 pl) or '*I" (37 MBg; 10 ul) (Nordion Europe, Belgium) was performed by Cu'"
assisted isotopic exchange (0.2 mg CuSQy, 2.5 mg citric acid, 0.5 mg SnSOy, 1.3 mg gentisic
acid in 565 pl; 60 min at 100 °C). Radiolabeling of both tracers with '*’I" or '*’I" resulted in a
radiochemical purity of > 99 % and a specific activity of 65 GBg/mmol (['*’I]-labeling) and
11 GBg/mmol (['*I]-labeling) for 2-iodo-L-phenylalanine and a specific activity of 68
GBg/mmol (['*T]-labeling) and 11 GBg/mmol (['*’I]-labeling) for 2-iodo-L-tyrosine. Chiral
chromatography showed no transformation to the D-isomer.

4.1.3.2.2. [*®*1]-iodo-Human Serum Albumin.

Radioiodination of Human Serum Albumin (HSA) with '*I' was performed by
electrophilic substitution using the lodogen technique: 50 pg HSA together with 111 MBq
' (10 pl) and 140 pl 0.1 M KH,PO, buffer at pH 8.5 was added to a 1, 3, 4, 6-tetrachloro-
3a, 6a-diphenylglycouracil (Pierce, Belgium) coated vial for 15 minutes. The reaction
mixture was sent through a Ag-filter to remove the free '*’I' from ['*’I]-iodo-HSA. The
specific activity was 4.10* GBg/mmol.

4.1.3.3. In Vivo Experiments
4.1.3.3.1. Laboratory Animals.

All in vivo studies were carried out in accordance with the Belgian legislation
including the approval of the study protocol by the ethical committee for animal studies of the
University of Gent. Guidelines of the National Institute of Health principles of laboratory
animal care were followed.

Water and feed (SSNIFF® special treated, Bio-Services, The Netherlands) were freely
available during the experimental period.

Studies were performed in female SWISS~nu/nu mice (n = 36) (weight range: 20 — 25
g) obtained from Bio-Services, The Netherlands. The mice were implanted with a R1M
(rabdomyosarcoma) tumour, by subcutaneous injection of 5.10° RIM cells (BEFY-VUB,
Brussels, Belgium) in the right armpit region. Normal tumour growth curves were obtained
using sliding caliper measurement and the estimate volume formula V = 0.4 a”.b, with a and b
being the short and the long axis of the tumour respectively [9,10]. All mice grew tumours
with a volume of approximately 1 ml after 28 days. The imaging experiments were started
when the tumour reached a volume of 0.5 ml. This RIM tumour model has been used
previously to study the behaviour of radioiodinated amino acids [6].

Imaging experiments with ['*1]-iodo-HSA, ['*# I]-2-i0odo-L-phenylalanine and ['1]-2-
iodo-L-tyrosine were carried out on the same group of mice. The following scanning order
was followed with an interval of 6 days in which the injected radioactivity decayed: ['*’I]-
iodo-HSA, [1231]-2-i0d0-L-tyrosine and [1231]-2-iod0-L-pheny1alanine. All tracers were
injected intravenously (IV) in the lateral tail vein.

During all imaging experiments, anaesthesia was induced by intraperitoneal injection
of pentobarbital (1.5 mg in 75 pl per animal; prepared by dilution (1:3) of 60 mg/ml
Nembutal from Ceva Santé¢ Animale, Belgium). For the biodistribution experiments by
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dissection, the animals were killed by cervical dislocation without sedation and the organs of
interest were dissected.

4.1.3.3.2. Dynamic Planar Imaging (DPI).

Imaging was performed using a gamma camera (Toshiba GCA-9300A/hg) in planar
mode equipped with a high-resolution parallel-hole collimator. After the IV bolus injection of
the ['**I]-labeled product in the lateral tail vein, the data were recorded in a 128 x 128 matrix
(field of view: 23.5 x 12.5 cm) and with a photopeak window set at 15 % around 159 keV.
The same time schedule as described for [1231]—2—iod0—L—phenylalanine was used [9]. The
tracer uptake was recorded as differential uptake ratio, taking into account a dose calibration
and background correction following the guidances of Thie, et al. (16). The DUR was
calculated [(countsgssue * pixelSiotal body)/(P1XElStissue * COUNtS(otal body)]-

Briefly, a ['*I]-iodo-HSA study was performed to measure the relative bloodpool
distribution to correct the uptake of ['*’I]-2-iodo-L-phenylalanine or ['*’I]-2-iodo-L-tyrosine
for bloodpool activity. Ten tumour bearing mice were injected with 7.4 MBq ['*’I]-iodo-HSA.
Ten dynamic planar images of 1 min were acquired starting 10 min p.i. ROIs were drawn
around the tumour and the contralateral background area. The tumour to contralateral
background (RTB) ratio was calculated and the overall mean for all animals determined.

Subsequently, immediately after injection of 18.5 MBq ['*’I]-2-iodo-L-phenylalanine
or [ ~I]-2-iodo-L-tyrosine, the steady state of tumour uptake for both tracers was determined
followed by a displacement study with L-phenylalanine (200 pl IV of a 145 mM solution).
Tumour ['**1]-2-iodo-L-phenylalanine or ['*I]-2-iodo-L-tyrosine uptake was compared to the
uptake in the contralateral background area and the ratio tumour to contralateral background
(RTB) was calculated. Other organs, quantitatively assessed by DPI, were kidney, bladder and
heart, the latter being representative for the blood activity as similar kinetic profiles xere
obtained by dissection. The significance of displacement of ['**I]-2-iodo-L-phenylalanine or
['**1]-2-iodo-L-tyrosine activity by L-phenylalanine was calculated at a 95 % confidential
interval.

Time activity curves were obtained from ROI analysis using a MRI maximum
intensity projection as described before [9].

The data (= ROI of the heart) obtained by DPI for ['**I]-2-iodo-L-phenylalanine and
I]-2-i0do-L-tyrosine were fit to a two-compartment model with IV-bolus injection, without
a lag time and with first order elimination, using WinNonlin 4.0.1. The primary parameters
V], k]ao, k1’2 and kz,l were determined.

The behaviour of both tumour tracers was studied in the same animal to reduce
variability between different animals. The results were submitted to paired student t statistical
analysis.
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4.1.3.3.3. Dissection: tissue distribution in time of [**1]-2-iodo-tyrosine.

The TA was calculated by weighing the syringes before and after injection of the tracer
and by the use of a dilution series of the injected tracer solution which was also weighed and
counted for radioactivity using the auto gamma-counting system (Cobrall Series, Canberra
Packard, Meriden, CT, USA Cobra).

Twenty-seven R1M bearing athymic mice of the group of 36 animals used for imaging
were injected with 7.4 kBq ['*°1]-2-iodo-L-tyrosine, six days after the last imaging experiment
was performed. At various time points (2, 5, 10, 15, 30, 45, 60, 120 and 180 min) post
injection 3 animals per time point were sacrificed. The organs and tissues were removed,
washed, dried and weighted. The blood was collected and weighted. The radioactivity of the

122



Chapter 4: Comparative biodistribution

samples was counted by use of an auto gamma-counting system (Cobrall Series, Canberra
Packard, Meriden, CT, USA Cobra). The amount of radioactivity in the organs and tissues
was calculated as the differential absorption rate (DAR): [(IA/g)sissuel/[(IA/8)total body]-

4.1.3.3.4. Dissection: Comparison of [**I]-2-iodo-L-phenylalanine with [***I]-2-iodo-
tyrosine and **F-FDG at 90 min p.i.

Of the group of 36 mice used for imaging, 3 R1M bearing athymic mice per tracer
were injected with 7.4 kBq ['*’I]-2-iodo-L-phenylalanine, ['*’I]-2-iodo-L-tyrosine or '"*F-FDG
six days after the last imaging experiment was performed. At 90 min post injection, when the
steady state for all tracers is reached, the animals were sacrificed. The organs and tissues were
removed, washed, dried and weighted. The blood was collected and weighted. The
radioactivity of the samples was counted by use of an auto gamma-counting system (Cobrall
Series, Canberra Packard, Meriden, CT, USA Cobra). The amount of radioactivity in the
organs and tissues was calculated as DAR.

4.1.4. RESULTS.

4.1.4.1. Biodistribution by DPI

DPI with ['*I]-iodo-HSA showed no significant difference (p < 0.05) between the
blood flow in the tumour and the contralateral reference leg: overall mean RTBji2311-i0do-HsA =
1.1 (st. dev. = 0.2; n = 10; 10 min p.i.; independent of tumour volume).

Both ['*’I]-2-iodo-L-phenylalanine and ['*’I]-2-iodo-L-tyrosine showed high and fast
tumour accumulation: the equilibrium for tumour uptake for both tracers was reached within
10 min post injection (p.i.) with an overall mean tumour DUR uptake value of 1.19 (st. dev.=
0.05; n = 12) and 1.24 (st. dev.= 0.06; n = 12) for ['*’I]-2-iodo-L-phenylalanine and ['**I]-2-
iodo-L-tyrosine, respectively, at equilibrium between 15 min and 30 min p.i. (Figure 4.1.1).
The paired student t statistical analysis showed no significant difference in tumour tracer
concentration at equilibrium. Administration of L-phenylalanine resulted in a significant
(p<0.05) displacement of the radioactivity from the tumour for both tracers.

FIGURE 4.1.1: Overall mean uptake of [*?*1]-2-iodo-L-phenylalanine (A) and [**I]-2-iodo-L-tyrosine (B)
in tumour and contralateral background region as a function of time by DPI expressed as DUR.
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Both amino acid analogues showed a fast clearance from the blood through the
kidneys to the bladder (Figure 4.1.2) but ['*’I]-2-iodo-L-phenylalanine showed higher
bladder accumulation at the same time point in comparison to ['*'I]-2-iodo-L-tyrosine. Blood
clearance of both tumour tracers could be described by first order kinetics (Figure 4.1.3).

FIGURE 4.1.2: Overall mean uptake of [*?*1]-2-iodo-L-phenylalanine (A) and [**1]-2-iodo-L-tyrosine (B)
(DUR) as a function of time by dynamic planar imaging: clearance of the tracer through the kidneys to
the bladder.
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FIGURE 4.1.3: Plot of [**1]-2-iodo-L-phenylalanine and [***I]-2-iodo-L-tyrosine elimination: 1% order
kinetic fitting for the blood clearance of both tracers to the bladder. Rzz_._L_pheny.a.anine =0.99; Rzz_iodo_L_tymsine
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Tumour uptake of ['*I]-2-iodo-L-phenylalanine and ['*I]-2-iodo-L-tyrosine

equilibrated with blood: both tumour-to-blood ratios as a function of time reached a steady
state approximately at 15 min. However, the phenylalanine analogue tumour uptake
equilibrated faster with the blood as compared to the tyrosine analogue: equilibrium was
obtained from 9.7 min, respectively 15.3 min, as measured by the first derivatives of the
tumour-to-blood ratio as a function of time becoming zero (Figure 4.1.4).
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FIGURE 4.1.4: Plot of inverse relationship of ratio tumour-to-blood as a function of time for [***I]-2-iodo-
L-phenylalanine (y = 2.14 [C.I. = 2.08 — 2.21] x + 1.28; R? = 0.997) and [***I]-2-iodo-L-tyrosine (y = 0.67
[C.I.=0.61-0.73] x + 1.68; R* = 0.974).
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The results obtained by two-compartment modelling are given in Figure 4.1.5 and
Table 4.1.1. Both [1231]-2-iodo-L-phenylalanine and [1231]-2-iodo-L-tyrosine biodistribution
by DPI fitted the calculated curve for the proposed kinetic model (both R*> 0.95). Moreover,
the pharmacokinetic model illustrated that ['**I]-2-iodo-L-tyrosine was cleared almost two
times slower from the blood in comparison to the phenylalanine analogue. Although, ['*°I]-2-
iodo-L-tyrosine was taken up faster in the peripheral compartment, this tracer also
disappeared faster from this compartment in comparison to ['*I]-2-iodo-L-phenylalanine.

FIGURE 4.1.5.: Kinetic fitting of the observed blood curve for [***]-2-iodo-L-phenylalanine (A) and [**1]-
2-iodo-L-tyrosine (B) tracer distribution with the calculated curve using a two compartment model.
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TABLE 4.1.1: Kinetic parameters obtained for (*) [***I]-2-iodo-L-phenylalanine or (1) [***I]-2-iodo-L-
tyrosine by 2-compartment modelling. V; = Apparent distribution volume of central compartment; k; o =
elimination velocity; k;, = distribution velocity from the central to the peripheral compartment; k,; =
velocity from the peripheral to the central compartment.

Kinetic parameters+SD
unit 2-1-L-Phe” | 2-1-L-Tyr'
Vi (activityotabody)/(DUR) | 9.65+0.20 9.89+0.33
K10 1/min 0.035+0.003 | 0.019+0.002
K12 1/min 0.80+0.04 1.13+0.11
ka1 1/min 0.42+0.02 0.92+0.05

4.1.4.2. Biodistribution by dissection

The results of the biodistribution by dissection of ['*°I]-2-iodo-L-tyrosine are shown in
Table 4.1.2; those of the phenylalanine analogue were described earlier by Kersemans, et al.
[9].

The biodistribution by dissection confirmed the results obtained by DPI and
additionally showed that the plateau for tumour uptake for both tracers was constant, between
45 min and 3 hours p.i.. Slightly elevated liver ['*’I]-2-iodo-L-tyrosine uptake was detected.
No significant accumulation of radioactivity was observed in other abdominal organs such as
lungs, stomach, small intestine and large intestine, neither in the brain for both tracers.

The results of the comparative biodistribution by dissection at equilibrium (90 min
p.i.) are given in Table 4.1.3. Both amino acid tracers showed better characteristics relating to
brain and heart uptake in comparison to '*F-FDG which showed elevated levels in the organ.
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TABLE 4.1.2: Biodistribution study by dissection of [***1]-2-iodo-L-tyrosine in R1M bearing athymic mice

expressed as DAR (n = 3).

Mean = SD
Time (min) 2 5 15
blood 1.9840.04 | 1.64+0.29 | 1.57+0.11 | 1.46+0.15
brain 0.43+0.02 | 0.69+0.03 | 0.72+0.19 | 0.65+0.09
heart 2.0140.14 | 1.61+0.26 | 1.37+0.11 | 1.35+0.01
lung 1.54+0.04 | 1.42+0.38 | 1.22+0.10 | 1.04+0.01
stomach 0.64+0.28 | 0.86+0.34 | 1.53+0.43 | 1.02+0.25
milt 1.68+0.19 | 1.50+0.34 | 1.40+0.19 | 1.30+0.29
liver 2.66+0.48 | 2.17+0.88 | 1.99+0.64 | 1.92+0.66
kidneys 4.06+0.50 | 3.67£0.42 | 3.29+0.59 | 3.06+0.41
small intestine | 1.18+0.04 | 1.1140.25 | 0.94+0.22 | 0.87+0.06
large intestine | 0.65+0.10 | 0.55+0.10 | 0.57+0.12 | 0.54+0.19
contr. Bekgr. 1.01£0.11 | 1.09+0.15 | 0.89+0.06 | 0.98+0.12
pancreas 6.68+3.84 | 11.21£2.88 | 10.40+6.07 | 10.56+8.34
tumour 0.34+£0.06 | 0.36+0.18 | 0.55+£0.11 | 0.79+0.05
RTB 0.34+0.11 | 0.33+0.16 | 0.61£0.14 | 0.81+0.06
Mean = SD
Time (min) 30 45 60 120 180
blood 1.4140.07 | 1.4120.03 | 1.40+0.01 | 1.23+0.05 | 1.15+0.08
brain 0.91£0.29 | 0.96:0.20 | 0.78£0.02 | 0.84+0.23 | 0.72+0.04
heart 1.2340.01 | 1.26+0.16 | 1.30+0.08 | 1.16+0.05 | 0.93+0.03
lung 1.02£0.11 | 1.21%0.14 | 1.25+0.05 | 1.01x0.07 | 0.99+0.11
stomach 1.3340.87 | 1.20£0.80 | 1.58+0.49 | 1.89+0.62 | 1.57+0.58
milt 1.2440.20 | 1.23+0.25 | 1.1240.29 | 0.89+0.09 | 1.07+0.18
liver 1.79+0.58 | 1.75£0.68 | 1.71+0.39 | 1.77+0.45 | 1.95+0.43
kidneys 2.97+0.28 | 2.77+0.38 | 2.84+0.47 | 2.74+0.48 | 2.41+0.10
small intestine | 1.08+0.30 | 1.00+0.23 | 1.05+0.32 | 1.02+0.23 | 1.08+0.32
large intestine | 0.55+0.14 | 0.50+£0.15 | 0.37+0.13 | 0.45+0.10 | 0.34+0.07
contr. Bekgr. 0.83£0.14 | 0.99+0.15 | 0.89+0.16 | 0.62+0.04 | 0.66+0.19
pancreas 8.15+4.25 | 10.55+6.88 | 9.38+4.59 | 10.85+6.31 | 10.53+5.80
tumour 0.97+0.06 | 1.38+0.14 | 1.33+0.03 | 1.31+0.18 | 1.14+0.15
RTB 1.16£0.22 | 1.40£0.21 | 1.49+0.19 | 1.67+£0.23 | 1.74+0.24
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TABLE 4.1.3: Biodistribution study by dissection: comparison of [***1]-2-iodo-L-phenylalanine (*), [***1]-

2-iodo-L-tyrosine (1) and ®F-FDG biodistribution in R1M bearing athymic mice (DAR values; mean  st.
dev.; n=3;t=90 min p.i.).

