Chapter 1
PET Radiotracers for Tumor Imaging

Ming-Rong Zhang

1.1 Introduction

Positron emission tomography (PET) is a nuclear medicine imaging technique that
produces a three-dimensional functional image of the living body. This system
detects pairs of gamma rays emitted indirectly by a positron-emitting radiotracer,
which is introduced into the body as a biologically active tracer. Three-dimensional
images of radiotracer concentration within the body are then constructed by com-
puter graphic analysis. PET is both a medical and study tool used in clinical oncol-
ogy (medical imaging and diagnosis of tumors and the search for metastases) and in
preclinical animal studies, where it allows repeated scans of the same subject. PET
is particularly valuable in cancer research because it increases the statistical quality
of the data (research subjects can act as their own controls) and substantially reduces
the number of animals needed for individual studies.

PET studies using radiotracers are leading to rapid advances in the personalized
diagnosis and treatment of cancers. The ability to translate oncogene signatures into
functional imaging data, such as those obtained using PET via specific targeted
radiotracers, permits noninvasive and quantitative visualization of tumors at multi-
ple time points and at the whole-body level, thereby facilitating personalized drug
development, clinical trials, and patient management.

The development of labeled radiotracers using positron-emitting radionuclides is
required for the PET technique. In this review, the author will introduce [*F]FDG
and post-["*F]FDG radiotracers, review recent advances in the development of PET
tumor imaging radiotracers, and present results to develop novel PET radiotracers
for tumor imaging.
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1.2 [¥F]FDG for Glucose Metabolism

PET scanning with the radiotracer ['"*F]FDG (Fig. 1.1) is widely used in tumor
imaging for clinical studies or diagnosis [1-3]. This radiotracer is derived from
glucose, taken up by glucose-consuming cells and phosphorylated by mitochondrial
hexokinase, which is greatly elevated in rapidly growing malignant tumors. Because
the hydroxyl group in glucose (replaced by “F to generate ['*F]FDG) is required for
the next step in the glucose metabolism in all cells, ['®*F]JFDG cannot participate in
further reactions [4]. Furthermore, most tissues, except the liver and kidneys, cannot
remove the phosphate added by the hexokinase. This means that ['8F]FDG is trapped
in cells that take it up until it decays, owing to their ionic properties and phosphory-
lated sugars, which cannot be cleared from cells. This results in high level of radio-
activity accumulating in tissues with high glucose uptake and metabolism, such as
the brain, liver, and most cancers [5—10]. As a result, ["*F]JFDG-PET can be used for
cancer diagnosis, staging, and monitoring of therapy [11]. Many individual solid
tumors have been found to exhibit very high uptake of radioactivity, a fact that is
useful when searching for tumor metastasis or for recurrence after the removal of a
primary tumor known to be highly active. PET oncology scans using ['*F][FDG
make up over 90 % of all PET scans in the current medical practice.

Although PET facilities are rapidly increasing worldwide, the only PET radio-
pharmaceutical currently available for diagnosis is ['**F]FDG. In keeping with this
notion, ['®F]FDG is by far the most widely used radiotracer for clinical purposes,
but its application has some shortcomings. Since ['*F]FDG is a derivative of glu-
cose, which is taken up by cells via glucose transporters, phosphorylated by hexo-
kinase, and retained in the tissue, its high uptake is not only in tumor cells but also
in normal tissues, such as the brain and heart, which have high levels of glucose
metabolic activity [12, 13]. Hence, ['*F]JFDG-PET is not suitable for imaging tumors
in these tissues. In addition, because of its high uptake in urine and fast excretion
from the bladder, it is difficult to detect tumors in this organ and surrounding tissues
using ["*F]FDG [5]. Most importantly, because of high uptake in inflamed tissues, it
is difficult to distinguish tumor from inflammation using ["*F]FDG.

