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The Molecular Basis of Disease

Jorge R. Barrio

For as long as man has lived, he has been concerned with health and well being,
Much of human history has revolved around uncontroliable diseases; many crit-
ical events, wars, and even the fate of many societies have been determined by
human health. Medicine is as old as human history and has evoived from mys-
tical and religious beginnings to the scientific discipline of today.

The boundaries of medical knowledge are continually expanding. A modern
definition of disease as: a disordered or incorrectly functioning crgan, part struc-
ture, or system of the body resulting from the effect of genetic or developmental er-
rors, infection, poisons, nutritional deficiency or imbalance, toxicity, or unfavorable
environmental factors! hints at the chemical basis of disease, We can further say
that disease results from a disruption of the chemical homeostasis of the body
or, in other words, a disruption of a tendency to dynamic stability in the nor-
mal body states of the organism. Alteration of chemical homeostasis can be in-
duced by internal or external factors resulting in specific biochemical abnor-
malities that change normal organ function to the point that clinical symptoms
are produced. Today, however, the technical elements of medical practice to di-
agnose and treat disease still are—for the most part-—anatomical in nature. Prac-
ticing physicians order—and feel comfortable with-—computerized tomography
(CT), magnetic resonance imaging (MRI) scans, and ultrasound but have been
slow to incorporate biological criteria from molecular imaging technigues such
as positron emission tomography {PET) into their practice,

In classical medical practice, biological abnormalities are typically tested clin-
ically and by determining biochemical parameters at a distance from the in-
volved organ. Kidney function, for example, is assessed by measuring creatinine,
phosphate, and urea plasma levels; liver function is similarly assessed with spe-
cific liver markers {e.g., transaminases) also in plasma. Moreovey, from ancient
times, physicians have ordered prescriptions for their patients that are attempte
at restoring a disturbed chernical imbalance of disease. Drugs are used to reverse
or control chemical imbalances by targeting key enzymes, transporters, and re-
ceptor systems. In sufficient amounts, drugs are used to either block or inhibis
specific pathways in neurotransmission (e.g., neuroleptics binding to dopamine-
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[32 receptors to control schizophrenic symptoms), supplement substrates when
enzyme deficits exist {e.g., L-DOPA to treat Parkinson’s disease where central
dopaminergic aromatic amino-acid decarboxylase (AAAD) concentration is de-
creased], or inhibit specific tumor enzymes with the aim of destroying tumor
cells (e.g., 5-fluorouracil to inhibit thymidylate synthetase).

If living organisms are governed by chemical homeostasis, some conclusions
can be established:

1. Chemnical disturbances will precede anatomical abnormalities in disease. It
is now well established, for example, that genetic mutations or loss of regu-
lated expression of genes will precede clinical symptoms of cancer by many
years, perhaps decades. Similarly, Parkinson’s disease and Alzheimer’s dis-
ease have subclinical stages for years wherein the brain can conirol degen-
erative processes by adjusting function through compensating mechanisms
of neuronal plasticity or through biochemical reserves controlling neuronal
processes.

2. As a result of (1), above, diagnostic procedures using imaging probes aimed
at detecting these biochemical abnormalities will permit earlier and inform-
ative detection of disease, sometimes many years ahead of conventional med-
ical practice. This concept was demonstrated in Huntington’s disease, a fa-
milial neurodegenerative disease that could be detected with PET studies of
glucose metabolism seven years before symptoms develop.? More recently,
preclinical assessment of Alzheimer’s disease was also made possible using
similar PET metabolic studies in patients with increased predisposition for
the disease due to their carrying the APOE4 gene.

3. Imaging probes (diagnostic) and drugs (therapeutics) share common con-
cepts in structural design and principle of action because they target the same
enzymes, receplors, and neurotransmnitter systems. Drugs, through mass ac-

tiom, block or inhibit their targets and, thus, restore chemical imbalances,

conducive to control or diminish or remove clinical symptoms. Molecular
imaging probes, at tracer levels, probe the same targets assessing their func-
tiorial status. Thus, drugs and molecular imaging probes typically share struc-
tuzal requirements, being the same molecule or structural analogs of each
other (Figure 4-1).

When using molecular imaging probes, it is always necessary to consider that
the ultimate objective of a PET determination is guantitation of the process that is
measured. Tracer kinetic techniques are generally used to monitor dynamic
processes with PET, pamely tissue perfusion, Tocal metabolic processes (e.g., gla-
cose metabolic rates in the brain, the heart, and tumors), synthesis processes (e.g,
protein and neurotransmitter synthesis), receptor properties (e.g., their number and
affinities), and so on (Chapter 2). Accurate estimation of quantitative parameters
requires formulation of a tracer kinetic model according to the process to be meas-
ured and the biochemical or pharmacologic information available at the time.

Steps to develop a successful tracer kinetic model are:

1. Molecular probe design and synthesis.
2. Formulation of a workable model.

3. Model validation.

4. Model application.
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Drugs ‘ FEQURE 4-1, Schematic diagram indi-
Iny high concentrations cating common targets fe.g., enzyme
(E) or receptor proteins (R)] for drugs
7 J and molecular imaging probes.