Mean + SD
Tissue BF.FDG | 2-I-TYR} | 2-1-PHE*
blood 0.19+0.02 1.76+0.13 1.42+0.36
brain 3.76+0.26 1.05+0.13 1.08+0.15
heart 7.01£1.16 1.37+0.09 1.42+0.04
lung 1.48+0.13 1.22+0.06 1.18+0.08
stomach 1.04+0.11 1.96+0.17 1.49+0.27
milt 1.10£0.11 1.66+0.18 1.33£0.06
liver 0.58+0.03 2.06+0.05 1.32+0.08
kidneys 0.48+0.06 4.93+0.18 2.26+0.17
large intestine 0.97+0.08 1.48+0.06 1.25+0.02
small intestine 1.86+0.03 0.82+0.19 0.78+0.05
contr. Bckgr 1.60+1.11 2.11+0.13 1.19£0.12
pancreas 1.62+0.17 | 24.72+1.75 | 16.81+1.59
tumour 1.69+0.29 3.69+0.55 2.18+0.70
RTB 1.18+0.59 1.92+0.26 2.06+0.78

4.1.5. DISCUSSION

Both amino acid analogues showed high and fast tumour accumulation. This fast
tumour accumulation implicates that imaging with both amino acid tumour tracers could be
performed within a very short period of time which is beneficial for the patient. Moreover, the
displacement study with L-phenylalanine demonstrated on the one hand that the tumour
uptake of both tracers was specific and on the other side that both amino acid analogues were
transported through LAT]1, an obligatory amino acid exchanger.

Concerning the general tracer characteristics, both amino acid tumour tracers
demonstrated a renal clearance to the bladder without accumulation in the kidneys since both
curves showed a parallel decline (Figure 4.1.2). Although they followed the same excretion
route, ['*I]-2-iodo-L-phenylalanine reached higher accumulation values in the bladder at the
same time point post injection (Figure 4.1.2). Moreover, ['*’I]-2-iodo-L-phenylalanine tumour
uptake equilibrated faster with the blood as compared to its tyrosine analogue. Both
observations are important concerning radiation burden and imaging.

The results obtained by two-compartment modelling confirmed the first order fittings
of the excretion. Moreover, kinetic modelling revealed that ['*’I]-2-iodo-L-phenylalanine
demonstrated better imaging conditions in comparison to ['*I]-2-iodo-L-tyrosine if the
tumour shows elevated uptake values as compared to the contralateral background. As the
latter is observed in our experiments, the faster blood clearance and longer stay in the
peripheral compartment will benefit the tumour contrast.

The biodistribution results not only confirmed the general tracer characteristics as
observed by DPI but demonstrated also a slightly elevated liver ['*I]-2-iodo-L-tyrosine
uptake. The latter could be due to the slower blood clearance of the tracer in comparison to
['#°1]-2-iodo-L-phenylalanine together with the high blood perfusion of this organ.
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The comparative biodistribution study demonstrated that both the amino acid
analogues are more suitable for brain tumour imaging because of their low uptake in
comparison to '‘F-FDG. Moreover, earlier experiments illustrated that ['*I]-2-iodo-L-
phenylalanine and ['*'I]-2-iodo-L-tyrosine showed only a minor accumulation in inflamed
lesions [6]. Comparison of ['*I]-2-iodo-L-tyrosine with ['*’I]-2-iodo-L-phenylalanine
revealed once more the slower blood clearance of [1251]—2—i0do—L—tyr0sine which is reflected
by the longer kidney retention of this tracer.

4.1.6. CONCLUSION

The development of new tumour tracers for SPECT is important to overcome the well
known limitations of ['*’I]-L-3-iodo-a-methyltyrosine. The aim of this study was to compare
the recently developed tumour tracer ['*’I]-2-iodo-L-phenylalanine with ['**I]-2-iodo-L-
tyrosine to check whether the phenylalanine analogue exhibited better in vivo characteristics
over the tyrosine analogue which has recently entered the clinical trial process.

This study illustrated the more promising characteristics of ['*I]-2-iodo-L-
phenylalanine for oncologic imaging as compared to ['*’I]-2-iodo-L-tyrosine. The former
amino acid analogue showed not only faster blood clearance but the tracer uptake in the
tumour reached its equilibrium with the bloodpool activity faster. Both observations lead to
faster and better tumour contrast for ['*I]-2-iodo-L-phenylalanine. Moreover, high tumour
uptake and no significant uptake of ['*’I]-2-iodo-L-phenylalanine in the abdominal region and
brain favours the use of the phenylalanine analogue for tumour imaging with SPECT, whereas
['*1]-2-iodo-L-tyrosine tumour imaging shall be slightly hindered by its liver uptake. Both
tracers showed no accumulation in the kidneys and thus overcome the limitations of IMT.
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4.2.1 ABSTRACT

Objectives. In vitro in R1M cells as well as in vivo in the R1M tumour bearing athymic mice,
both ['*I]-2-iodo-L-phenylalanine and ['*I]-2-iodo-D-phenylalanine showed tumour specific
uptake. In order to compare both amino acid analogues and to generalize these characteristics,
both isomers were evaluated in various tumour cell type. Methods. RT-PCR was used to
check the presence of LATI1 in A549, A2058, C6, C32, Capan2, EF43fgf4, HT29 and R1M
cells. Functional transport type characterisation in vitro with ['*’I]-2-iodo-L-phenylalanine
was performed by analogy with Shotwell, et al. Subsequently, both ['*I]-2-iodo-L-
phenylalanine and ['*I]-2-iodo-D-phenylalanine tumour uptake and biodistribution using
dynamic planar imaging and/or dissection was measured in A549, A2058, C6, C32, Capan2,
EF43fgf4, HT29 and R1M inoculated athymic mice. Results. In vitro testing demonstrated
that ['*I]-2-iodo-L-phenylalanine was transported in all tumour cell lines by the LATI
system which presence was shown by RT-PCR. In vivo, both amino acid analogues showed in
all tumour cell types the same general biodistribution characteristics: high and specific tumour
uptake and a renal clearance. Two-compartment modelling revealed that the D-isomer showed
a faster blood clearance together with a faster distribution to the peripheral compartment in
comparison to ['*I]-2-iodo-L-phenylalanine. Conclusions. ['*I]-2-iodo-L-phenylalanine as
well as its D-isomer are promising tumour diagnostics for dynamic planar imaging. Both
showed a high uptake in all tested tumours, except in EF43fgf4.
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4.2.2. INTRODUCTION

['®F]-labelled Fluorodeoxyglucose (18F-FDG) is by far the most common
radiopharmaceutical in clinical use. However, there are several well known limitations for the
use of ""F-FDG in oncology: not all tumours show an elevated glucose metabolism, brain
uptake is high and the tracer lacks tumour specificity. The latter property is of utmost
importance for the study of residual and recurrent tumour lesions after primary therapy (1-3)
Another interesting target for metabolic tumour imaging is the increased protein metabolism
and amino acid uptake in the generally rapidly proliferating cancer cells. Over the past
decade, many research groups reported the overexpression of both amino acid transporter
systems A and LAT1. The role of LAT1 is to provide cells with essential amino acids for cell
growth and tissue development which is reflected in its high upregulation in fetal tissues and
tumours. The latter observation led to the development of various radiolabelled amino acids
for tumour imaging (2,4).

In contrast to '*F-FDG, amino acids play a marginal role in the metabolism of
inflammatory cells. Radiolabelled amino acids may thus be more suited than '*F-FDG for
tumour imaging (3,5). Further studies with unnatural amino acids, which could not be
incorporated into cell proteins, showed significant correlation between tracer uptake and thus
amino acid transport and proliferation. For these reasons, amino acid transport tracers are
proved to be valuable to reflect the malignancy of tumour. Moreover, those experiments
showed that incorporation of radiolabelled amino acids into the cell proteins was not
necessary to image cancer (2).

During the 80s, it was already shown that some D-amino acids, in comparison to their
L-analogues, were taken up preferentially in tumours (6). More recently, it was demonstrated
that D-amino acids were transported by the same amino acid transporter systems: LATI
showed a high affinity for radiolabelled D-amino acids (7). These observations together with
the highly stereospecific translation machinery and the presence of D-amino acid oxidase in
kidneys and liver to metabolize exogenously D-amino acids, could make D-amino acids
promising tumour diagnosting tools (8).

Our research group developed besides [ []-2-i0do-L-phenylalanine, also [
2-iodo-D-phenylalanine. Both ['*'*I]-2-iodo-L-phenylalanine and ['*''**I]-2-iodo-D-
phenylalanine showed uptake in vitro as well as in vivo (nude mice and rats) using the RIM
rabdomyosarcoma cell line (9,10,11,17). Both tracers demonstrated high tumour specificity,
i.e. minor accumulation in inflammatory regions and no accumulation in the kidneys and thus
the possibility to image peripheral tumours outside the brain. Moreover, due to rather slow
clearance from the tumours, the tracers might have future perspectives as a systemic
radiotherapy tool. These promising characteristics lead to the evaluation of both tracers in
tumour cell lines which represent those tumour families with high prevalence in human. This
paper evaluated whether the characteristics observed in the RIM tumor cell line could be
extended to other tumour cell lines representative for human cancers, and thus whether both
tracers could be used as general tumour detecting agents by dynamic planar imaging.

123/125 123/125
I]-

4.2.3. MATERIALS AND METHODS

All the conventional products mentioned were at least of analytical or clinical grade
and obtained from Sigma-Aldrich. The solvents were of HPLC quality (Chemlab, Belgium).
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4.2.3.1. Synthesis of Precursor 2-iodo-L-phenylalanine and 2-iodo-D-phenylalanine

2-iodo-L-phenylalanine and 2-iodo-D-phenylalanine were prepared from 2-bromo-L-
phenylalanine and 2-bromo-D-phenylalanine (PepTech Corp, USA), respectively as described
before, using the Cu'" assisted nucleophilic exchange under acidic and reducing conditions.
The mean reaction yield obtained for 2-iodo-L-phenylalanine and 2-iodo-D-phenylalanine
was 74 % and 65 %, respectively and no contamination of the other isomer was detected by
chiral chromatography for each reaction (9,10).

4.2.3.2. Radiochemistry
4.2.3.2.1. [**®1/®1]-2-iodo-L-phenylalanine and [*?1/*?°1]-2-iodo-D-phenylalanine.

Radioiodination with '*I" (222 MBgq; 10 — 20 pl) or '*I' (37 MBq; 10 pl) (Nordion
Europe, Belgium) on 1.0 mg 2-iodo-L-phenylalanine or 2-iodo-D-phenylalanine was
performed by Cu'" assisted isotopic exchange under acidic and reducing conditions (0.2 mg
CuSOy, 2.5 mg citric acid, 0.5 mg SnSOy, 1.3 mg gentisic acid in 565 pl; 60 min at 100 °C)
(9,10). The reaction mixture was drawn up in a syringe containing the appropriate amount of
“make-up solution” (Tri-sodium Citrate dihydrate, 71 mM) to render the solution isotonic and
to adjust the pH to at least 4. The reaction mixture was sent through a 0.22 um Ag-filter
(Millipore, Belgium) to remove the free '*''*I" and through a sterile 0.22 pm filter (Millipore,
Belgium) into a sterile vacuum vial. Quality control was achieved by HPLC and Sep-pak C18
(Waters, Belgium). Radiolabeling of both tracers with '*I" or '*°I resulted in a radiochemical
purity of > 99 % and a specific activity of 65 GBg/mmol ([1231]-1abeling) and 11 GBg/mmol
(['*I]-labeling). Chiral chromatography showed no transformation to the analogous isomer.

4.2.3.2.2. [**1]-1odo-Human Serum Albumin.

Radioiodination of Human Serum Albumin (HSA) with 'I' was performed by
electrophilic  substitution using the Iodogen (1, 3, 4, 6-tetrachloro-3a, 6a-
diphenylglycouracil) technique: 50 pg HSA together with 111 MBq T (10 pl) and 140 pl
0.1 M KH,PO4 buffer at pH 8.5 was added to an Iodogen (Pierce, Belgium) coated vial. After
15 min at room temperature the mixture was removed from the lodogen coated vial to stop the
reaction and was sent through a 0.22 um Ag-filter to remove the free '*’I" from ['*’I]-Iodo-
HSA and through a sterile 0.22 um filter to sterilize into a sterile vacuum vial. The specific
activity was 4.10* GBg/mmol. Quality control was achieved using a standard prepacked PD-
10 SEC column (Size Exclusion Chromatography, Amersham Pharmacia Biotech, Sweden)
using PBS/HSA as the eluting agent.

4.2.3.3. In Vitro Experiments

To check the presence of the L-type amino acid transporter LAT1, we performed a
short in vitro evaluation of ['*°I]-2-iodo-L-phenylalanine uptake in all cell lines used. The
applied method has been described by Shotwell, et al and is frequently used to determine the
relative contribution of the individual neutral transporter systems involved (11). Using RIM
cells and 4F2hc-LATI1 transfected oocytes, respectively, Mertens et al. and Yanagida et al.
described in earlier work that ['*I]-2-iodo-D-phenylalanine is taken up by the same
transporter system with the same affinity for LAT1 as compared to its L-isomer (11,12).
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4.2.3.3.1. Cell model.

A549 human non small cellular lung cell carcinoma, C32 human amelanotic
melanoma, Capan2 human pancreatic carcinoma and HT29 human colon adenocarcinoma
cells were purchased from Janssen Pharmaceutica, Beerse, Belgium. A2058 human melanoma
and EF43fgf4 mouse breast carcinoma cells were obtained from the Laboratoire de Biologie
des Tumeurs et du Développement, ULg, Li¢ge, Belgium. C6 rat glioma and RIM
rabdomyosarcoma cells were purchased from BEFY-VUB, Brussels, Belgium. Cell cultures
were maintained and treated according to ATCC recommendations. A549, A2058, C6, C32,
Capan2, EF43fgf4, HT29 and R1M cells were cultured in complete medium (Ham’s F12 for
C6, McCoys 5A for Capan2 and HT29 and DMEM for A549, A2058, C32, EF43fgf4 and
R1M), enriched with 10 % of fetal bovine serum (FBS) and supplemented with 1 %
penicillin-streptomycin and 1 % L-glutamine. Weekly split ratios were 1:20, 1:10, 1:5, 1:4,
1:20, 1:20, 1:10 and 1:20 for A2058, A549, C32, C6, Capan2, EF43fgf4, HT29 and R1M,
respectively. All cell lines grew in an anchorage-dependent manner in tissue culture flasks
and Falcon 6-well tissue culture plates.

All in vitro experiments were carried out in 6-well-plates (Novolab, Belgium), using
three wells for each data-point. Influx of ['*’I]-2-iodo-L-phenylalanine radioactivity was
studied both in a Na" containing buffer (‘HEPES™ : pH 7.4; 100 mM NaCl, 2 mM KCI, | mM
MgCl,, 1 mM CaCl,, 10 mM Hepes, 5 mM Tris, 1 g/l glucose and 1 g/l Bovine Serum
Albumine) and a Na' free buffer (‘HEPES™: pH 7.4; 100 mM Choline-Cl, 2 mM KCI, 1 mM
MgCl,,1 mM CaCl,, 10 mM Hepes, 5 mM Tris, 1 g/l glucose and 1 g/l Bovine Serum
Albumin). The influx was terminated by physical withdrawal of the buffer and by washing 3
times with ice-cold phosphate-buffered saline (PBS). Subsequently, the cells were lysed from
the well with 1 ml of 0.1 M NaOH. The radioactivity of the samples was counted using the
auto gamma-counting system (Cobrall Series, Canberra Packard, Meriden, CT, USA Cobra).

4.2.3.3.2. Time dependency.

Cells were incubated for different times (0.5, 1, 2.5, 5, 7.5, 10, 15, 30 minutes) in 1 ml
of HEPES" or HEPES™ containing 37 kBq ['*’I]-2-iodo-L-phenylalanine. ANOVA statistical
analysis was performed to determine statistical differences in [1251]-2-i0d0-L-pheny1alanine
uptake between the various tumour cell lines.

Inhibition of [**°I]-2-iodo-L-phenylalanine influx.
In these inhibition experiments the cells were incubated with 37 kBq ['*I]-2-iodo-L-
phenylalanine for 10 minutes in HEPES® buffer supplemented with 1 mM L-phenylalanine
(the natural amino acid transported by LAT), 1 mM 2-iodo-L-phenylalanine (the “cold”
precursor), | mM BCH (2-Amino-2-norbornane-carboxylic acid, a LAT transport system
specific inhibitor) or 1 mM MeAIB (Methyl amino isobutyric acid, a A/ASC transport system
specific inhibitor).

4.2.3.3.3. RT-PCR.

Oligonucleotide primers were synthesized by Eurogentec (Li¢ge, Belgium). Human
LATI1 (hLATTI) specific primers were matched to base pair 781-800 (hLAT1 forward: 5'-
TGTGCTGGCATTATACAGCG-3") and base pair 992-1011 (hLATI backward: 5'-
AGGTGATAGTTCCCGAAGTC-3") of the coding sequence (13). Human CD98 (=4F2hc)
specific primers were matched to 151-170 (CD98 forward: 5’-
GAATGAGTTAGAGCCCGAGA-3’) and base pair 400-419 (CD98 backward: 5’-
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CGATTATGACCACGGCACCA-3’) of the coding sequence (13). Total RNA was isolated
from the cell lines mentioned above by using a total mRNA isolation kit (Qiagen, Belgium)
according to manufacturer guidelines. First strand cDNA synthesis is performed using
Bioscript (Bioline, Belgium) according to manufacturer guidelines. RT-PCR was performed
using BioTaqg RED (Bioline, Belgium) according to manufacturer guidelines. The
amplification of the cDNA strands was performed using a pre-cycle (94 °C during 3°, 60 °C
during 1°, 72 °C during 2’), an amplification cycle (94 °C during 1°, 60 °C during 1°, 72 °C
during 2’, repeated for 26 cycles) and a hold cycle (72 °C during 10’). Gel-electrophoresis
was performed on a 1.5% agarose/EtBr gel at 250 V and 250 mA during 15 minutes. The
entire PCR product was loaded onto the gel whereby Hyperladder IV (Bioline, Belgium) was
used as a marker.

4.2.3.4. In Vivo Experiments
4.2.3.4.1. Laboratory Animals.

The study protocol was approved by the local ethical committee for animal studies and
was within the rules of Belgian legislation. Guidelines of the National Institute of Health
principles of laboratory animal care were followed.

Water and food was freely available during the experimental period.