To increase the usefulness of PET and to overcome the disadvantages associated
with ['F]FDG, it is important to develop new imaging radiotracers, which use alter-
native mechanisms for tumor visualization and provide different information to that
obtained using ['*F]FDG. Moreover, higher tumor specificity than the one provided
by [F]FDG could be achieved using new radiotracers.

In the following sections, the author will introduce the main candidates for post-
['®F]FDG tumor imaging radiotracers.
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Fig. 1.2 (a) [''C]Met, (b) ['SFIFMT, (c) ['*F]FET, and (d) ['"*F]FACBC

1.3 Amino Acids

The amino acid analog most frequently used as a radiotracer is ['C]methionine
(["'C]Met, Fig. 1.2) [14, 15]. [''C]Met is easily synthesized using [''C]methyl iodide
or [''C]methyl triflate as the radiolabeling agent. Since the precursor for [''C]Met
radiosynthesis is L-homocysteine, the product obtained is only the L-isomer. In the
normal brain, where protein metabolism levels are low, PET radiotracers reflecting
controlled protein biosynthesis/degradation rates are suitable for the detection of
glioma tumors in many PET facilities [16, 17]. However, because the S-["'C]methyl
group in the cell is relatively easily transferred into other positions, compared to ''C
labeling in other positions, the levels of [''C]Met are insufficient to enable evalua-
tion of protein synthesis ability.

Since 1960, amino acids that are stable against metabolism (unlike natural amino
acids) have been developed. These artificial amino acids were labeled with ''C and
used to detect tumors in preclinical studies. Among them, a-aminoisobutanoic acid,
a-aminocyclobutane-1-carboxylic acid, and a-aminocyclopentane-1-carboxylic
acid show high binding affinity for amino acid transporters. Moreover, these amino
acid analogs do not contain chiral carbon atoms; therefore, their radiolabeled ver-
sions are considered promising probes for tumor imaging.

Many '¥F-labeled amino acid analogs have been developed and evaluated as can-
didate of post-["*F]FDG radiotracers (Fig. 1.2). Although phenylalanine and tyro-
sine analogs were found to correlate with protein synthesis, these analogs are unable
to participate in protein synthesis, and their tumor uptake levels are associated with
amino acid transporter activity. Then, in efforts to improve in vivo metabolic stabil-
ity, 3-["*F]fluoro-a-methyl-L-tyrosine (['F]FMT, Fig. 1.2) [18] and 4-["*F]
fluoroethyl-L-tyrosine (['*F]FET) [19] were developed. More recently, ['*FJFACBC
has been reported as the most promising radiolabeled amino acid analog [20, 21].
This radiotracer has two stereoisomers, with the cis isomer exhibiting higher selec-
tivity than the anti-isomer. In clinical glioblastoma imaging studies, which cannot
use ['F]JFDG-PET, ["®F]JFACBC can provide high-quality PET tumor images.
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Fig. 1.3 (a) [''C]Methylthymidine, (b) 2-[''C]thymidine, and (¢) ['*F]FLT

Therefore, the ¥F-labeled artificial amino acid analogs are viable alternatives for
the detection of tumors that cannot be successfully visualized by ['*F]FDG-PET.

1.4 Nucleic Acids

[*H]Methylthymidine has been synthesized and used for many years. In addition,
methods for production and in vivo evaluation of the PET tracers ['!C]methylthymi-
dine (Fig. 1.3) and 2-[''C]thymidine have been reported since 1980 [22, 23].
However, these natural nucleic acid analogs are not stable in vivo, which prompted
the modification of their chemical structures and radiolabeling them with '3F, thus
creating a probe a longer half-life than ''C.

3’-Deoxy-3’-["®F]fluorothymidine (['*F]FLT) is an analog of thymidine, in which
8F is introduced in the 3’-position and shows high in vivo stability and strong resis-
tance to metabolism by cellular thymidine phosphatase [24]. Blood circulating ['*F]
FLT is taken up by the tissues via a pyrimidine transporter, which functions in
nucleic acid synthesis. As the hydroxyl group in 3’-position is replaced by fluorine,
phosphorylated ['®F]FLT-5'-P cannot participate in the synthesis of DNA, and it is
thus retained in the cell as a monophosphate. Hence, the uptake of ["*F]FLT can
reflect thymidine kinase-1 (TK1) activity in tumor cells [25], which is very low in
the GO stage of the cell cycle and reaches a maximum between the G1 and S phases.
Therefore, ["*F]FLT has been used to evaluate cell proliferation for tumor staging
and assess the therapeutic effects of anticancer drugs.