SWISS~nu/nu mice (n = 15 per cell line; except RIM: n = 30) (Bioservices, The
Netherlands) were injected subcutaneously (SC) in the right flank (armpit region) with 5.10°
A549, A2058, C6, C32, Capan2, HT29 or R1IM cells. Female NMRI mice (n = 15) were
injected SC in the right armpit region with 5.10° EF43fgf4 cells. These tumour cell lines were
chosen as representatives of the tumour families who appear with highest prevalence in
humans. Normal tumour growth curves were obtained using sliding caliper measurement and
the estimate volume formula V = 0.4 a’b, a and b being the short and the long axis of the
tumour respectively (9,14). The imaging experiments started when the tumour reached a
volume of 0.5 ml. Imaging experiments with ['*I]-2-iodo-L-phenylalanine, ['*’1]-2-iodo-D-
phenylalanine and ['*’I]-iodo-HSA were carried out on the same mouse population (per cell
line). Between the different experiments, attention was paid to a decay period of 6 days.
Dissection experiments with ['*I]-2-iodo-L-phenylalanine were performed on each cell line
and in the same mouse population as used for imaging experiments. Additionally, dissection
experiments with ['*°I]-2-iodo-D-phenylalanine were carried out in the R1M athymic mouse
model as confirmation of the conclusions obtained by imaging for this isomer.

During all imaging experiments, the animals were anesthetized by intraperitoneal
injection of a dilution (1:3) of pentobarbital (1.5 mg in 75 pl of Nembutal 60 mg/ml from
Ceva Santé Animale, Belgium). For the biodistribution experiments by dissection, the animals
were killed by cervical dislocation without sedation and the organs of interest were dissected.

All tracers ((['*'* []-2-i0do-L-phenylalanine, ['% /1251]—2—i0d0—D—phenylalanine and
['*1]-iodo-HSA) were injected intravenously (IV) in the lateral tail vein.

4.2.3.4.2. Dynamic Planar Imaging (DPI).

Imaging was performed using a gamma camera (Toshiba GCA-9300A/hg) in planar
mode equipped with a high-resolution parallel-hole collimator After the IV bolus injection of
the ['*’I]-labeled product in the lateral tail vein, the data were recorded on a 128 x 128
matrices (field of view: 23.5 x 12.5 cm) and with a photopeak window set at 15 % around 159
keV. The DPI to determine the steady state of tumour tracer uptake consisted of 90 frames (48
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x 10sec, 28 x 20sec and 14 x 60sec) and the DPI for the displacement study contained 90
frames of 30 sec.

Time activity curves were obtained by Region Of Interest Analysis (ROI) using
a MRI maximum intension projection as described before (15). The tracer uptake was
recorded as differential uptake ratio, taking into account a dose calibration and background
correction following the guidances of Thie, et al. (16). The DUR was calculated as
[(countsissue * pixelSiotal body)/(P1X€lStissue * COUNtStotal body)]-

At first, a ['*I]-iodo-HSA study was performed to measure the relative bloodpool
distribution to correct the uptake of ['*’I]-2-iodo-D-phenylalanine and ['*’I]-2-iodo-L-
phenylalanine in the tumours for bloodpool activity. For each cell line, ten tumour bearing
mice were injected with 7.4 MBq ['*'I]-iodo-HSA. Ten dynamic planar images of 1 min were
acquired starting 10 min p.i. The tumour to contralateral background (RTB) ratio was
calculated and the overall mean for all animals determined. Statistical analysis (ANOVA o =
0.05; SPSS 13.0 software package) was performed to compare the ['*’I]-iodo-HSA uptake in
the tumour tissue with the contralateral background tissue.

Immediately after injection of 18.5 MBq ['*'I]-2-iodo-L-phenylalanine or ['*I]-2-
iodo-D-phenylalanine, a dynamic acquisition was performed to determine the steady state of
tracer uptake in the tumour. Secondly, at steady state a displacement study with L-
phenylalanine (200 ul IV of a 145 mM solution) was performed. Regions of interest (ROI’s)
were drawn using a MRI maximum intensity projection as described before (9). Tumour
['*1]-2-iodo-L-phenylalanine or ['*’I]-2-iodo-D-phenylalanine uptake was compared to the
uptake in the contralateral background area and RTB calculated. The significance of
displacement of ['*’I]-2-iodo-L-phenylalanine or ['*’1]-2-iodo-D-phenylalanine activity by L-
phenylalanine was calculated at a 95 % confidential interval.

The data obtained by DPI for the blood curve for [1231]-2-iod0-L-phenylalanine and
['1]-2-iodo-D-phenylalanine were fit to a two-compartment model with IV-bolus injection,
without a lag time and with first order elimination, using WinNonlin 4.0.1. This kinetic model
was chosen by analogy with ['*'I]-3-iodo-a-methyltyrosine (17). The primary parameters V,
ki, ki2 and ky; were determined for both tracers in each cell line and the overall mean values
and corresponding standard deviations (n=8 tumour cell lines) calculated.

Statistical analysis was performed using a 2-factor ANOVA (tumour-type and ['**I]-2-
iodo-L-phenylalanine or ['*’I]-2-iodo-D-phenylalanine) on the DPI results to investigate
whether tumour uptake was different amongst the tumour types and both tracers.

4.2.3.4.3. Dissection: Biodistribution of [**°I]-2-iodo-L-phenylalanine or [***I]-2-iodo-D-
phenylalanine.

The 1A was calculated by weighing the syringes before and after injection of the tracer
and by the use of a dilution series of the injected tracer solution which was also weighed and
counted for radioactivity using the auto gamma-counting system (Cobrall Series, Canberra
Packard, Meriden, CT, USA Cobra).

For each cell line tested, fifteen mice were injected with 7.4 kBq ['*’I]-2-iodo-L-
phenylalanine or 7.4 kBq ['*’I]-2-iodo-D-phenylalanine, six days after the last imaging
experiment with 23 _tracer was performed. At various time points (2, 30, 60, 120 and 180
min) post injection 3 animals per time point were sacrificed. The organs and tissues were
removed, washed and weighted. The blood was collected and weighted. The radioactivity of
the samples was counted by use of an auto gamma-counting system (Cobrall Series, Canberra
Packard, Meriden, CT, USA Cobra). The amount of radioactivity in the organs and tissues
was calculated as the differential absorption rate (DAR): [(activityissie * total body
weight)/(weightissue * activityinjeced)]. ANOVA statistical analysis was used to evaluate
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whether the different tumour models showed differences in ['*’I]-2-iodo-L-phenylalanine
organ uptake.

4.2.4. RESULTS

4.2.4.1. In Vitro

Concerning RT-PCR, a single band for each gene was observed at the expected size in
all tumour cell lines.

The results of the functional in vitro experiments are summarized in Table 4.2.1. All
tested cell lines showed comparable ['*I]-2-iodo-L-phenylalanine uptake in HEPES® and
HEPES". Tracer uptake in all cell lines in HEPES" was blocked for the largest part by L-
phenylalanine, 2-iodo-L-phenylalanine and BCH but only for a minor part by MeAIB. It was
confirmed by ANOVA followed by post-hoc analysis (Tukey HSD), that all cell lines
demonstrated similar uptake values in Hepes' or Hepes, with exception of HT29 and
EF453fgf4 which showed significant lower ['*I]-2-iodo-L-phenylalanine uptake values.
However, the difference between Hepes™ and Hepes ['*’I]-iodo-L-phenylalanine uptake,
which is a measure for the investigated sodium dependence, was not significant (p = 0.696).

TABLE 4.2.1: In vitro uptake of ['**I]-iodo-L-phenylalanine at equilibrium (t=15min). (*) % of tracer
uptake that is Na'-independent; (*) L-Phe: L-phenylalanine; (+) 2-I-L-Phe: 2-iodo-L-phenylalanine; (})
BCH: 2-Amino-2-norbornane-carboxylic acid; (8)MeAIB: Methyl amino isobutyric acid.

%Uptake/million cells % inhibition
Cellline | Hepes- Hepes+ L-Phe* |2--L-Phef | BCHY} MeAIB§
A549 12.2+3.6 10.4+2.3 71 77 79 0
A2058 10.3+0.9 10.1+1.3 72 81 83 18
Ccé6 12.3+2.3 12.5+1.7 79 85 87 0
Cc32 12.9+2.4 15.8+1.7 88 90 85 0
Capan2 13.3x2.2 15.3t1.6 89 90 90 0
EF43fgf4 2.6x0.4 3.8£0.5 79 82 75 9
HT29 5.3+0.8 7.5+1.8 80 83 78 2
R1M 14.1+1.1 14.3+0.9 90 89 93 6

4.2.4.2. In Vivo
4.2.4.2.1. Dynamic Planar Imaging.

DPI showed for ['*’I]-iodo-HSA no significant blood flow differences in the tumours
(all p <0.05) for A549, A2058, C32, Capan2, HT29 and R1M tumour cell lines. Mean RTB
for ['*I]-iodo-HSA is 1.2 + 0.1 for all these tumour types. In rat glioma (C6), a slightly
elevated RTBy12311-i0do-tisa 0f 1.4 £ 0.2 (p = 0.03) is noticed while EF43fgf4 showed a much
higher value for RTBy12311:i0do-tsa 0f 3.2 £ 1.1 (p <0.001).

The ['*I]-2-iodo-L-phenylalanine and ['*I]-2-iodo-D-phenylalanine tumour uptake at
steady state (plateau phase at 30 min) were high for all tumours and are summarized in Table
4.2.2. Neither significant differences (ANOVA, a = 0.05) in RTB values were observed
between both amino acid analogues nor amongst the various tumour types.
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TABLE 4.2.2: DPI in vivo [ml]-iodo-L-phenylalanine and [123I]-i0d0-D-phenylalanine tumour and
contralateral background uptake for the different tumour types at steady state expressed as DUR (t = 30
min p.i.; mean % st. dev., n = 15). (*) ['*I]-iodo-L-phenylalanine or ['*’I]-iodo-D-phenylalanine. RTB =
tumour to contralateral background ratio.

Tumour Contralateral Bladder
Cell line L or D* Background RTB
DUR DUR
DUR

A549 L 0.84 +0.08 0.49 +0.07 1.72+0.23 4.0+0.8
D 0.88+0.11 0.40 +0.03 2.17+0.28 48+09

A2058 L 0.80+0.09 0.53 +£0.03 1.50+0.22 36+09
D 0.91+0.09 0.49+0.11 1.85+0.21 63+1.1

C6 L 1.12+£0.07 0.65+£0.15 1.73 £0.28 29+04
D 0.70 £ 0.06 0.30+0.08 231+0.21 10.5+0.6

1R L 0.99 +0.09 0.53 £0.05 1.88 £0.18 26+0.5
D 1.06 +£0.11 0.55+0.09 1.92+0.22 6.2+0.9

Capan2 L 0.87+0.11 0.48 £0.07 1.83 £0.25 2.7+0.7
D 0.89 +0.09 0.39+0.05 2.29+0.21 33+0.5

L 0.92+0.07 0.46 +£0.09 1.99 £0.19 45+0.7

EF431gt4 D 1.13+£0.16 0.55+0.09 2.04+0.15 7.6+0.9
HT29 L 0.90 +0.08 0.42 +0.06 2.12+0.26 25+0.5
D 0.80 £ 0.06 0.36+0.08 2.20+0.41 6.8+0.8

RIM L 1.19+£0.09 0.63+0.10 1.89+0.16 32+0.7
D 0.99 £ 0.08 0.59+0.07 1.68+0.18 7.7+0.9

The tracer uptake in the tumour was displaced after IV administration of L-
phenylalanine for all tumour types tested (Table 4.2.3). No statistically significant (o = 0.05)
difference between the L- and D-isomer was observed.

TABLE 4.2.3: DPI displacement study of [1231]-iodo-L-phenylalanine and [mI]-iodo-D-phenylalanine
tumour activity by L-phenylalanine (t = 45 min p.i.).

(*) % of all animals in which a significant (¢=0.05) displacement of radioactivity was observed (n = 15);
(1) percentage of tracer decrease by administering the displacer L-phenylalanine (mean =+ st. dev.).

[*?%]-2-iodo-L-phenylalanine | [**®l]-2-iodo-D-phenylalanine
Cell line %P~ %Dt %P %Dt

A549 60 32,6 £19,0 87 22,3+17,4
A2058 53 13,2+ 9,9 53 13,9+9,2
C6 53 10,8+ 1,8 60 10,741
C32 47 71+23 53 8319
Capan?2 60 21,4+£11,3 60 18,1+ 3,7
EF43fgf4 33 6,031 40 92+25
HT29 47 11,3+ 4,8 47 10,8+ 3,3
R1M 73 12,3+ 4,2 53 96+23

The general kinetic differences between the L- and D-phenylalanine analogues as
previously found in the RIM mouse model were confirmed in this study. The blood
elimination of both tracers showed a renal clearance to the bladder, with higher amounts
accumulated for the D-isomer as compared to its L-analogue (Table 4.2.2, last column).
Moreover, two-compartment modelling was applied on the observed DPI blood data, giving
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overall results (over all tumour cell lines) similar to previously found results for the RIM cell
line alone (Table 4.2.4).

Besides the difference in blood elimination velocity of both tracers, the model showed
that ['*’I]-2-iodo-D-phenylalanine was taken up faster in the peripheral compartment.
However, its elimination velocity from the latter compartment was comparable to that of
['**1]-2-i0do-L-phenylalnine in all tumour models.

TABLE 4.2.4: Two-compartment blood modelling for [mI]-iodo-L-phenylalanine and ['*I]-iodo-D-
phenylalanine: overall mean values = st. dev. (n=8) of both tracers for the primary parameters V, k; o, k;»
and k2,l-

Kinetic parameters [mI]-2-i0d0-L-phenylalanine [1231]-2-i0d0-D-phenylalanine
V1 (activity otal body/ DUR) 9.65+1.31 10.25+2.42
k1o (1/min) 0.028+0.008 0.056+0.016
ki (1/min) 0.59+0.14 0.84+0.46
ko (1/min) 0.35+0.09 0.47+0.21

4.2.4.2.2. Biodistribution by Dissection.

The most relevant biodistribution data of ['*°

bearing athymic mice are shown in Table 4.2.5.

[]-2-i0do-L-phenylalanine in all tumour

TABLE 4.2.5: Dissection ['251]-iodo-L-phenylalanine blood, tumour and contralateral background uptake
in A549, A2058, C6, C32, Capan 2, EF43fgf4, HT29 and R1M inoculated athymic mice expressed as
differential absorption ratio (DAR; mean =+ st. dev., n=3) and the resulting ratio tumour to contralateral
background (RTB).

A549 (DAR values) A2058 (DAR values)

2 30 60 120 180 2 30 60 120 180
Blood 2.56+0.53 | 1.60+0.32 | 1.45+£0.19 | 1.53+0.41 | 1.62+0.21 | 2.16+0.35 | 1.48+0.27 | 1.25+0.31 | 1.444+0.22 | 0.47+0.07
Cnt. Bck | 1.01+0.10 | 0.88+0.23 | 1.03£0.13 | 0.90+0.12 | 1.15+£0.13 | 1.35+0.42 | 0.46+0.21 | 0.57+0.08 | 0.77+0.21 | 0.33+0.12
Tumour | 0.66+0.15 | 1.86+0.22 | 2.66+0.25 | 2.32+0.24 | 2.81+0.27 | 0.56+0.26 | 1.25+0.18 | 1.51+0.11 | 1.81+0.18 | 1.32+0.07
RTB 0.67+0.21 | 2.31+0.26 | 2.56+0.36 | 2.54+0.39 | 2.49+0.31 | 0.40+0.31 | 2.90+0.39 | 3.82+0.27 | 3.994+0.33 | 4.10+0.39

C6 (DAR values) C32 (DAR values)

2 30 60 120 180 2 30 60 120 180
Blood 2.83+0.44 | 2.49+0.19 | 1.65+0.11 | 1.53+0.15 | 1.14+0.07 | 1.96+0.42 | 1.61+0.27 | 1.69+£0.17 | 1.37+0.14 | 1.35+0.26
Cnt. Bck | 1.60+0.23 | 1.34+0.10 | 1.11£0.17 | 1.13+£0.13 | 1.10£0.11 | 1.58+0.29 | 1.13+£0.22 | 1.08+0.09 | 1.08+0.12 | 1.06+0.15
Tumour | 0.97+0.08 | 1.45+0.13 | 2.93+0.23 | 2.25+0.21 | 1.86+0.24 | 0.83+0.18 | 2.66+0.26 | 2.75+0.25 | 2.45+0.19 | 2.42+0.10
RTB 0.34+0.29 | 1.40+0.24 | 2.54+0.37 | 1.99+0.31 | 1.2540.27 | 0.53+0.31 | 2.54+0.33 | 2.57+0.27 | 2.384+0.35 | 2.33+0.29

Capan 2 (DAR values) EF43fgf4 (DAR values)

2 30 60 120 180 2 30 60 120 180
Blood 3.5240.59 | 2.63+0.29 | 2.83+0.49 | 2.25+0.32 | 2.51+0.38 || 2.40+0.58 | 1.94+0.36 | 1.77+0.37 | 1.76+0.35 | 1.89+0.46
Cnt. Bek | 1.56+0.36 | 1.06+0.15 | 1.41£0.19 | 0.91+0.25 | 1.11£0.13 | 0.78+0.49 | 1.04+0.25 | 1.02+0.12 | 1.04+0.20 | 1.03+0.22
Tumour 1.60+£0.26 | 3.88+0.29 | 4.62+0.22 | 3.93+0.19 | 4.66+0.44 | 1.10+0.23 | 1.32+0.18 | 1.20+£0.23 | 1.33+0.13 | 1.19+0.19
RTB 1.04+£0.24 | 3.66+0.54 | 3.26+0.36 | 4.33+0.51 | 4.20+0.43 | 1.02+0.33 | 1.30+0.17 | 1.39+0.27 | 1.41£0.19 | 1.30+0.23

HT29 (DAR values) RIM (DAR values)

2 30 60 120 180 2 30 60 120 180
Blood 2.30+0.08 | 1.68+0.31 1.6+0.06 1.63+0.10 | 1.74+0.02 | 1.76+0.94 | 1.46+0.37 | 1.06+0.31 | 1.23+0.25 | 1.16+0.21
Cnt. Bck | 1.69+0.23 | 1.53+£0.22 | 1.27+0.31 | 1.23+0.29 | 1.64+0.15 | 0.77+0.23 | 0.43+0.38 | 0.56+£0.24 | 0.59+0.15 | 0.47+0.12
Tumour 1.11£0.21 | 1.52+0.41 | 2.06+0.33 | 2.54+0.23 | 2.29+0.19 | 1.134£0.11 | 2.584+0.61 | 3.76+0.32 | 4.32+0.16 | 3.02+0.95
RTB 0.63+£0.15 | 0.96+£0.21 | 1.56+£0.26 | 2.08+0.19 | 1.48+0.21 | 1.61+0.72 | 3.58+0.97 | 6.71£1.26 | 7.47+£1.63 | 6.35+£1.05

For all tumour cell lines, the net ['*’I]-2-iodo-L-phenylalanine tumour uptake reached
equilibrium at 60 minutes p.i. The equilibrium plateau RTB values at 120 min were compared
and a statistically significant difference between the different tumour cell lines was found.
Post-hoc analysis (Tukey HSD) and graphical multiple means comparison by box-plots
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showed this to be primarily RIM related (RTB ~ 7.47) opposed to all others (RTB range ~
1.41 to 4.33). However, all tumour cell lines tested showed a RTB higher than 1.

ANOVA testing demonstrated that no significant differences in DAR results were
observed between the different tumour cell lines for each other dissected organ (all p >
0.283). ['*’I]-2-Todo-L-phenylalanine was cleared very fast through the kidneys (no
significant difference was noticed for the kidney ['*’I]-2-iodo-L-phenylalanine uptake values
amongst the different tumour types). A significant uptake of radioactivity in the pancreas was
consistently observed. No significant accumulation of radioactivity was observed in other

abdominal organs such as liver, lungs, small intestine and large intestine, neither in the brain.

The comparative biodistribution data of ['*’I]-iodo-L-phenylalanine and ['*’I]-2-iodo-
D-phenylalanine in R1M bearing mice obtained by dissection are shown in Table 4.2.6.

TABLE 4.2.6: Comparative biodistribution of ['**

125

I]-iodo-L-phenylalanine and [ ~I]-iodo-D-phenylalanine

by dissection in R1M inoculated athymic mice expressed as differential absorption ratio (DAR; mean = st.
dev., n=3) and ratio tumour to contralateral background (RTB).

RI1M (DAR values)

Tracer [*°1]-iodo-L- henylalanine "1 -iodo-D-phenylalanine
Time (min) 2 30 60 120 2 30 60 120
Blood 1.76+0.94 | 1.46+0.37 | 1.06+0.31 | 1.23+0.25 |3.10+0.12 | 1.25+0.21 | 1.08+0.12 | 1.06+0.05
Brain 0.34+0.01 | 0.49+0.09 | 0.63+0.16 | 0.61+0.12 | 0.33£0.07 |0.36+0.06 |0.42+0.05|0.38+0.10
Stomach 0.88+0.20 | 1.98+1.23 | 3.34+0.24 | 2.63+0.47 | 0.68+0.20 | 1.87+1.13 |2.14+1.15|2.83+1.75
Liver 0.88+0.08 | 0.52+0.17 | 0.53+0.08 | 0.43+0.04 |2.21+0.23 |0.91+0.16 |1.02+0.25|1.07+0.33
Kidneys 4.81+42.16 | 1.73+0.51 | 1.454£0.10 | 1.15+0.11 | 17.65+2.55 | 6.88+3.27 |2.97+0.24|2.05+0.04
Pancreas 5.37+1.03 [4.71£1.00 | 7.87+2.61 | 10.36+2.61 | 10.524+3.63 | 10.68+5.18 | 6.84+1.07 | 6.17+0.53
Contr. Bekgr. | 0.77+0.23 | 0.43+£0.38 | 0.56+0.24 | 0.59+0.15 | 1.10£0.21 | 1.06=0.19 |0.68+0.12 | 0.66+0.04
Tumour 1.13+0.11 | 2.58+0.61 | 3.76+0.32 | 4.32+0.16 |2.05+0.82 |3.89+1.22 |2.30+0.39 | 2.09+0.54
RTB 1.614+0.72 | 3.58+0.97 | 6.71+1.26 | 7.47+1.63 | 1.86+0.36 |3.64+0.48 |3.38+0.52|3.13+0.73

These dissection data showed that the net ['*’I]-2-iodo-D-phenylalanine tumour uptake

reached rapidly equilibrium with a mean DAR value at 60 minutes of 2.30 + 0.39. At the
same time point, ['2’I]-2-iodo-D-phenylalanine activity in the blood and in the contralateral
leg tissue reached a DAR of 1.08 £0.12 and 0.68 £ 0.12 respectively.

A significant uptake of radioactivity in the pancreas was observed. No significant
accumulation of radioactivity was observed in other abdominal organs such as liver, lungs,
small intestine and large intestine, neither in the brain.

4.2.5. DISCUSSION

The in vitro characterisation of all cell lines tested, strongly suggested the presence of
functional LATI: the ['*’I]-2-iodo-L-phenylalanine uptake was Na® independent, as no
significant difference in HEPES™ and HEPES ™ uptake was observed. Moreover, the tracer
uptake could be blocked for > 80 % by the LAT specific inhibitor BCH, whereas the A/ASC
transport system specific inhibitor MeAIB blocked the tracer uptake only for a small part (<
20 %) (Table 4.2.1). These phenotypic results confirmed the obtained RT-PCR data: all cell
lines showed hLATI as well as CD98 (4F2hc) expression. The latter is very important since
the LATI requires CD98 for its functional expression: in absence of this glycoprotein, the
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LATI1 proteins remain in the intracellular compartment. The latter hypothesis was also
confirmed in vivo by the displacement study: a significant displacement of the radioactivity in
the tumour could be detected for all tumour types (all p < 0.05; Table 4.2.3). This shows that
the transporter system involved is of the “obligatory exchanger” type such as LAT1 and that
the tumour uptake is specific.

Concerning the biodistribution measured by DPI and dissection, both amino acid
analogues showed the same distribution pattern in the other tumour cell lines as in the R1M
rabdomyosarcoma tumour athymic mice model.

['**1]-2-iodo-L-phenylalanine as well as ['*’I]-2-iodo-D-phenylalanine accumulated
quickly to reach high amounts in all tumours at 30 minutes p.i. (Table 4.2.2. and 4.2.5). The
EF43fgf4 tumour showed the lowest RTB as compared to the other cell lines (Table 4.2.5.).
The EF43fgf4 tumour demonstrated on the one hand reasonable ['%1%°1]-2-i0do-L-
phenylalanine and ['*'*I]-2-iodo-D-phenylalanine tumour uptake (Table 4.2.2), but on the
other hand a high RTB for ['**I]-HSA (tumour with a high vascularity), resulting in the lowest
specific uptake compared to the other tumour cell lines. This could implicate that other tracers
should be used to detect this tumour type.

By analogy with ['*I]-3-iodo-a-methyltyrosine, 2-compartment modelling was
applied in order to evaluate the pharmacokinetics of both tracers in the different tumour
bearing athymic mouse models. Both tracers followed almost the same trend in the different
tumours as compared to the R1M model, indicating the consistency of the results over the
different tumour cell lines. The modelling revealed that in comparison to its L-analogue,
['**1]-2-iodo-D-phenylalanine was cleared faster from the blood. These results were
confirmed by DPI: the D-isomer reached at the same time point for the same tumour models
higher tracer accumulation in the bladder.

These observations together with the fast renal clearance of ['%°1]-2-iodo-L-
phenylalanine and ['*’I]-2-iodo-D-phenylalanine from the blood and their non significant
uptake in the abdominal organs and brain in all tumour models, make both tracers suitable as
powerful and general tumour detecting agents.

4.2.6. CONCLUSION

['#12°]]-2-iodo-L-phenylalanine as well as its D-isomer are promising tumour

diagnostics for dynamic planar imaging. Both showed high uptake in those tumours
representative for tumour families with a high prevalence in humans. Moreover, 2-iodo-D-
phenylalanine showed better pharmacokinetic tracer characteristics. As a consequence, [*'I]-
2-iodo-D-phenylalanine might serve as a candidate for systemic radiotherapy.

4.2.7. REFERENCES

1. Hustinx R, Lemaire C, Jerusalem G, et al. Whole-body tumour imaging using PET and
2-18F-Fluoro-L-Tyrosine: preliminary evaluation and comparison with 18F-FDG. J
Nucl Med 2003; 44:533-539.

2. Jager PL, Vaalburg W, Pruim J, et al. Radiolabelled amino acids: basic aspects and
clinical applications in oncology. J Nucl Med. 2001;42:432-445

141



Chapter 4: Comparative biodistribution

10.

1.

12.

13.

14.

15.

16.

17.

18.

Lahoutte T, Mertens J, Caveliers V, et al. Comparative biodistribution of iodinated
amino acids in rats: selection of the optimal analog for oncologic imaging outside the
brain. J Nucl Med. 2003;44:1489-1494.

Isselbacher KJ. Sugar and amino acid transport by cells in culture — differences
between normal and malignant cells. Seminars in medicine of the Beth Israel Hospital
1972; 286:929-933.

Jager PL, De Vries EGE, Piers DA, et al. Uptake mechanisms of L-3-[125]]-iodo-alfa-
methyl-tyrosine in human small-cell lung cancer cell line: comparison with L-1-[14C]-
tyrosine. Nucl Med Comm 2001;22:87-96.

Tamemasa O, Goto R, Suzuki T. Preferential incorporation of some 11C-labeled D-
amino acids into tumour bearing animals. Gann 1978;69:517-523

Yanagida O, Kanai Y, Chairoungdua A, et al. Human L-Type amino acid transport
system 1 (LATI1): characterisation of function and expression in tumour cell lines.
Biochim Biophys Acta. 2001;1514:291-302

Yang H, Zheng G, Peng X et al. D-Amino acids and D-Tyr-tRNA™" deacylase:
stereospecificity of the translation machine revisited. FEBS Letters 2003;552:95-98
Kersemans V, Cornelissen B, Kersemans K, et al. In Vivo Characterization of
123/1251-2-i0odo-LPhenylalanine in an R1M Rhabdomyosarcoma Athymic Mouse
Model as a Potential Tumour Tracer for SPECT. J Nucl Med 2005;46:532-539
Kersemans V, Kersemans K, Cornelissen B, et al. In vivo evaluation of [I-123]-2-
Iodo-D-Phenylalanine in tumour inoculated athymic mice by means of SPECT as a
potential diagnostic and radionuclide therapy tool. Eur J Nucl Med 2004; 31:S219
(meeting abstract).

Shotwell A, Jayme DW, Killberg M, et al. Neutral amino acid transport systems in
chinese hamster ovary cells. J Biol Chem 1981;256:5422-5427.

Mertens JJR, Kersemans V, Lahoutte T, et al. Radioiodo-D-2-I-Phenylalanine a new
tumour specific tracer for diagnosis and systemic radionuclide therapy. Eur J Nucl
Med 2004; 31:S220

Kudo Y and Boyd CAR. Heterodimeric amino acid transporters: expression of heavy
but not light chains of CD98 correlates with induction of amino acid transport systems
in human placental trophoblast. J Physiol 200;523:13-18.

Waterton JC, Alott CP, Pickfort R, et al; Assessment of mouse tumour xenograft
volumes in vivo by ultrasound imaging, MRI and calliper measurement. In:
Proceedings of the 19" LH Gray Conference: Quantitative imaging in oncology.
London: Eds Faulkner K, Carey B, Crellin A, Harisson RM; 1997:146-149.
Cornelissen B, Kersemans V, Jans L, et al. Comparison between 1 T MRI and non-
MRI based volumetry in inoculated tumours in mice. Br J Radiology 2005;78:338-
342.

Thie JA. Understanding the standarized uptake value, its methods and implications for
usage. J Nucl Med 2004;45:1431-1434.

Langen KIJ, Pauleit D, Coenen HH. 3-[1231]iodo-alpha-methyl-L-tyrosine: uptake
mechanisms and clinical applications. Nucl Med Biol. 2002;29:625-631.

Kersemans V, Cornelissen B, Kersemans K, et al. In vivo characterisation of 2-iodo-
L-phenylalanine in a RIM rabdomyosarcoma mouse model as a potential tumour
tracer for SPECT. J Nucl Med 2005;46:532-539.

142



Chapter 4: Comparative biodistribution

CHAPTER CONCLUSIONS

At the moment, several amino acids have been developed for SPECT tumour imaging.
Of these amino acid analogues, ['*’I]-2-iodo-L-tyrosine has made the largest progressions
towards clinical application. Literature illustrated that the latter tracer showed no kidney
accumulation and good tumour specificity characteristics. As a consequence, we compared
['*1]-2-iodo-L-phenylalanine to [1231]-2-i0d0-L-tyrosine in the R1IM athymic mouse model
whether the former showed comparable or even better characteristics.

Our results confirmed that both [1231]-2-i0d0-L-tyrosine and ['*I]-2-iodo-L-
phenylalanine were transported by the LAT1 transporter as indicated by the in vitro studies in
the RIM cell model. In vivo in the athymic mouse model, both tracers demonstrated
comparable biodistribution characteristics: high, fast and specific tumour uptake and a renal
clearance. However, ['*I]-2-iodo-L-phenylalanine demonstrated somewhat better
characteristics for oncologic tumour imaging by means of SPECT. The latter hypothesis was
confirmed by the dosimetric calculations as performed in Chapter 3: a higher effective dose
was obtained for ['**I]-2-iodo-L-tyrosine as compared to ['*I]-2-iodo-L-phenylalanine.

Although positive results were obtained using ['**I]-2-iodo-L-phenylalanine and ['*1]-
2-iodo-D-phenylalanine, the question whether those two amino acids analogues could be used
as “general tumour detecting agents” was not answered yet. As a consequence, both tumour
tracers were evaluated in different tumour cells lines, corresponding with those tumours with
high prevalence in human.

Concerning the biodistribution and tumour uptake characteristics, the same results
were obtained for both tracers as compared to the R1M tumour bearing athymic mouse model.
On the one hand fast, high and specific tumour uptake and on the other no accumulation in the
other organs was observed. These observations make both tracers suitable as powerful and
general tumour detecting agents. Moreover, the differences between the two stereoisomers
were confirmed: the modelling revealed that in comparison to its L-analogue, ['**I]-2-iodo-D-
phenylalanine was cleared faster from the blood. These results were confirmed by DPI: the D-
isomer reached at the same time point for the same tumour models higher tracer accumulation
in the bladder. Moreover, as a result of these better pharmacokinetic tracer characteristics,
[*'1]-2-iodo-D-phenylalanine might serve as a candidate for systemic radiotherapy.
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CHAPTER INTRODUCTION

To stipulate the possible use of ['*I]-2-iodo-L-phenylalanine as a tumour detecting

agent for dynamic planar imaging, the application of the new tracer was evaluated for the
diagnosis of cancer in dogs. Indeed, since many owners are prepared to give their pets the
maximal care, including radiation and chemotherapy, it is important to have a highly specific
tumour tracer at one’s disposal.

A case report study described the use of ['*’1]-2-iodo-L-phenylalanine as diagnostic
tool for the detection of synovial cell sarcoma of the tarsus in two dogs. Two dogs were
examined with ['*I]-2-iodo-L-phenylalanine using static, dynamic and whole body planar
imaging.

During the process of curing cancer, there are a lot of other aspects to deal with. An
important one is radiotherapy evaluation: the sooner the clinician could tell whether or not a
patient is responding to therapy, the sooner it could be adjusted and valuable time will be
spared. It is in this aspect that we evaluated ['*’I]-2-iodo-L-phenylalanine as a radiotherapy
response tool. In vitro, accumulation of ['**I]-2-iodo-L-phenylalanine in R1M cells was tested
after irradiation with “°Co. In vivo, RIM tumour bearing athymic mice were tumour
irradiated, contralateral irradiated or not irradiated. Tracer uptake was investigated after
various time intervals post-irradiation by means of static planar imaging in tumour tissue,
contralateral tissue and front leg tissue.
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5.1 Future Perspectives: Is [***%1]-2-iodo-L-phenylalanine Useful as an Early
Radiotherapy Response Tool?
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5.1.1 ABSTRACT

Objectives. Today, differentiation of post therapy radiation necrosis remains a challenging
imaging problem which has strong implications for disease management. The ideal tracer for
this purpose would reproducibly demonstrate a different accumulation pattern in radiation
damaged cells from that of viable tumour tissue. In this aspect, ['*’1]-2-iodo-L-phenylalanine
was evaluated as radio-diagnostic tool since it accumulated with high specificity in tumour
lesions. Methods. In vitro, uptake of ['*I]-2-iodo-L-phenylalanine in R1M cells was tested
after irradiation with ®*Co. In vivo, RIM tumour bearing athymic mice were divided into 3
groups: tumour irradiated, contralateral irradiated or not irradiated. Tracer uptake in tumour
tissue, contralateral tissue and front leg tissue was investigated after various time intervals
post-irradiation by means of static planar imaging. Results. The in vitro tests demonstrated
that in the fewer cells surviving at high radiation dose, the tracer uptake was higher. This was
also demonstrated for the control tracer '*F-FDG. In vivo, ['*’I]-2-iodo-L-phenylalanine
showed neither accumulation in the irradiated contralateral tissue nor in the not-irradiated
front leg tissue. Tumour uptake decreased as a function of post-irradiation time. At 18 hours
post-irradiation, accumulation of the tracer in tumour tissue was significantly lower in the
tumour irradiated group as compared to the contralateral irradiated group and the not-
irradiated group. Conclusion. In vivo evaluation confirmed that ['*I]-iodo-L-phenylalanine
was able to observe irradiation effects on the tumour cells, even at very short time intervals.
Moreover, if the mouse data could be extrapolated to humans, clinicians would be able to
discover whether or not the tumour is susceptible to radiotherapy within 24 hours post-
irradiation, i.e. if an individual would be a radiotherapy responder or not.
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5.1.2 INTRODUCTION

Magnetic Resonance Imaging (MRI) and Computed Tomography (CT) are powerful
imaging tools but they still can not reliably separate radiotherapy necrosis from recurrent
tumour lesions (1-3). Moreover, attempts with '°F-fluorodeoxyglucose (‘*F-FDG) were only
partially successful (4-7). One problem is the high intrinsic uptake of "*F-FDG in the brain
(cerebral cortex) leading to difficult differentiation between normal brain tissue and tumour
tissue. Another aspect is the wide range of "*F-FDG uptake in different tumours leading to an
overlap with the degree of uptake in radiation necrosis and inflammation. Thus,
differentiation between post therapy radiation necrosis and inflammation with remaining
viable tumour tissue remains a challenging imaging problem which has strong implications
for disease management. The ideal tracer for this purpose would reproducibly demonstrate a
different accumulation pattern in radiation damaged cells from that of tumour tissue, for
example: no accumulation in the necrosis area and high accumulation in the tumour lesion.