1.5 Lipid Metabolism

Cancer is characterized by the high proliferation ability of tumor cells, and during
this process the synthesis of cell membrane components increases accordingly.
Therefore, membrane lipid synthesis is a useful target to also evaluate the
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Fig. 1.4 (a) [''C]Acetate, (b) ["*F]fluoroacetate, (¢) [''C]choline, (d) ['*F]fluoromethylcholine,
and (e) ['*F]fluoroethylcholine
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Fig. 1.5 (a) ["*FIFMISO, (b) [*FIFAZA, and (c) ***Cu-ATSM

proliferation ability of tumor cells. To this end, [!!C]lacetate, [''C]choline, and ['*F]
fluorocholine have been developed and used in clinical imaging studies (Fig. 1.4)
[26].

In vitro evaluation of [!!Clacetate has been performed to determine the mecha-
nism of radioactivity accumulation in tumor cells [27]. Acetate is formed by the
metabolism of phosphatidylcholine and neutral lipids, and, thus, the accumulation
of [''CJacetate radioactivity can reflect the proliferation ability of tumor cells [28,
29].

The uptake of choline analogs can reflect the activity of choline kinase and be
used to indirectly evaluate ability to synthesize membrane lipids [30-32]. In clinical
studies, PET radiotracers for lipid metabolism are useful for the detection of tumors
in the brain, the bladder, and the urinary tract. [!!C/*®F]Choline analogs are not use-
ful for the detection of cancer in epigastrium tissues and other organs because they
have a high radioactivity uptake in the liver. Hence, acetate- and choline-based
radiotracers may be better to evaluate the therapeutic effects of radiation and antitu-
mor drugs.

1.6 Hypoxia

During the process of tumor cell proliferation, insufficient supply of oxygen results
in hypoxia. Hypoxic areas of tumors are relatively insensitive to chemotherapy and
radiation therapy. Thus, an understanding of the hypoxic state is useful for the pre-
diction of therapeutic effects and the evaluation of treatment regimens, which has
led to the development of PET imaging radiotracers designed to evaluate hypoxia
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[33-35]. ["*F]FMISO (Fig. 1.5) was the first nitroimidazole analog used for imaging
of hypoxia in tumors [33]. The nitro group of misonidazole analogs is reduced to
form a hydrophilic amine group, and this amine product binds to cellular compo-
nents and is retained in tumor cells.

In hypoxic areas, which have a low blood flow, the initial uptake of radioactivity
by one-pass circulation of radiotracer is low. However, the highly lipophilic ['*F]
FMISO is able to diffuse into the regions with low blood flow. Unfortunately, the
slow clearance of radioactivity from blood means that PET imaging with ["*F]
FMISO may not result in high-quality images, and thus, extended scanning dura-
tions are required [36]. As an alternative, the tracer ['SF]JFAZA, which has low
lipophilicity and high hydrophilicity, has been developed and used in clinical stud-
ies [37, 38]. Compared to ["|F]FMISO, ['8F]FAZA shows improved solubility in
water and good signal/noise contrast in PET images within a relatively short PET
scanning time.

In  addition to  nitroimidazole  analogs,  %/Cu-diacetyl-bis(N-4-
methylthiosemicarbazone (*$*Cu-ATSM) is also a useful PET imaging radiotracer
for hypoxia [39, 40]. Cu-ATSM is a small lipophilic molecular complex that easily
penetrates the blood-brain barrier and cellular membranes and clears rapidly from
normal tissues [41]. In hypoxic area, Cu®** binding to ATSM is reduced to Cu* by
microsomal electron transfer, and the Cu* component is retained in the cell.
Compared to ['F]FMISO, ¢***Cu-ATSM shows rapid clearance from normal tissues
and blood to produce images with good contrast and signal/noise ratios within a
short PET scanning time.