['#¥1%5]]-2-i0do-L-phenylalanine was evaluated previously as a new tumour tracer for
Single Photon Emission Tomography (SPECT). Earlier reports showed high and specific
tumour uptake through the overexpressed L-type amino transporter subtype 1 (LAT1), in vitro
as well as in vivo, in a variety of tumours corresponding with the highest prevalence in human
(8,9).

Diagnosis of a cancerous lesion and detecting the primary tumour is only the first step
in curing the patient from cancer. Once the diagnosis is made, therapy could be started where
another important aspect in oncology rises: is the tumour still viable or not after therapy? This
paper describes the evaluation of ['**'**°I]-2-iodo-L-phenylalanine, in vitro as well as in vivo,
as a radiotherapy response tool. Since this amino acid analogue lacked uptake in
inflammatory lesions (8), it could show promising results because necrotic areas and
irradiated tissue often show the presence of inflammatory cells.

5.1.3 MATERIALS AND METHODS

All the conventional products mentioned were at least of analytical or clinical grade
and obtained from Sigma-Aldrich. The solvents were of HPLC quality (Chemlab, Belgium).
Cell culture products were obtained from Cambrex, Belgium.

5.1.3.1. Radiochemistry

Radioiodination with '*’I" (555 MBq; 37 pl) or '*°I" (37 MBq; 10 ul) (Nordion Europe,
Belgium) on 1.0 mg 2-iodo-L-phenylalanine was performed by Cu'® assisted isotopic
exchange under acidic and reducing conditions (0.2 mg CuSOy, 2.5 mg citric acid, 0.5 mg
SnSO4, 1.3 mg gentisic acid in 565 pl; 60 min at 100 °C) (8). The reaction mixture was
rendered isotonic and its pH was adjusted to at least 4 by adding tri-sodium citrate dihydrate
(71 mM). To remove the small fraction of free '*''*°I" and to sterilize the reaction mixture, a
0.22 um Ag-filter (Millipore, Belgium) and a sterile 0.22 um filter (Millipore, Belgium) were
applied, respectively. Radiolabeling with '*T" or '*T resulted in a radiochemical purity of >
99 % and a specific activity of 163 GBg/mmol ([1231]—1abeling) and 11 GBg/mmol (111
labeling). Chiral chromatography showed no transformation to the D-isomer.
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5.1.3.2. In Vitro Experiments
5.1.3.2.1. Cell model.

R1IM rabdomyosarcoma cells were purchased from BEFY-VUB, Brussels, Belgium.
The cell culture was maintained and treated according to ATCC recommendations. RIM cells
were cultured in complete medium (DMEM), enriched with 10 % of fetal bovine serum (FBS)
and supplemented with 1 % penicillin-streptomycin and 1 % L-glutamine. The weekly split
ratio was 1:20. The cell line grew in an anchorage-dependent manner in tissue culture flasks
(NUNC, Belgium). The amount of cells per falcon after the weekly split was tested during the
maintenance and the variability was 6.1 % of the total amount of cells per falcon.

All in vitro experiments were carried out in 37 cm” culture flasks. Influx of ['*I]-2-
iodo-L-phenylalanine radioactivity was studied in a Na™ containing buffer (‘HEPES™: pH
7.4; 100 mM NaCl, 2 mM KCIl, 1 mM MgCl,, 1 mM CaCl,, 10 mM Hepes, 5 mM Tris, 1 g/l
glucose and 1 g/l Bovine Serum Albumine). The influx was terminated after 15 minutes by
physical withdrawal of the buffer and by washing 3 times with ice-cold phosphate-buffered
saline. Subsequently, complete growth medium was added and the radioactivity of the
samples was counted using a Nal detector.

Cells were incubated for 15 min in 4 ml of HEPES" containing 370 kBq ['*I]-2-iodo-
L-phenylalanine. The incubation time was chosen from the previous experiments and it is the
time when equilibrium was established (10). In parallel, cells were incubated for 3 hours in 4
ml of HEPES+ containing 370 kBq '*F-FDG, as control tracer. The incubation time was
chosen by analogy with previously described in vitro experiments using '*F-FDG (11,12).

The cells were counted immediately after measuring the culture flasks on
radioactivity. The complete growth medium was removed and 0.5 ml trypsine was added until
the cells were detaching. Subsequently, 0.5 ml of PBS was added. Eighty microlitres of this
cell suspension was added to 20 ul trypane blue. Viable cells were counted in a Neubauer
counting chamber.

5.1.3.2.2. In vitro irradiation

Culture flasks (sham-irradiated) were exposed to radiation doses ranging from 2 to 50
Gy in ®Co y-ray beam. During the irradiation the culture flasks were kept at 37 °C in a
waterbath. The culture flask which received no external irradiation served as control. Two
series of experiments were performed: a first experiment with doses up to 50 Gy was followed
by a second experiment for a detailed dose-response determination in a narrower dose range
up to 20 Gy. All in vitro tracer cell experiments were carried out 24 hours post irradiation.
Immediately after the tracer cell experiment, the cells were counted by the trypan blue
method, i.e. 24.5 hours and 27.5 hours post irradiation for ['*’I]-2-iodo-L-phenylalanine and
""F-FDG, respectively. The results were expressed as survival fraction (SF = % viable
cellSyeatment / %viable cellseonro)) Or as cell death fraction (1-survival fraction) and as
%uptake/10° viable cells [Activity in remaining viable cells * 10% Total activity added * n
remaining viable cells)].

5.1.3.3. In vivo experiments.
The study protocol was approved by the local ethical committee for animal studies at

the University Hospital of Ghent and was conform to the Belgian legislation. Guidelines of
the National Institute of Health principles of laboratory animal care were followed.
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5.1.3.3.1. Laboratory Animals.

Water and food were freely available during the experimental period.

Studies were performed in SWISS~nu/nu mice (n = 30) obtained from Bioservices,
The Netherlands. The mice were implanted with a RIM (rabdomyosarcoma) tumour, by
subcutaneous injection of 5.10" RIM cells (BEFY-VUB, Brussels, Belgium) in the right
thigh. All mice grew tumours with a volume of approximately 1 ml after 28 days. The
experiments were started when the tumour reached a volume of 0.5 ml. The RIM tumour
model has been used previously to study the behaviour of radioiodinated amino acids and to
characterize and evaluate ['*’I]-2-iodo-L-phenylalanine as a tumour tracer for SPECT (8,13).

During the irradiation and imaging experiments, anaesthesia was induced by
intraperitoneal injection of pentobarbital (1.5 mg in 75 pl per animal; prepared by dilution
(1:3) of 60 mg/ml Nembutal from Ceva Sant¢ Animale, Belgium). ['*I]-2-iodo-L-
phenylalanine was injected intravenously (IV) in the lateral tail vein.

5.1.3.3.2. In vivo irradiation.

The mice were irradiated using the 5 MV photon beam from a medical linear
accelerator (Elekta SL75) at a treatment distance of 100 cm and a dose rate of 350
cGy/minute. All irradiated mice received a single treatment of 10 Gy.

The mouse population was divided into 3 groups: group 1 being the control group
which was not irradiated, group 2 which received a 10 Gy irradiation to the tumour site
(tumour-irradiated group) and group 3 which received a 10 Gy irradiation to the contralateral
site of the tumour (contralateral background irradiated group). The uptake of ['*’I]-iodo-L-
phenylalanine in 3 tissues (tumour, contralateral background and front leg) was followed for
each of the 3 groups (tumour irradiated, contralateral irradiated and control group). All 3
groups had a R1IM tumour. Group 3 was used to control for the possibility of tracer uptake
caused by radiation induced inflammation. The mice were restrained in a specially designed
box during irradiation to immobilize the mice and ensure that only the legs were irradiated.
The box could hold four mice at a time. To ensure that the tumour or contralateral received
the correct dose, 1.5 cm of PMMA was placed on top of the box and the radiation opening on
the accelerator was adjusted to 14 cm x 14 cm. The mice were placed at the corners of the
beam so that just the legs (tumour or contralateral) of the mice were in the radiation beam and
thus irradiated. A schematic presentation of the sites of irradiation in the used populations
together with the tracer injection scheme is shown in Figure 5.1.1.
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FIGURE 5.1.1: Schematic presentation of the sites of irradiation (indicated in grey) in the mouse
populations and overview of the injection and scanning protocol.
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5.1.3.3.3. Static Planar Imaging.

Imaging was performed using a gamma camera (Toshiba GCA-9300A/hg) in planar
mode equipped with a high-resolution parallel-hole collimator. Ninety minutes after the IV
bolus injection of the ['**I]-labeled product in the lateral tail vein, the data were recorded on a
1024 x 1024 matrix (field of view: 23.5 x 12.5 cm) and with a photopeak window set at 15 %
around 159 keV. Tracer uptake values in the tumour tissue, contralateral background tissue
and front leg tissue were obtained from ROI analysis using a MRI maximum intensity
projection as described before (8). The front leg tissue was used as background tissue for both
tumour tissue (ratio tumour to background, RTB) and contralateral tissue (ratio contralateral
to background, RCB). Moreover, it represents the general body tissue. The tracer uptake was
expressed as the differential uptake ratio (DUR): [(A/P)sissue]/[(A/P)total body] (A/P = activity per
pixel, averaged over the ROI).

Three mice of each population were imaged with 3.7 (for the time intervals 1.5, 3 and
6 h post irradiation) or 9.3 MBq (for the time interval 18 hours post irradiation) ['*’I]-iodo-L-
phenylalanine. The tracer was injected 1.5 hours prior to imaging (Figure 5.1.1).

5.1.3.3.4. Statistical analysis.
Non-linear regression using GraphPad Prism 3.0 was applied to analyse the in vitro

results. ANOVA at a = 0.05 and boxplot graphical analysis were used for in vivo evaluation
of the tracer, using SPSS 12.0. CI’s given are the 95 % confidential intervals.
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5.1.4 RESULTS

5.1.4.1. In vitro experiments.

The linear-quadratic cell-survival curve fitting (SF = exp[-(a * D + B * D?)]) gave
following parameters for our in vitro experiment, determined by non-linear regression using
SPSS 12.0: a = 0.113 (CI = 0.068 to 0.157) and p = -0.001 (CI = -0.003 to 0.000) (R* =
0.949).

Percentage of ['*’I]-iodo-L-phenylalanine, and the control tracer '*F-FDG, uptake per
million remaining viable cells as a function of radiation dose revealed a sigmoidal curve (R* =
0.996) with higher specific tracer uptake values at higher doses (between 0 and 50 Gy). The
uptake as a function of radiation dose for ['*’I]-iodo-L-phenylalanine is shown in Figure
5.1.2. Statistical analysis resulted in the following data for ['*’I]-iodo-L-phenylalanine and
BE-FDG respectively: bottom values 0.06 (CI = 0.05 — 0.07) and 0.19 (CI = 0.16 — 0.23)
%uptake/10° viable cells, top values 0.22 (CI = 0.21 — 0.23) and 0.34 (CI = 0.29 — 0.38)
%uptake/10° viable cells, D50 values 10.22 (CI = 10.02 — 10.42) and 10.17 (CI = 9.21 —
11.14) Gy.
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FIGURE 5.1.2: In vitro specific uptake of [**1]-2-lodo-L-phenylalanine in gamma irradiated remaining
viable R1M rabdomyosarcoma cells as a function of radiation dose, 24 hours post irradiation: an initial
first dose-range study up to 50 Gy.
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5.1.4.2. In vivo experiments.

The in vivo imaging results are presented in Table 5.1.1.

A 3-factor ANOVA analysis showed that the differential uptake ratio (DUR) was
significantly dependent upon organ, experimental group and time interval between irradiation
and imaging. The tracer uptake in the tumour tissue differed significantly (p = 0.003) from the
contralateral tissue and the front leg.
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TABLE 5.1.1: In vivo imaging results with [***1]-2-iodo-L-phenylalanine at various time intervals post
irradiation. (1) The values of all time-points were taken together. Tissue results are expressed as DUR-
values (mean = st. dev.; n = 3), while RCB and RTB are ratios having no units.

. . . . Control

Organ Tumour irradiated group Contralateral irradiated group aroup
15h 3h 6 h 18 h 1.5h 3h 6 h 18 h Al @
Tumour tissue 1.15 0.96 0.88 0.85 1.27 1.17 1.13 1.06 1.41
(=T) +0.20 +0.15 +0.03 +0.10 +0.15 +0.29 +0.29 +0.13 +0.10

Contralateral 0.61 0.58 0.56 0.59 0.57 0.55 0.64 0.57 0.62
tissue (=C) +0.06 +0.03 +0.08 +0.07 +0.05 +0.07 +0.05 +0.09 +0.11

Front leg 0.64 0.53 0.59 0.70 0.63 0.57 0.69 0.61 0.62
tissue (=B) +0.14 +0.03 +0.11 +0.09 +0.11 +0.05 +0.12 +0.06 +0.07

RCB 0.95 1.09 0.95 0.84 0.90 0.96 0.93 0.93 1.00
+0.36 +0.08 +0.22 +0.15 +0.18 +0.14 +0.18 +0.17 +0.21

2.19 1.83 151 1.22 2.04 2.05 2.05 1.73 2.28
+0.19 +0.35 +0.23 +0.17 +0.18 +0.35 +0.36 +0.09 +0.25

RTB

For the front leg tissue (= background tissue in this study), no significant effect for the
experimental group (p = 0.268) or for the time interval (p = 0.632) was observed.

Furthermore, no significant differences in uptake were observed for the contralateral
tissue between the 3 experimental groups (p = 0.396) and the different time points (p = 0.923)
(Figure 5.1.3). Irradiation of the contralateral tissue did not alter the [*I]-iodo-L-
phenylalanine tracer uptake at equilibrium.

Furthermore, no significant (at a = 0.05) difference was demonstrated between the
contralateral tissue and the front leg tissue, neither between the experimental groups nor
between the time intervals post irradiation. This is also indicated by the RCB ratio results.

Graphical representation of this multiple means comparison was performed by
clustered box-plots, where the front leg tissue was not included seen its similarity with the
contralateral tissue (Figure 5.1.3). The first 3 box-plots of each time-cluster represent the
contralateral tissue DUR results for the 3 treatment groups. The last 3 box-plots of each
cluster are the tumour DUR values.
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FIGURE 5.1.3: Clustered boxplots for the evaluation of the contralateral tissue and the tumour tissue.
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The uptake in the tumour tissue did show highly significant differences between the
experimental groups (p < 0.001) and the interval times (p = 0.020). The tumour tissue of the
control group differed significantly (p < 0.001) in their uptake from those of the contralateral
irradiated group at 18 hours post irradiation - although no significant difference was detected
for time intervals up to 6 hours post irradiation (Figure 5.1.3).

Besides the DUR evaluation of the individual organs, the combinations RTB (ratio
tumour background) and RCB (ratio contralateral tissue to background) were investigated.
The results are graphically represented by clustered box plots in Figure 5.1.4. The first 3 box-
plots in each cluster represents the RTB values, while the last 3 box-plots are the RCB results.
As expected, the RCB results are situated around a value of 1.0, with no time-trend nor
difference between the 3 experimental groups observed. In contrast to the RCB results, RTB
demonstrated a significant difference between the experimental groups (p < 0.001) and the
interval times (p = 0.001) and post-hoc analysis (Tukey) revealed that all experimental
groups, relative to each other, showed statistically significant differences (all p < 0.033).
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FIGURE 5.1.4: Statistical analysis by clustered boxplot for the evaluation of RTB and RIB.
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5.1.5. DISCUSSION

Former reports described the promising characteristics of ['*’I]-2-iodo-L-
phenylalanine as tumour detecting agent for SPECT (9,10,14). However, during the process
of curing cancer, there are a lot of other aspects to deal with. Important is radiotherapy
evaluation: the sooner the clinician could tell whether or not a patient is responding to
therapy, the sooner it could be adjusted and valuable time will be spared. It is in this aspect
that we evaluated [1231]-2-i0do-L-pheny1alanine as a radiotherapy response tool.

The in vitro uptake of both the ['*’I]-2-iodo-L-phenylalanine tracer and the control
tracer ['®F]-FDG in remaining viable R1M cells as a function of radiation dose described a
sigmoidal curve. These observations could have important implications for in vivo residual
tumour imaging: although as expected, fewer cells survive at higher radiation dose, the
radiation-surviving remaining viable cells accumulated the tracer in larger amounts. The latter
might be due to cell recovering after irradiation which not only requires energy but also
building blocks e.g. for protein synthesis. The same D50 was observed for the uptake of both
tracers, which could be an indication of the reproducibility of the radiosensitivity of the cell.

The promising in vitro results led us to the in vivo evaluation of this amino acid
analogue as a therapy response tool. Evaluation of the DUR data showed that the front leg
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tissue could be used as background representing general body tissue where neither tumour nor
radiation was induced.

Analysing the contralateral tissue demonstrated that radiation-induced inflammation
(because of the high 10 Gy irradiation dose) of the tissue did not alter the ['*1]-iodo-L-
phenylalanine tracer uptake at equilibrium. This has two alternative explanations: (1) no
radiation induced inflammation occurred during the measured time interval, or (2) the uptake
of ['*’I]-iodo-L-phenylalanine was specific for the presence of the tumour. It is very unlikely
that the radiation dose (10 Gy) did not induce inflammation.

In contrast to the two former tissues, the tumour tissue did show highly significant
effects and at 18 hours post irradiation, the tumour tissue from the control group differed
significantly from the tumour tissue of the contralateral irradiated group. The latter could be
explained by a general hemodynamic, systemic effect of the radiotherapy under the applied
experimental conditions.

Moreover, very important results were derived from the boxplot and the post-hoc
ANOVA analyses from RTB and RCB concerning radiotherapy evaluation. Indeed, this
evaluation demonstrated individual differences, and not just sample-population differences,
between the experimental groups for RTB. The results indicate that there is an optimal time-
point for post-irradiation evaluation where a clear cut-off could differentiate between good
tumour responders from not-responders: for example, a cut-off for RTB of 1.5 at 18 hours
post irradiation (Figure 5.1.4). This will have important implications concerning patient care
assuming similar interspecies (mice-human) behaviour and awaiting further clinical
evaluation including protocol optimisation: at a relatively short post-irradiation time, the RTB
of ['*’I]-iodo-L-phenylalanine will be able to predict which patients respond or do not respond
to radiation therapy, and hence, valuable time can be spared. However, further experiments
with various tumour models as well as clinical trials have to be performed in future in order to
extrapolate and generalize these results.

5.1.6. CONCLUSIONS

The in vitro as well as the in vivo radiotherapy experiments performed in this study
showed promising results concerning therapy evaluation. In vitro testing indicated that
although fewer cells survive at high radiation doses, the remaining viable cells accumulated
the tracer in higher amounts which could be beneficial for detecting residual tumour lesions.
Although the current results should be interpreted with utmost care, in vivo evaluation
confirmed that ['*’I]-iodo-L-phenylalanine was able to detect metabolic changes due to
irradiation, even at very short time intervals. The latter observation is very important: within
24 hours post-radiation therapy, clinicians would be able to discover whether or not the
tumour in a patient is sensitive to radiotherapy and valuable time could be spared. Another
important result was the tumour tissue specific uptake of this phenylalanine analogue since no
uptake in the irradiated contralateral background tissue was observed. The obtained results
opens perspectives which should be investigated more extensively in the future to establish a
time-point post-irradiation where the differences are maximal and to compare this tracer with
other tracers like '*F-FDG to find out whether and under what conditions our new tracer is
better or not.
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5.2 The use of [***I]-2-iodo-L-phenylalanine in two dogs with synovial cell
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5.2.1. ABSTRACT

Objectives. To date, many owners are prepared to give their pets the maximal care, including
radiation and chemotherapy. As a consequence, it is important to develop non-invasive and
high specific tumour diagnostics for veterinary practice which will help the veterinarian to
diagnose the primary lesion. Our research group developed ['*’I]-iodo-L-phenylalanine which
was successfully evaluated in vivo in tumour bearing athymic mice: high and specific tumour
accumulation was observed. In this aspect, the latter tracer was used to diagnose synovial cell
carcinoma of the tarsus in dogs. Methods. ['*’I]-iodo-L-phenylalanine was quantitatively
prepared as a Kit formulation using the Cu'" assisted nucleophilic exchange. Dynamic, static
and whole body planar imaging was performed with ['*’I]-iodo-L-phenylalanine in two dogs
bearing a synovial cell carcinoma of the tarsus. The results were expressed as ratio tumour to
contralateral background. Results. Fast and high ['*I]-2-iodo-L-phenylalanine tumour
accumulation was observed. Whole body imaging revealed the renal clearance of the tracer.
Conclusions. ['*1]-2-iodo-L-phenylalanine shows good tumor to background contrast in two
dogs with synovial cell carcinoma. It is a promising alternative tracer for use in veterinary
application to overcome the known limitations of '"*F-FDG.

5.2.2. INTRODUCTION

Nuclear oncology is a fast growing discipline within the medical imaging field and
many radiopharmaceuticals are developed to diagnose cancerous lesions.

These fast improvements in nuclear oncology are not only important to diagnose
tumours in humans but also in pets. Indeed, many owners are prepared to give their pets the
maximal care, including radiation and chemotherapy. As a consequence, it is important to
develop non-invasive and high specific tumour diagnostics for veterinary practice which will
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help the veterinarian to diagnose the primary lesion, to predict therapy outcome and to
evaluate therapy response. Moreover, nuclear imaging allows performing whole body
acquisitions to locate metastases. Up to today, no “general” tumour diagnosticum with high
tumour specificity has been established and clinicians are obliged to use '*F-labelled
fluorodeoxyglucose (‘*F-FDG) despite its well-known limitations: high uptake in normal
brain tissue, accumulation in inflamed and other granulomatous tissues and glucose
metabolism is not upregulated in all tumours (1). Positron emission tomography (PET) tracers
are rarely used in veterinary practice. To present an alternative for PET, several amino acid
analogues for Single Photon Emission Tomography (SPECT) are developed, based on the
high metabolic requirements of the tumour cells and the overexpression of type A or L amino
acid transport systems in tumour cells. Up to today, ['**I]-L-3-iodo-a-methyltyrosine (IMT) is
the only routinely used amino acid tumour tracer for SPECT. Although it was successful for
brain tumours, the abdominal use is limited due to its long-term renal accumulation. ['*I]-2-
iodo-L-phenylalanine, our new amino acid analogue showed the appropriate properties in
vivo in tumour bearing mice and rats of a promising tumour specific SPECT tracer. We
decided to evaluate this tracer for the diagnosis of synovial cell carcinoma (SCC) in dogs
using dynamic, static and whole body planar imaging.

5.2.3. MATERIALS AND METHODS

All the conventional products mentioned were at least of analytical or clinical grade
and obtained from Sigma-Aldrich. The solvents were of HPLC quality (Chemlab, Belgium).
All in vivo studies were carried out in accordance with the Belgian legislation including the
approval of the study protocol by the ethical committee for animal studies of the University of
Gent. Guidelines of the National Institute of Health principles of laboratory animal care were
followed.

5.2.3.1. Radiochemistry

Radioiodination with '*’I" (222 MBq; n.c.a., 10 — 20 pl) (Nordion Europe, Belgium) on
1.0 mg 2-I-L-phenylalanine was performed by Cu'"-assisted isotopic exchange under acidic
and reducing conditions as described before (2). The reaction mixture was drawn up in a
syringe containing the appropriate amount of “make-up solution” (Tri-sodium Citrate
dihydrate, 71 mM) to render the solution isotonic and to adjust the pH to at least 4. The
reaction mixture was filtered by 0.22 um Ag-filter (Millipore, Belgium) to remove free '*T
and by a sterile 0.22 pm filter (Millipore, Belgium) for sterilisation into a sterile vacuum vial.
Quality control was achieved by RP-HPLC and Sep-pak C18 (Waters, Belgium). Chiral
chromatography was used to verify the chiral purity.

5.2.3.2. Animals
Two dogs were included, one Golden Retriever, male, 9 years old and one Flatcoated

retriever, neutered female, 9 years old. Both animals had a palpable mass at the level of the
left tarsal joint. This mass was identified as a synovial sarcoma by histology.
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5.2.3.3. Anesthesia protocol

Imaging was performed under general anaesthesia. Sedation was obtained with 10—
30 pg/kg medetomidine hydrochloride intramuscular (Domitor, Pfizer, Belgium). General
anaesthesia was induced with 2-3 mg/kg isopropylphenol intravenously (IV) (Rapinovet,
Mallinckrodt, Belgium) and maintained with isoflurane (Isoflo, Abbott animal health, UK).

5.2.3.4. Scanning protocol

Imaging was performed using a gamma camera (Single head Toshiba GCA 901) in
planar mode equipped with a low energy high-resolution parallel-hole collimator. All static
and dynamic planar images were acquired into a 256 x 256 matrix (FOV: 41 x 41 cm) and
with a photopeak window set at 15 % around 159 keV. Whole body imaging was performed
into a 128 x 512 matrix (FOV: 41 x 164 cm).

Dynamic planar imaging consisting of 21 frames (20 x 6 sec and 1 x 4 min)
immediately after tracer injection (4.2 MBgq/kg) was used for the first tumour bearing dog to
determine the time point for static imaging. Subsequently, a static image of 3 min was
recorded, twenty minutes after intravenous injection of ['*’I]-2-iodo-L-phenylalanine. In the
second dog only one static image of 3 min, 20 min p.i., was used to visualize the tumour with
['*1]-2-i0do-L-phenylalanine (7.9 MBq/kg) to reduce the duration of sedation. The tracer
dose was elevated for the second dog in order to improve imaging. Tracer uptake values in the
tumour and the contralateral site to the tumour were obtained from ROI analysis and the ratio
tumour to background (RTB) was calculated. Additionally, whole body imaging (image
duration = 15 min) was performed immediately after static imaging to observe the general
biodistribution of the tracer.

5.2.4. RESULTS

A dorsal view of the two animals is shown in figure 5.2.1.

FIGURE 5.2.1: Uptake of [***I]-2-iodo-L-phenylalanine in two dogs bearing a synovial sarcoma at the
tarsus (dorsal view).
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Dynamic planar imaging of the first dog demonstrated fast and high ['*’I]-2-iodo-L-
phenylalanine tumour accumulation since the equilibrium for RTB was reached within the
first frame (RTB at equilibrium = 2.11 stdev. 0.43; n = 19) (Figure 5.2.2). Static tumour
imaging of the second dog confirmed the high RTB observed in the first dog: a ratio of 1.84
was obtained in the second dog.

FIGURE 5.2.2: RTB values in animal 1 for [**}1]-2-iodo-L-phenylalanine
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Whole body imaging, as shown in figure 5.2.3, demonstrated a renal clearance of the
tracer: bladder accumulation was observed besides kidney accumulation whereas no liver
activity was detected. Moreover, the tumour was clearly visible.
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FIGURE 5.2.3: Whole body imaging with [***I]-2-iodo-L-phenylalanine (dog was positioned at his left and
right lateral side).
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5.2.5. DISCUSSION

['*1]-2-i0do-L-phenylalanine has been shown to exhibit a tumour cell specific uptake

in lesions through the LAT amino acid transporter system. This means, it demonstrates no or
little build-up in inflammatory regions. Moreover a rapid elimination from the blood
compartment to the bladder was noticed (2). For these reasons, we decided to explore the
possibilities of this tracer for use in the detection of synovial sarcomas in dogs

Our studies showed that the tumour lesions could be visualised with high contrast. The
observed fast uptake in the lesion is in accordance with previously reported results on the fast
kinetics of this tracer in mice (2).

The observed fast uptake in the lesion is in concordance with previously reported
results on the fast kinetics of this tracer in mice (2,3). Additionally, already after 20 minutes
high bladder accumulation was observed indicating that tracer clearance from the blood was
very fast. The activity in the kidneys is most probably a transient effect due to the fast
elimination of the tracer through the kidneys to the bladder. The latter observation is very
important relating to the radiation burden: an accumulation of ['*’I]-2-iodo-L-phenylalanine
in the kidneys will result in high effective radiation doses. The latter was disproved by the
dosimetric calculations as a worse case effective dose of 0.0375 mSv/MBq was obtained
when extrapolating the mice results to human.
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Whole body imaging confirmed the presence of the tumour. Moreover, a heart-shadow
and liver-shadow were faintly shown due to the high blood perfusion of these organs.
Biodistribution studies in mice demonstrated that the liver and biliary tract was not involved
in the clearance of the tracer. Both kidneys showed a flow out to the bladder as illustrated by
the kidney-shadow.

Although the use of iodine-123 implies a high cost and thus economical limitations,
the application of radioiodinated amino acids possesses many advantages over PET
radiopharmaceuticals. For instance: neither specialized infrastructure nor an on site cyclotron
is needed and more detailed scanning procedures could be performed due to the longer
physical half life of the tracer. Moreover, ['*'I]-2-iodo-L-phenylalanine can be prepared as a
Kit formulation without a cumbersome purification procedure which is a benifit for clinical
use.

5.2.6. CONCLUSION

['**1]-2-iodo-L-phenylalanine shows good tumour to background contrast in two dogs
with sinovial cell carcinoma. It is a promising alternative tracer for veterinarian tumour
detection, to overcome the known limitations of '*F-FDG.
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CHAPTER CONCLUSIONS

An important factor in curing patients from cancer is radiotherapy evaluation: the
sooner the clinician could tell whether or not a patient is responding to therapy, the sooner it
could be adjusted and valuable time will be spared. It is in this aspect that we evaluated ['*I]-
2-iodo-L-phenylalanine as a radiotherapy response tool.

The in vitro as well as the in vivo radiotherapy experiments performed in this report
showed promising results concerning therapy evaluation. In vitro testing indicated that
although fewer cells survive at high radiation doses, the still viable cells accumulated the
tracer in higher amounts which could be beneficial for detecting residual tumour lesions.
Although the results should be interpreted with utmost care because of the slight differences
in tumour uptake between the tumour and the inflammation group, in vivo evaluation
confirmed that ['*I]-iodo-L-phenylalanine was able to detect metabolic changes due to
irradiation, even at very short time intervals. The latter observation is very important: within
24 hours post therapy, clinicians would be able to discover whether or not to tumor is
susceptible to radiotherapy and value time could be spared. However, these results should be
investigated more extensively in the future and a comparison with '*F-FDG is necessary to
illustrate whether our new tracer is superior.

To stipulate the possible use of ['*I]-2-iodo-L-phenylalanine as a tumour detecting
agent for dynamic planar imaging, the application of the new tracer was evaluated for the
diagnosis of cancer in dogs. A case report study described the use of ['*’I]-2-iodo-L-
phenylalanine as diagnostic tool for the detection of synovial cell sarcoma of the tarsus in two
dogs. Both dogs confirmed the results obtained in the mice studies: high and fast tumour
accumulation with fast renal clearance of the tracer. This implicates that a fast examination
and interpretation of the results is possible, leading to fast decisions and minor inconvenience
for the pet owners.
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General Conclusions and Future
Perspectives.

To conclude this work, we briefly summarize the major results and highlight some future
research perspectives.

The goal of chapter 2 was the development and evaluation of [****%*[]-2-iodo-L-
phenylalanine as a tumour tracer for SPECT. In this respect, we succeeded to develop a highly
specific tumour tracer. Not only the straightforward 1-step precursor synthesis which resulted
in high yields without the formation of side products, but also the fast and quantitative Kit
preparation of [**'%1]-2-iodo-L-phenylalanine will result in a great added value for everyday
clinical practice. Moreover, in vivo evaluation of the new tracer demonstrated a high
metabolic stability, high and specific tumour uptake and a fast blood clearance through the
renal system. These characteristics make the tracer suitable for clinical practice. Indeed, not
only oncologic brain imaging but also peripheral tumour detection is possible. Moreover, all
the tumours could be visualized using dynamic planar imaging and thus no false negative
results were observed. However, more research is necessary to form an idea about the overall
sensitivity of the tracer. Indeed, in comparison to *F-FDG a strong decline in false positive
results is expected but this was experimentally not investigated. The latter was due to the fact
that all imaging experiments were performed using tumour bearing mice.

Chapter 5 highlights a few applications of the newly developed tumour tracer. Besides
human applications, [*?*1]-2-iodo-L-phenylalanine could also be used in veterinary clinical
practice. Not only the detection of the primary lesion is possible but also whole body imaging
which could be used to detect metastases. Another, very important aspect is radiotherapy
evaluation applying [**I]-2-iodo-L-phenylalanine as diagnosticum. Although future
experiments are needed to confirm these initial results and to elucidate the observed
processes, the new tracer was able to differentiate between radiotherapy responders and non-
responders already 18 hours post irradiation. The latter is very important because so far, no
single tracer could detect inter-individual differences between patients. It would be an
enormous step forward in handling cancer patients. In this respect, it is my sincerest wish that
this part of the present work may form the basis for further research.

Besides the evaluation of the L-isomer, [***'%1]-2-iodo-D-phenylalanine was also
developed because of its unnatural character. Concerning the short time kinetics, very few
differences were observed between both isomeric phenylalanine analogues: they both showed
high and specific tumour accumulation and a renal clearance. However, the D-analogue
demonstrated a faster blood clearance and a faster uptake in the peripheral compartment as
compared to [*#1]-2-iodo-L-phenylalanine. These results were generalized in different tumour
types corresponding to tumour families with a high prevalence in humans. Although dynamic
planar imaging showed no difference between the two isomers, dissection revealed much
higher RTB for [?*1]-2-iodo-L-phenylalanine in the R1M model.

Another aspect is the long term biodistribution of both tracers. Planar imaging
revealed a longer retention for the [*®|]-2-iodo-L-phenylalanine as compared to [*?*1]-2-iodo-
D-phenylalanine but the latter demonstrated an increase in tumor contrast in contradiction to
the former.

The evaluation of both [***1]-2-iodo-L-phenylalanine and [**1]-2-iodo-D-
phenylalanine in various tumour types allowed us to choose one amino acid analogue for
future clinical application. Taking all the results, from in vitro to in vivo evaluation and from



evaluation in R1M and several other tumour types, | propose the D-amino acid analogue
[*?1]-2-iodo-D-phenylalanine for further clinical evaluation. Indeed, in vitro testing revealed
that the latter amino acid is most probably transported by only the LAT1 transporter system
whereas [*?[]-2-iodo-L-phenylalanine is also transported by the LAT2 system. This
implicates that [‘?*1]-2-iodo-D-phenylalanine uptake is restricted to highly proliferating
tissues like the tumour but that [**1]-2-iodo-L-phenylalanine will also be taken up in minor
amounts by the normal tissues. Regarding the in vivo results, the arguments for choosing the
D-analogue are not abundant due to their similar behaviour. However, taking into account (1)
that imaging with amino acids in patients is performed within half an hour to three hours post
injection, (2) the better short time kinetics for [***|]-2-iodo-D-phenylalanine, (3) that [**1]-2-
iodo-D-phenylalanine demonstrated less dehalogenation 90 min p.i. and (4) the same RTB
values for both analogues in various tumour types concerning planar imaging, one can select
[*#1]-2-iodo-D-phenylalanine for further clinical evaluation.

At last, I will look forward to the application of both phenylalanine analogues as
radionuclide therapy tools which could be an interesting field for further research. Our results
demonstrate not only the capability of 2-iodo-D-phenylalanine as a tumour detecting agent by
SPECT but also that this amino acid analogue opens perspectives as a radiotherapeutic agent.
Indeed, meta-iodobenzylguanidine (MIBG), which showed only a tumour uptake of 2 % of
the ID, has become an effective anti-neuroblastoma agent, besides its diagnostic tumour
imaging application. Apart from its tumour-targeting properties, our new tracer 2-iodo-D-
phenylalanine is metabolically stable but shows lower liver uptake and accumulation than
MIBG and is rapidly cleared from the circulation via the kidneys, being an ideal starting point
for systemic radiotherapy.



Summary

Summary.

At present, there is no single test that can accurately diagnose cancer. The complete
evaluation of a patient usually requires a detailed history and physical examination along with
diagnostic testing. In this aspect, medical imaging has become vital in the early detection and
diagnosis of cancer: it can allow treatment of cancer before it spreads to other parts of the
body and it can help to minimize the need for massive therapeutic treatment which reduces
pain and suffering.