1.7 Receptor and Angiogenesis

By transferring signals through various receptors overexpressed in tumor cells, cer-
tain genes and proteins mediate tumor phenotypes, including proliferation ability,
invasiveness, metastasis, and treatment resistance. PET studies using radiolabeled
tracers for imaging of these receptors are useful for understanding the tumor
characteristics.

To date, a large number of PET radiotracers for imaging of receptors have been
reported. Major radiotracers of this type include: epidermal growth factor receptor
(EGFR) human type (HER2), which is associated with poor prognosis in breast
cancer; folic acid receptor, associated with malignant proliferation; chemokine
receptor, associated with metastasis; glucagon-like peptide-1 (GLP-1) receptor,
associated with neuroendocrine tumors; somatostatin receptor; tumor angiogenesis
integrin receptor (avp3); and vascular endothelial growth factor (VEGF) [42]. A
number of these radiotracers have been used in clinical studies.
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Fig. 1.6 PET radiotracers targeting somatostatin receptors: (a) octreotide, (b) [Tyr’]-octreotide,
(¢) [Tyr’,Thr¥]-octreotide, (d) [I-Nal’]-octreotide, and (e) NOC-conjugated 1,4,7,10-
tetraazacyclododecane

1.7.1 Somatostatin Receptors

Somatostatin receptors are G protein-coupled transmembrane proteins that are
widely distributed in normal tissues, including those of the central nervous system,
pancreas, anterior pituitary, thyroid gland, spleen, gastrointestinal tract, and adrenal
gland. There are five somatostatin receptors, of which somatostatin receptor-2 is
overexpressed in the majority of malignant tumors, including neuroendocrine can-
cers, small cell lung cancer, breast cancer, and malignant lymphoma. The endoge-
nous ligand of somatostatin receptors, somatostatin, has two isoforms of 14 and 28
amino acids, both of which demonstrate high binding affinity for somatostatin
receptors. Owing to its short half-life in blood (2 min), imaging using somatostatin
as a radiotracer is difficult. An analog of somatostatin, octreotide, which is formed
from eight amino acid residues, has a longer half-life in blood (1.7 h) and higher
metabolic stability than somatostatin. Many PET radiotracers derived from octreo-
tide have been developed. Their chemical structures are illustrated in Fig. 1.6.

The PET radiotracers for somatostatin receptors, TOC, TATE, NOC-
conjugatedl,4,7,10-tetraazacyclododecane (DOTA), %Ga-DOTATOC,
%Ga-DOTATATE, and ®*Ga-DOTANOC] have been used in clinical studies (Fig.
1.6) [43, 44].

1.7.2 Integrin Receptor Subtype avf3

Angiogenesis is an important process during the proliferation of solid tumors.
Cilengitide is a treatment developed to target integrin receptor (subtypes avp3 and
avp5), which attenuates tumor angiogenesis. Almost all PET radiotracers targeting
integrins contain the amino acid sequence, arginine-glycine-asparagine (RGD) [45,
46]. The RGD sequence, which is commonly found in extracellular matrix proteins,
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binds to integrins and shows particularly high affinity for the integrin av subunit.
Representative integrin-targeting PET radiotracers are '°F-, %Ga-, and *Cu-labeled
compounds, including ['*F]galacto-RGD, ['*F]fluciclatide (AH111585), ["*F]RGD-
K5, #Cu-DOTA-RGD, and **Ga-NOTA-RGD (Fig. 1.7).