During the last decade, nuclear oncology has improved fast and several imaging
strategies were developed to image cancerous lesions. A wide spectrum of molecules has been
proposed to target cell types and tumour groups but their use is often limited to a restricted
group of tumour types or their clinical role remains unclear.

In the search for a “universal” tracer, able to image the majority of tumour types, *°F-
FDG looked suitable, based on the increased metabolic activity of tumour cells. This tracer is
widely used for staging of tumours, diagnosing recurrent lesions, evaluating therapy and its
response. Although the average *°F-FDG PET sensitivity and specificity across all oncology
applications are high (estimated at 84% and 88%, respectively), *®F-FDG imaging is hindered
by its high brain uptake and non-specific accumulation in inflammation and granulomatous
tissues. Moreover, not all cancers show an elevated glucose metabolism.

Based on another aspect of the increased metabolic activity in tumoural lesions,
several radiolabelled amino acid analogues were developed. At the moment, IMT is the only
routinely used tracer for SPECT. Despite to its ability to visualize brain and extracranial
tumours, this tracer is still inferior to **F-FDG and its high kidney accumulation hampers the
abdominal imaging of tumours. Another SPECT tumour tracer, recently evaluated by
Samnick et al, is [***1]-4-iodo-L-phenylalanine. Although this tracer could overcome both the
limitations of **F-FDG and IMT, it showed a high bloodpool activity.

Our research group focussed on the synthesis and evaluation of [**1]-2-iodo-L-
phenylalanine. A substitution of the iodine-atom at the 2 position was chosen, allowing the 4
position to be free for enzymatic interaction. Moreover, [**%[]-2-iodo-L-phenylalanine was
developed as an alternative SPECT tumour tracer to 4-iodo-L-Phenylalanine, 2-iodo-L-
tyrosine and IMT to overcome the high bloodpool and inflammation activity, the difficult
precursor synthesis or sourcing and the marked long term renal accumulation, respectively.

As described in chapter 2, the precursor 2-iodo-L-phenylalanine was synthesized from
its bromo-derivative 2-bromo-L-phenylalanine using the Cu**-assisted nucleophilic exchange
in acidic and reducing conditions. An experimental design allowed us to determine the
optimal reaction conditions resulting in a yield of at least 60% without the formation of
undesired side products or stereoisomers and with an easy purification procedure. A Kit-
formulation based on the same principle allowed fast and quantitative routine radioiodination
of 2-iodo-L-phenylalanine without the need for extra purification which is a great added value
for everyday clinical practice.

In order to find out whether the new tracer [***'?°I]-iodo-L-phenylalanine could
overcome the limitations expressed by 4-iodo-L-phenylalanine and IMT, the tracer was
evaluated in vitro and in vivo in a R1M cell and athymic mouse model, respectively.

The in vitro studies in the R1IM cell model illustrated that, although a bulky iodine
atom was incorporated at the 2 position of the molecule, 2-iodo-L-phenylalanine is still
transported by the L-amino acid transporter subtype 1 (LAT1). Moreover, the new amino acid
analogue illustrated almost the same affinity for this transporter system as compared to the
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native L-phenylalanine and L-tyrosine (K, L-phenylalanine = 55 pM, Ky, L-tyrosine = 39
UM, K 2-iodo-L-phenylalanine = 46 pM). Inhibition experiments and RT-PCR studies
showed that 2-iodo-L-phenylalanine is transported for the largest part by LAT1. Indeed, there
is no significant difference between the uptake patterns of [**°1]-2-iodo-L-phenylalanine in
HEPES" and HEPES™ and stimulated net-efflux in presence of 5 mM L-phenylalanine or 5
mM BCH amounted to about 80% of the initial uptake whereas in absence of amino acids,
leaking was limited to approximately 10%. Additionally, 2-iodo-L-phenylalanine is not
incorporated into the cell proteins and LAT1 coupled influx of radioactivity is directly related
to the requirement of amino acids for protein synthesis or cell metabolism. Thus, even not
incorporated, 2-iodo-L-phenylalanine uptake reflected the total “amino acid turn-over” of the
tumour cells.

The latter characteristics were promising allowing and requiring in vivo evaluation. At
the University of Ghent, a R1M athymic mouse model was chosen while at the Free
University of Brussels a R1M rat model was used.

Tumour uptake and biodistribution was studied by Dynamic Planar Imaging and by
dissection. Although both research methods differed in resolution and sensitivity, they both
demonstrated the same interesting results, namely: fast, high and specific tumour
accumulation. Although, Dynamic Planar Imaging resulted in lower tumour to background
ratios as compared to the dissection method, the tumour could be clearly identified. The latter
fact was an important observation since this technique could offer a fast and non-invasive
procedure to examine the patient. In this aspect, visualisation of the tumour pre-dominated the
high tumour to background ratios.

As compared to the in vitro studies, the same kinetic approach could be applied: the
uptake as a function of time followed a rectangular hyperbolic curve and a pseudo reversible
pseudo first order reaction was followed. These observations, together with the displacement
[*?1]-2-iodo-L-phenylalanine radioactivity in the tumour by L-phenylalanine, strongly
indicated that in vivo, [**¥??°|]-2-iodo-L-phenylalanine is also transported by the LAT1
system, an “obligatory exchanger” transport system.

Regarding the general biodistribution characteristics, 2-iodo-L-phenylalanine was
cleared fast from the blood through the kidneys to the bladder. No accumulation was noticed
in the kidneys, brain and the abdominal organs with an exception of the pancreas which is
typical in rodents. Moreover, the new tracer showed negligible uptake in inflammatory lesions
in comparison to **F-FDG.

Additionally, the effect of sedation and data-acquisition method (dissection or planar
imaging) on [*?®l]-2-iodo-L-phenylalanine distribution in R1M-bearing athymic mice was
investigated. Indeed, non-invasive animal imaging experiments require that movements of the
animal should be minimized to reduce artefacts. To accomplish the latter setting, the animals
were sedated using pentobarbital. However, in order to interpret the results correctly, it is
important to identify the influence of sedation on tracer distribution since these preclinical
data are used for human extrapolation. Kinetic modelling of the initial biodistribution kinetics
revealed that pentobarbital both decreases the elimination velocity (kio), and thus blood
clearance of [*?I]-2-iodo-L-phenylalanine, and the biodistribution velocity (ki) of the
compound to the peripheral compartment. Moreover, the method and treatment showed both
a highly significant effect on the individual organs: the target tumour organ showed
significant lower [**®[]-2-iodo-L-phenylalanine uptake values after sedation while the blood
and kidney values were elevated. However, the tumour could still be visualized using this
non-invasive imaging method in combination with Nembutal despite its worst case scenario.

During the last decades, the development of and the studies with radioactively labelled
amino acids for tumour diagnosis were focused on the L-enantiomers as it was supposed that
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the amino acid tracers had to be incorporated into the tumour cell proteins. Today, the latter
hypothesis is refuted and regarding the unnatural character of D-amino acids, our research
group additionally developed [*?*1]-2-iodo-D-phenylalanine

The precursor 2-iodo-D-phenylalanine was synthesized by analogy with its L-isomer:
the optimal reaction conditions for 2-iodo-L-phenylalanine precursor synthesis using the Cu'*
assisted nucleophilic exchange in acidic and reducing conditions were applied. Moreover, the
same Kit-formulation could be used for the radioiodination of the precursor 2-iodo-D-
phenylalanine leading to the same radiochemical yield and purity.

In vitro evaluation of ['?°1]-2-iodo-D-phenylalanine in the R1M rabdomyosarcoma cell
model revealed a difference in uptake kinetics and affinity for influx between [**I]-2-iodo-D-
phenylalanine and [**°1]-2-iodo-L-phenylalanine which might be due to the fact that the D-
form only shows a high affinity for the LAT1 system and much lower affinity for LAT2 while
[*#1]-2-iodo-L-phenylalanine demonstrates a high affinity for both transporter types. BCH is
highly “general L transport” specific but with low affinity so it does not allow to differentiate
the LAT types in the current conditions. Concentration depending kinetics illustrated that
[*#1]-2-iodo-D-phenylalanine was transported into the cells by a single substrate-transport
system interaction and that the Ky, value (32 puM) for the latter amino acid analogue was
comparable to that of L-phenylalanine (32uM) and 2-iodo-L-phenylalanine (46uM).

The positive in vitro results led to the evaluation and the comparison with its L-isomer
of 2-iodo-D-phenylalanine in vivo in the R1M tumor bearing athymic mouse model.

[*#1]-2-iodo-D-phenylalanine showed in many aspects comparable characteristics to
[*?*1]-2-iodo-L-phenylalanine.  Indeed, besides the same general biodistribution
characteristics, such as renal clearance of the tracer and the absence of accumulation in the
abdominal and brain regions, [**®I]-2-iodo-D-phenylalanine tumour accumulation was high
and specific and occurred through the same transporter system LAT1. Moreover, in
contradiction to *F-FDG, [***I]-2-iodo-D-phenylalanine uptake in acute inflammation was
only slightly increased. Moreover, the two compartment modelling and the excretion as
function of time obtained by Dynamic Planar Imaging, both revealed that ['?*1]-2-iodo-D-
phenylalanine was cleared 2 times faster from the blood in comparison with [**3(]-2-iodo-L-
phenylalanine resulting in better tumour contrast ratios and less radiation burden which was
confirmed by the dosimetric calculations.

However, concerning the long time kinetics, both tracers showed some important
differences. In vivo planar imaging revealed that although less [*?*1]-2-iodo-D-phenylalanine
remained in the tumour 19 hours p.i. in comparison with its L-analogue, an increase of 352%
in tumour was observed whereas the tumour contrast for the L-isomer decreased to 71%.

The in vivo evaluation of [**1]-2-iodo-D-phenylalanine illustrated that this tracer
could be used as tumour diagnosticum for SPECT. Moreover, due to its metabolic stability
and its fast clearance from the circulation, [**]-2-iodo-D-phenylalanine might be an
interesting tracer for radionuclide therapy applications.

As a valorisation of the tracer characteristics for tumour imaging, the evaluation of and
the comparison between both [*?1]-2-iodo-L-phenylalanine and [*?*1]-2-iodo-D-phenylalanine
in various tumours, representing those tumour families with highest prevalence in humans,
should be performed. Moreover, an additional comparison with the recently developed tumour
tracer [*?l]-2-iodo-L-phenylalanine would allow us to choose the optimal analogue for
clinical practice.

At the moment, several amino acids have been developed for SPECT tumour imaging.
Of these amino acid analogues, [‘?*1]-2-iodo-L-tyrosine has made the largest progressions
towards clinical application. Literature illustrated that the latter tracer showed no kidney
accumulation and good tumour specificity characteristics. As a consequence, we compared
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[*#1]-2-iodo-L-phenylalanine to [*?*1]-2-iodo-L-tyrosine in the R1M athymic mouse model
whether the former showed comparable or even better characteristics.

Our results confirmed that both amino acids were transported by the LAT1 transporter
as indicated by the in vitro studies in the R1M cell model. In vivo in the athymic mouse
model, both tracers demonstrated comparable biodistribution characteristics: high, fast and
specific tumour uptake and a renal clearance. Although both tracers showed comparable
tumour uptake values and tumour to contralateral background ratios, [**l]-2-iodo-L-
phenylalanine demonstrated somewhat better characteristics for oncologic tumour imaging by
means of SPECT. Indeed, it showed not only a faster blood clearance but the tracer uptake in
the tumour reached its equilibrium with the bloodpool activity faster. Moreover, the faster
blood clearance of the tracer will result in a lower radiation burden for the animal. The latter
hypothesis was confirmed by the dosimetric calculations as performed in Chapter 3: a higher
effective dose was obtained for [*?l]-2-iodo-L-tyrosine as compared to [**I]-2-iodo-L-
phenylalanine.

Although positive results were obtained using [**®I]-2-iodo-L-phenylalanine and [
2-iodo-D-phenylalanine, the question whether those two amino acids analogues could be used
as “general tumour detecting agents” was not answered yet. As a consequence, both tumour
tracers were evaluated in different tumour cells lines, corresponding with those tumours with
high prevalence in human.

Concerning the biodistribution and tumour uptake characteristics, the same results
were obtained for both tracers as compared to the R1M tumour bearing athymic mouse model.
On the one hand fast, high and specific tumour uptake and on the other no accumulation in the
other organs was observed. These observations make both tracers suitable as powerful and
general tumour detecting agents. Moreover, the differences between the two stereoisomers
were confirmed: the modelling revealed that in comparison to its L-analogue, ['?*1]-2-iodo-D-
phenylalanine was cleared faster from the blood. These results were confirmed by DPI: the D-
isomer reached at the same time point for the same tumour models higher tracer accumulation
in the bladder. Moreover, as a result of these better pharmacokinetic tracer characteristics,
[***1]-2-iodo-D-phenylalanine might serve as a candidate for systemic radiotherapy.

123|]_

To stipulate the possible use of [*21]-2-iodo-L-phenylalanine as a tumour detecting
agent for dynamic planar imaging, the application of the new tracer was evaluated for the
diagnosis of cancer in dogs. Indeed, since many owners are prepared to give their pets the
maximal care, including radiation and chemotherapy, it is important to have a highly specific
tumour tracer at one’s disposal. A case report study described the use of [***1]-2-iodo-L-
phenylalanine as diagnostic tool for the detection of synovial cell sarcoma of the tarsus in two
dogs. Both dogs confirmed the results obtained in the mice studies: high and fast tumour
accumulation with fast renal clearance of the tracer. This implicates that a fast examination
and interpretation of the results is possible, leading to fast decisions and minor inconvenience
for the pet owners.

Chapter 2 and 4 described the promising characteristics of [**%I]-2-iodo-L-
phenylalanine as tumour detecting agent for SPECT. However, during the process of curing
cancer, there are a lot of other aspects to deal with. One important one is radiotherapy
evaluation: the sooner the clinician could tell whether or not a patient is responding to
therapy, the sooner it could be adjusted and valuable time will be spared. It is in this aspect
that we evaluated [**®l]-2-iodo-L-phenylalanine as a radiotherapy response tool.

The in vitro as well as the in vivo radiotherapy experiments performed in this report
showed promising results concerning therapy evaluation. In vitro testing indicated that
although fewer cells survive at high radiation doses, the still viable cells accumulated the
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tracer in higher amounts which could be beneficial for detecting residual tumour lesions.
Although the results should be interpreted with utmost care because of the slight differences
in tumour uptake between the tumour and the inflammation group, in vivo evaluation
confirmed that [***I]-iodo-L-phenylalanine was able to detect metabolic changes due to
irradiation, even at very short time intervals. The latter observation is very important: within
24 hours post therapy, clinicians would be able to discover whether or not the tumor is
susceptible to radiotherapy and value time could be spared. However, these results should be
investigated more extensively in the future and a comparison with **F-FDG is necessary to
illustrate whether our new tracer is superior.
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SAMENVATTING.

Tot op heden is geen enkele test in staat om op een accurate manier kanker vast te stellen.
Meestal is een volledig medisch onderzoek, rekening houdend met zijn voorgeschiedenis, van
de patiént noodzakelijk. Vanuit dit standpunt is medische beeldvorming onmisbaar bij het
opsporen van tumoren in een vroeg stadium zodat de patiént kan genezen vooraleer de tumor
zich naar andere delen van het lichaam verspreidt.

Tijdens het laatste decennium heeft de nucleaire oncologie een snelle vooruitgang gekend en
verschillende strategieén zijn intussen ontwikkeld om tumoren te detecteren. Vele moleculen
werden tot nog toe ontwikkeld en voorgesteld als hét tumor-diagnosticum. Echter, veel van
deze producten zijn beperkt tot een welbepaald type kanker en dikwijls is hun klinische
relevantie onduidelijk.

Tijdens de zoektocht naar een universele manier om tumoren op te sporen, leek *F-FDG een
geschikte tumor-tracer. Zijn werkingsmechanisme is gebaseerd op de verhoogde metabole
activiteit van tumoren. Vandaag wordt deze molecule uitgebreid toegepast voor diagnose,
“staging”, opsporen van recurrente lesies, therapie evaluatie en therapie respons. Hoewel de
gemiddelde sensitiviteit en de specificiteit van '*F-FDG zeer hoog is (84 % en 88 %,
respectievelijk), kent deze molecule toch een aantal belangrijke nadelen. Immers, *F-FDG
beeldvorming wordt gehinderd door zijn niet specifieke hoge opstapeling in de hersenen, in
inflammatoir weefsel en in andere granulomateuze aandoeningen. Bovendien vertonen niet
alle kankers een verhoogd glucosemetabolisme.

Naast het glucosemetabolisme is eveneens het aminozuur metabolisme verhoogd in tumoren
en bijgevolg zijn er een aantal radioactief gemerkte aminozuren ontwikkeld. Tot op heden is
IMT de enige SPECT tracer die routinematig wordt toegepast in de kliniek. Hoewel deze
tracer in staat is om zowel hersentumoren als perifere tumoren op te sporen, is het gebruik
ervan nog steeds inferieur aan **F-FDG. Een ander belangrijk aspect is zijn hoge opstapeling
in de nieren wat beeldvorming van het abdomen quasi onmogelijk maakt. De
onderzoeksgroep van Samnick et al. ontwikkelde en evalueerde onlangs het phenylalanine
analoog 4-iodo-L-phenylalanine maar de hoge bloedpoel activiteit beperkt het gebruik van
deze tumor-tracer.

Onze onderzoeksgroep heeft zich toegelegd op de ontwikkeling en evaluatie van [**]-
2-iodo-L-phenylalanine. Opdat enzymatische interactie met het molecule nog mogelijk zou
zijn werd geopteerd voor een substitutie van het jood-atoom op de 2-positie. Bovendien werd
deze molecule ontwikkeld als alternatief voor 4-iodo-L-Phenylalanine, 2-iodo-L-tyrosine and
IMT.