1.7.3 Other Receptors Involved in Tumor Angiogenesis

Another promising target molecule involved in tumor angiogenesis is VEGF. VEGF
and its receptor VEGFR are highly expressed in endothelial cells, and VEGFR is a
promising target for PET imaging [47]. To that end the VEGFR tyrosine kinase
inhibitor sunitinib and VEGF monoclonal antibody bevacizumab were developed to
image this pathway. Recently, bevacizumab and ranibizumab have been labeled
using Zr (half-life, 78 h). ¥Zr-bevacizumab and %Zr-ranibizumab have demon-
strated promise as potential PET imaging radiotracers for in vivo imaging of VEGF
in tumor-bearing mice [48, 49].

PET imaging studies using octreotide-based and RGD-peptide-based molecules
to target somatostatin and integrin receptors, respectively, have had some success in
clinical studies. The imaging data resulting from targeting these molecules may be
useful in clinical diagnosis, tumor staging, therapeutic strategies, and monitoring
therapeutic effects. However, the clinical importance of imaging somatostatin and
integrin receptors has not yet been fully determined, and more research is required
to validate their clinical usefulness.

1.8 Metabotropic Glutamate 1 Receptor

Ectopic metabotropic glutamate 1 receptor (mGluR1) shows oncogenic activity and
is becoming an important target for personalized diagnosis and treatment strategies
for melanomas [50]. Evidence indicates that ectopically expressed mGluR1 inde-
pendently induces melanocyte carcinogenesis. We have developed an oncoprotein-
based PET imaging platform in melanomas for noninvasive visualization and
quantitation of mGIuR1 with a novel mGIuR 1-specific radiotracer, 4-['*F]fluoro-N-
[4-[6-(isopropylamino)pyrimidin-4-yl]-1,3-thiazol-2-yl]-N-methylbenzamide
(["*F]JFITM; Fig. 1.8) [50]. ["*F]FITM shows excellent pharmacokinetics, namely,
the dense and specific accumulation of radioactivity in mGluR 1-positive melano-
mas B16F1 and B16F10, compared to mGluR 1-negative hepatoma and normal tis-
sues. Furthermore, accumulation levels of radioactivity corresponded to the extent
of the tumor and to those of mGluR1 protein expression in melanomas and mela-
noma metastases in the lung (Fig. 1.8). The ["*F]FITM PET imaging platform is
expected to open a new avenue for defining individualized therapeutic strategies,
clinical trials, and patient management, as a noninvasive personalized diagnostic
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Fig. 1.8 (a) Chemical structure of ["F]JFITM. (b) Representative coronal ["*F]JFITM PET/CT
images in B16F1-, BI6F10-, and Hepal-6 tumor-bearing mice. High accumulation of radioactivity
was observed in the mGluR1-positive B16F1 and B16F10 melanomas, and low uptake was
observed in the mGluR 1-negative Hepal-6 tumor. Green circles indicate tumors. (¢) Representative
coronal and axial [®¥F]FITM PET/CT images in mice with pulmonary metastatic melanoma and
control mice without metastasis. Intense and heterogeneous accumulation of radioactivity was
observed in the lungs bearing B16F10 metastasis with very low background signals

tool. It can also become a useful research means to understand mGluR 1-triggered
oncologic events in melanomas. Recently, an iodine analog of ['*F]JFITM has been
developed, and this compound can be further developed using '**I and *'I radiola-
beling for long-duration PET scanning and radiotherapeutic applications [51].

1.9 Summary

Many PET radiotracers have been developed for imaging tumors to facilitate animal
studies, clinical diagnosis, tumor staging, therapeutic strategy, and monitoring ther-
apeutic effects. However, PET radiotracers for imaging a large number of molecular
targets remain undeveloped. Moreover, as the targeted candidate molecules include
small molecule compounds, peptides, and antibodies, determining how to label
them efficiently using positron-emitted radionuclides is a challenging problem for
their development as novel PET radiotracers. Radiolabeling techniques, including
radionuclide production, preparation of radiolabeling agents, radiochemical
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reactions, and automated production, continue to be assessed. Clearly, it will take a
great deal of time and effort to identify another gold standard PET radiotracer for
tumor imaging that is similar or more specific than ["*F]FDG.
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