Zoals werd beschreven in hoofdstuk 2, werd de precursor 2-iodo-L-phenylalanine
gesynthetiseerd vanuit het broom-derivaat 2-bromo-L-phenylalanine via een Cu®'-
geassisteerde nucleofiele substitutie onder reducerende condities in een zuur milieu. De
optimale reactiecondities werden bepaald met een experimenteel design. Onder deze
omstandigheden werden geen bijproducten of stereo-isomeren gevormd en werd een
rendement van minstens 60% bereikt. Een kit-formulatie gebaseerd op dezelfde reactie-
omstandigheden liet snelle en kwantitatieve routinematige radio-jodering van 2-iodo-L-
phenylalanine toe. Hierbij was geen extra zuivering nodig, wat een grote toegevoegde waarde
betekent voor routinematige productie in een klinische omgeving.
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Om te onderzoeken of de nieuwe tracer [***#I]-iodo-L-phenylalanine niet de
limitaties van 4-iodo-L-phenylalanine en IMT vertoonde, werd de tracer geévalueerd in de
R1M cellijn, zowel in vitro als in vivo in een athymisch muismodel.

De in vitro studies in de R1M cellijn illustreerden dat ondanks het zeer grote jood-
atoom, dat toegevoegd was op de 2-positie van de molecule, 2-iodo-L-phenylalanine nog
steeds wordt opgenomen in de cel via het L-aminozuur transportsysteem subtype 1 (LAT1).
Ook toonde het nieuwe aminozuuranaloog een zeer vergelijkbare affiniteit voor dit
transportsysteem, in vergelijking met de natuurlijke aminozuren L-phenylalanine and L-
tyrosine (Kn, L-phenylalanine = 55 uM, K, L-tyrosine = 39 uM, K, 2-iodo-L-phenylalanine
= 46 pM). Inhibitie-experimenten en RT-PCR experimenten demonstreerden dan 2-iodo-L-
phenylalanine voor het grootste deel door het LAT1 systeem wordt getransporteerd. Er is
geen significant verschil tussen de opnamepatronen van [**°I]-2-iodo-L-phenylalanine in
HEPES" en HEPES'". Daarenboven, gestimuleerde netto-efflux in aanwezigheid van 5mM L-
phenylalanine of 5 mM BCH bedraagt bijna 80% van de initiéle opnamewaarden, terwijl het
“lekken” van de tracer beperkt bleef tot minder dan 10%. Daarenboven wordt 2-iodo-L-
phenylalanine niet geincorporeerd in de proteinen van de cel en is de LAT1-gekoppelde influx
van radioactiviteit direct gecorreleerd met de nood aan aminozuren voor de verhoogde
proteinesynthese en het metabolisme van de cel. Daarom reflecteert de verhoogde opname
van 2-iodo-L-phenylalanine de verhoogde aminozuur-“turnover”, ondanks het feit dat er geen
incorporatie is.

Deze laatste eigenschappen waren erg veelbelovend, en een vivo evaluatie was dus
veroorloofd. Op de Universiteit Gent werd een muismodel geévalueerd, terwijl op de Vrije
Universiteit Brussel een ratmodel werd geprefereerd.

Tumoropname en biodistributie werden bestudeerd door middel van Dynamische
Planaire Beeldvorming en dissectie. Hoewel deze beide methoden verschillen in resolutie en
sensitiviteit, toonden ze beiden dezelfde interessante resultaten: Snelle, hoge en specifieke
accumulatie in de tumor. Dynamische Planaire Beeldvorming resulteerde wel in lagere tumor-
versus-achtergrond waarden, maar de tumor kon toch zeer duidelijk worden gevisualiseerd.
Dit laatste feit is erg belangrijk omdat deze techniek een snelle en niet-invasieve procedure
voor patiéntonderzoek kan bieden. Hierom was de goede visualisatie belangrijker dan de hoge
tumor-versus-achtergrond waarde.

In vergelijking met de in vitro studies kon dezelfde kinetische benadering worden
gebruikt: De opname vertoonde een hyperbolische curve in functie van de tijd, en een pseudo-
reversibele eerste orde reactie werd gevolgd. Deze observaties, tezamen met de verplaatsing
van ['?1]-2-iodo-L-phenylalanine radioactiviteit uit de tumor door L-phenylalanine, gaven
een sterke indicatie dat ook in vivo het LAT1 transportsysteem verantwoordelijk is voor de
opname van [*#¥*#%°[]-2-iodo-L-phenylalanine.

Wat de algemene biodistributiekarakteristieken van 2-iodo-L-phenylalanine betreft,
vertoond de tracer een snelle eliminatie uit het bloed via de nieren naar de blaas. Noch in de
nieren, noch in de hersenen of de abdominale organen werd een accumulatie vastgesteld, met
uitzondering van de pancreas. Dit laatste is echter typisch voor knaagdieren. Daarenboven
toonde de nieuwe tracer nauwelijks opname in inflammatoire laesies, in tegenstelling tot ‘*F-
FDG.
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Hiernaast werd ook het effect van sedatie en data-acquisitie (dissectie of planaire
beeldvorming) op de resultaten van de distributie van [**1]-2-iodo-L-phenylalanine in R1M-
dragende athymische muizen onderzocht. Niet-invasieve beeldvorming van kleine proefdieren
vereist namelijk dat de dieren niet bewegen, om artefacten te voorkomen. Hiertoe wordt in
onze onderzoeksgroep pentobarbital gebruikt om de dieren te verdoven. Om de resultaten
correct te kunnen interpreteren, is het belangrijk om het effect van die verdoving te kennen,
aangezien de resultaten uit het muismodel zullen gebruikt worden om de situatie in de
humane situatie te extrapoleren. Kinetische modellering van de originele biodistributie-
resultaten toonde dat pentobarbital zowel de eliminatiesnelheid (kio), en daarom ook de
bloedklaring van [*?*1]-2-iodo-L-phenylalanine, en de biodistributiesnelheid (ki») van de
tracer naar het perifere compartiment beinvloed. Daarenboven vertonen zowel de methode als
de verdoving een grote invloed op de individuele organen: de tumor vertoonde een significant
lagere traceropname na sedatie terwijl het bloed en de nieren waren verhoogd. Toch kon de
tumor nog steeds worden gevisualiseerd met deze niet-invasieve beeldvormingstechniek in
combinatie met pentobarbital, hoewel deze combinatie de slechtst denkbare is.

Tijdens de laatste jaren werd de studie van radioactieve gemerkte aminozuren voor
tumor diagnose vooral toegespitst op de L-enatiomeren, omdat verondersteld werd dat
aminozuurtracers moesten worden geincorporeerd in de proteines van de tumorcel.
Tegenwoordig is deze hypothese onwaar gebleken, en in dit licht heeft onze onderzoeksgroep
het onnatuurlijke aminozuur [*?*1]-2-iodo-D-phenylalanine ontwikkeld.

De precursorsyntese gebeurt analoog aan deze van het L-analoog: de optimale
condities voor 2-iodo-L-phenylalanine precursor synthese via de Cu'*-methode werden
gebruikt. Dezelfde kitformulatie kon worden gebruikt. Ook deze resulteerde in een hoge
zuiverheid en een hoog rendement.

In vitro evaluatie van [**°I]-2-iodo-D-phenylalanine in het R1IM rabdomyosarcoma
celmodel toonde een verschil in opnamekinetiek en affiniteit voor influx in vergelijking met
[*#1]-2-iodo-L-phenylalanine. Dit kan bijvoorbeeld worden veroorzaakt door het feit dat de
D-vorm enkel een hoge affiniteit vertoond voor het LAT1 systeem, en niet voor LATZ2, terwijl
[**1]-2-iodo-L-phenylalanine een hoge affiniteit heeft voor beide transporters. BCH is
specifiek voor de LAT-transportsystemen, mar kan geen onderscheid maken tussen beide
types onder de gebruikte omstandigheden. Concentratie-afhankelijke kinetiek illustreerde de
dat de influx van [***1]-2-iodo-D-phenylalanine veroorzaakt werd door interactie met één
enkel substraat-transportsysteem en dat de Ky-waarde (32 uM) voor het [**1]-2-iodo-D-
phenylalanine vergelijkbaar was met L-phenylalanine (32 pM) en met 2-iodo-L-
phenylalanine (46uM).

De positieve in vitro resultaten leidden tot vergelijking met zijn L-isomeer en tot in
vivo evaluatie van 2-iodo-D-phenylalanine in het R1IM tumor dragende athymische
muismodel. [*?*1]-2-iodo-D-phenylalanine demonstreerde op vele vlakken vergelijkbare
eigenschappen als [***1]-2-iodo-L-phenylalanine. Naast dezelfde algemene biodistributie,
zoals renale klaring van de tracer en de afwezigheid van accumulatie in de abdominale
organen en in de hersenen, was de tumoropname van [**[]-2-iodo-D-phenylalanine hoog en
specifiek en werd gemedieerd door hetzelfde LAT1 transportersysteem. Ook was ook de
opname in acute inflammaties erg laar in vergelijking tot ®F-FDG. Daarenboven toonden
twee-compartiment modellering en de excretie in functie van de tijd beide dat ['?*1]-2-iodo-D-
phenylalanine tweemaal sneller uit het bloed werd geklaard in vergelijking met [***1]-2-iodo-
L-phenylalanine. Dit resulteerde in betere tumor contrastwaarden en in lagere
stralingsbelasting, wat bevestigd werd door dosimetrie-berekeningen.
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Als echter de lange-termijn kinetiek in beschouwing wordt genomen, vertoonden
beide tracers enkele belangrijke verschillen. In vivo planaire beeldvorming toonde dat
alhoewel minder [**®|]-2-iodo-D-phenylalanine in de tumor aanwezig bleef op 19 uur na
injectie in vergelijking met het L-analoog, er en toename was van 353% van het
tumorcontrast. Dit in vergelijking met een afname tot 71% voor het L-isomeer.

De in vivo evaluatie van [*?*I]-2-iodo-D-phenylalanine illustreerde dat deze tracer
gebruikt zou kunnen worden als een tumor diagnosticum voor SPECT. Daarenboven zou het
ook een interessante tracer kunnen zijn voor radionuclide therapie, omwille van zijn metabole
stabiliteit en snelle klaring.

Als validatie voor de tracereigenschappen voor beeldvorming van tumoren, moet de
evaluatie van en de vergelijking tussen [**I]-2-iodo-L-phenylalanine en [**1]-2-iodo-D-
phenylalanine herhaald worden in een aantal andere tumormodellen, die de meest
voorkomende soorten kanker representeren. Ook zou een vergelijking met de recent
ontwikkelde tracer [*?*1]-2-iodo-L-tyrosine ons toelaten om een optimaal product te selecteren
voor Kklinische toepassing.

Tot op heden werden verschillende aminozuur analogen ontwikkeld voor SPECT
tumor beeldvorming. Van deze aminozuren is 2-iodo-L-tyrosine de meeste vooruitgang
gemaakt naar klinische toepassingen toe. De literatuur illustreert dat deze laatste tracer geen
nieraccumulatie en goede specificiteit voor tumoren vertoond. Hierom hebben we [*#[]-2-
iodo-L-phenylalanine met [*?*1]-2-iodo-L-tyrosine vergeleken in het RIM muismodel, om te
onderzoeken of het eerste vergelijkbare of nog betere eigenschappen vertoond.

Onze in vitro resultaten in R1M cellen bevestigen dat beide aminozuren via het LAT1
transporter systeem geinternaliseerd worden. In vivo vertoonde beide tracers een vergelijkbare
biodistributie: hoge, snelle en specifieke tumoropname en een renale klaring. Hoewel bede
tracers vergelijkbare tumor-versus-achtergrond ratio’s vertonen, had 2-iodo-L-phenylalanine
licht betere karakteristieken voor oncologische beeldvorming via SPECT: Niet enkel
vertoonde het een snellere bloedklaring, maar ook bereikte het sneller het evenwicht tussen de
tumor en het bloed. Deze snellere bloedklaring zal resulteren in een lagere stralingsdosis voor
het dier. Deze hypothese werd bevestigd door de dosimetrie berekeningen zoals berekend in
Hoofdstuk 3: een hogere effectieve dosis werd berekend voor [*?*1]-2-iodo-L-tyrosine in
vergelijking met [*%1]-2-iodo-L-phenylalanine.

Hoewel positieve resultaten werden bekomen met [*?*1]-2-iodo-L-phenylalanine en
[*?1]-2-iodo-D-phenylalanine, resteert de vraag of deze twee aminozuur analogen kunnen
worden gebruikt als *“algemene” tumordetectie tracers. Hiertoe werden beide tracers
geévalueerd in verschillende tumordragende muismodellen, die de meest in mensen
voorkomende tumorsoorten representeren.

Wat biodistributie n tumoropname betreft, werden voor beide tracers dezelfde
resultaten bekomen als voor het RIM model: Snelle, hoge en specifieke tumoropname en
geen accumulatie in andere organen werd bekomen. Deze eigenschappen maken beide tracers
geschikt als potente algemene tumor diagnosticae. Daarenboven werden de verschillen tussen
beide stereo-isomeren bevestigd: kinetische modellering toonde dat [**®I]-2-iodo-D-
phenylalanine sneller uit het bloed werd geklaard in vergelijking met zijn L-analoog. Deze
resultaten werden ook bevestigd door Dynamische Planaire Beeldvorming: het D-isomeer



Summary

bereikte voor dezelfde tijdspunten en dezelfde tumormodellen hogere opnames in de blaas.
Omwille van deze betere farmacokinetische eigenschappen zou [***1]-2-iodo-D-phenylalanine
misschien kunnen gebruikt worden voor systemische radiotherapie.

Om de mogelijkheden van ['?*1]-2-iodo-L-phenylalanine als tumor diagnosticum nog
verder te verkennen, werd de mogelijk onderzocht om de tracer te gebruiken als diagnosticum
voor kanker in honden. Omdat vele eigenaars bereid zijn hun huisdier de best denkbare
verzorging te geven, inclusief chemo- en radiotherapie, is het belangrijk om een zeer
specifieke tracer ter beschikking te hebben. Twee gevallen waarbij [**I]-2-iodo-L-
phenylalanine wordt gebruikt voor de detectie van synoviaal cel sarcoma in het tarsus van een
hond, worden beschreven. Beide dieren bevestigden het resultaat van de muisstudies: hoge en
snelle opname in de tumor met snelle renale klaring van de tracer. Dit impliceert dat een snel
onderzoek en interpretatie van de data mogelijk is, wat kan leiden tot snelle beslissingen en
minimale tijdsbelasting voor de eigenaars.

Hoofdstuk 2 en 4 beschreven de veelbelovende eigenschappen van [*?*1]-2-iodo-L-
phenylalanine als tumor diagnosticum voor SPECT. Er zijn echter meer aspecten tijdens het
proces van het genezen van kanker waar deze tracer zijn nut zou kunnen hebben. Eén van
deze is radiotherapie-evaluatie: hoe sneller de arts kan beslissen of een patiént al dan niet
positief reageert op de therapie, hoe sneller de therapie kan worden aangepast, waardoor
waardevolle tijd kan worden gewonnen. Het is in dit licht dat we [***1]-2-iodo-L-
phenylalanine verder onderzochten als een tracer voor radiotherapie respons evaluatie.

De in vitro zowel als de in vivo radiotherapie experimenten die werden beschreven in
dit werk zijn erg veelbelovend. De in vitro tests gaven een indicatie dat hoewel minder cellen
overleven bij hogere stralingsdosissen, de overlevende cellen de tracer in hogere mate
opnamen. Dit zou waardevol kunnen zijn om residueel tumorweefsel te kunnen detecteren.
Hoewel de resultaten met grote voorzichtigheid moeten worden geinterpreteerd, omwille van
de kleine verschillen in tumoropname tussen de tumor- en de inflammatiegroep, bevestigde de
in vivo evaluatie dat [**I]-2-iodo-L-phenylalanine metabole veranderingen kon detecteren in
de tumor ten gevolge van de bestraling, zelfs na erg korte tijdsintervallen. Deze laatste
observatie is erg belangrijk: binnen de 24 na radiotherapie zouden de artsen reeds in staat
kunnen zijn om te ontdekken of de tumor beantwoord aan de radiotherapie, waardoor
waardevolle tijd kan worden bespaard. Natuurlijk moeten deze resultaten in de toekomst in
meer detail worden onderzocht. Verder is ook een vergelijking met **F-FDG nodig, omdat
deze laatste nog steeds geld als de gouden standaard, en om te evalueren of onze nieuwe
tracer superieur is.



ERRATA

The improvements are printed in bold.

Page 3, last sentence:
The characteristics of both imaging devices are compared in table 1.1 which presents

the advantages and disadvantages of each technique (3-5).

Page 5, last paragraph:
Several hypoxia imaging tracers have been developed, either for SPECT or PET.

Page 6, paragraph cell death imaging:

Normally, this molecule is restricted to the intracellular leaflet of the plasma
membrane. As cells undergo apoptosis, this phosphatidyl serine will be exposed at the
extracellular leaflet of the membrane due to the activity of floppase.

Page 7, cell surface receptor imaging — first sentence:
Cell surface receptors can be divided into three families: (1) G-protein coupled
receptors, (2) tyrosine kinase receptors and (3) the non-tyrosine kinase receptors.

Page 37, Figure 2.1.1.:
The figure should be replaced by the following figure, containing error bars.

FIGURE 2.1.1: Influence of the pH on the reaction yield of the precursor 2-iodo-L-phenylalanine (n = 3).

~
o

for}
o
h gl
L

L
o o
o
10l

N w
o o
I I

Yield 2-I-L-phenylalanine (%)
[
o

o

0.5 1 15 2 2.5 3 3.5

o

Page 39, Figure 2.1.3:
The caption of figure 2.1.3 is replaced by following text, containing more detailed
information.

FIGURE 2.1.3: Main effects plot, resulting from the screening design. Temp: temperature; Phe: 2-bromo-
L-phenylalanine; CA: citric acid and GA: gentisic acid. The impact of the tested parameter on the
reaction yield (2-iodo-L-phenylalanine) is represented by the slope of the straight lines: steeper slopes
correspond with a higher impact.



Page 117, title:
Comparative biodistribution between ['?*1]-2-iodo-L-phenylalanine, [**1]-2-iodo-L-
tyrosine and [***1]-2-iodo-D-phenylalanine.

Page 118, last sentence:

Dynamic planar imaging and dissection were performed to study on the one hand the
general tracer characteristics and on the other hand the individual differences in tracer
kinetics and tumour accumulation.

Page 119/129, last sentence:
Both tracers could overcome the limitations of both **F-FDG and IMT: a higher
tumor specificity and no kidney accumulation was observed, respectively.

Page 132, second paragraph:
For these reasons, amino acid transport tracers are proven to be valuable to reflect the
malignancy of tumour.
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