.

The process is iterative to achieve maxirmum accuracy and success. When the
process is understood and demonstrated to be generally effective, other quanti-
tative (or semiquantitative) approaches are developed to simplify the utilization
of the procedure. Ultimately, the molecular imaging probe is introduced in the
clinic for routine use. The best example of a positron-emitting molecular imag-
ing probe going through this evolutionary pathway is 2-deoxy-2-[F-18}fluoro-
deoxy-D-glucose (FDG). Other pharmaceuticals have also followed this pathway
and are now entering the clinical arena, like [N-13] ammonia as a myocardial
perfusion agent and 6-[F-18]fluoro-1-DOPA as a probe of central dopaminer-
gic system integrity. Many other PET probes have been developed and thor-
oughly studied but have not yet become available for routine clinical use. This
chapter will focus on molecular probe design to develop an understanding of
the noninvasive biochemical or pharmacological process to be measured with
PET. For all other mathematical aspects of tracer kinetic modeling, the reader
is referred to Chapter 2 and other excellent publications in the field.*

fMolecular Imaging Probes
At tracer levels

MOLECULAR PROBE DES!GN: GENERAL PRINCIPLES

In order to obtain meaningful results, investigations of living organisms must be
performed with a minimum of interference with the system under investigation.
The introduction of radicactive molecules into the system is one of the preferred
alternatives for the study of biological systems because it produces only minimal
experimental disturbances, due to the extremnely low mass of the probe, and thus
allows one to distinguish the experimental components from the background (Fig-
ure 4-2). Most of the present knowledge of biochemistry, particularly metabolism,
has been obtained by the use of radioactive (carbon-14 and tritium) and stable (deu-
terium, carbon-13, and nitrogen-15) isotopes. For a variety of reasons, however,
these isotopes are not adequate for the noninvasive assessment of physiological and
biochemical processes. Even though tracer techniques have led to the development
of useful clinical spplications (e.g., conventional nuclear medicine techniques), the
development of PET has led the way in the development and use of guantitative
assays of local biochemical and pharmacological processes in humans.

Properties of molecular imaging probes labeled with

positron-emitting radioisotopes

Some important properties that make molecular imaging probes used with PET
very valuable for the in-vivo assessment of biochemical and pharmacological
processes in humans can be summarized as follows:
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1.

Compounds labeled with positron-emitting radioisotopes can be prepared
with high-specific activity (Chapter 3) so that the process to be measured is
not perturbed.

. Gamma rays produced after positron annihilation allow for quantitative high

resolution imaging (Chapter 1).

. With cyclotron-produced positron-emitting radioisotopes of carbon (C-11;

£1/2= 20.38 min), nitrogen (N-13; t1/2 =9.96 min), oxygen (O-15;
t1/2 = 2.03 min) and fluorine (F-18; t1/2 = 109.72 min) (Chapter 3), true
molecular imaging probes matching the strict requirements of enzyme
and/or receptor targets can be designed, The design of these molecular probes

+ takes advantage of the following: (a) labeling with the most common’

positron-emitting radioisotopes, carbon-11, nitrogen-13, and oxygen-15,
renders compounds biochemically indistinguishable from their natural
counterparts; and (b} fluorine-18 can be used to provide labeled substrate
analogs (e.g., FDG) or pharmacological agents (F-18-labeled spiperone) to trace
biochemical or pharmacological processes in a predictable manner. Fluorine is
an important element used to modify biologically active compounds (e.g, in
drug design). Because of its small size and the strength of the C-F bond, fiuo-
rine is commonly used to replace H or OH on a molecule. This medification
allows favorable interactions of the new molecule (e.g., molecular imaging probe,
drug) with the target {e.g., enzyme, receptor) to occur without steric hindrance.
Moreover, the presence of fluorine may block, with target enzymes, subsequent
reactions in a given pathway. '

- The positron emitters carbon-11, nitrogen-13, oxygen-15, and fluorine-18

constitute the only externally detectable forms of carbon, nitrogen, oxygen,

FIGURE 4-2. Molecular imaging probes as reporters in in-vivo systems.
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and fluorine, respectively. The time course of radioactive emission can be
readily quantitated with PET, permitting the application of tracer kinetic
techniques for the measurement of substrate concentrations, reaction rates,
and receptor binding in tissue.

5. The short half-lives of these isotopes permit extension of these determina-
_tions to humans.

General criteria for selecting and using molecular imaging probes

The question of whether a specific compound can be labeled with a positron
emitter, with the intention of using that probe as a molecular imaging agent, is
often asked. There is, however, much more to the effective design of molecular
imaging probes than this question alone. Indeed, it is the wrong question alto-
gether if it is not preceded by a complete understanding of the structural re-
quirements of the target enzyme or receptor and the process to be measured. To
select a molecular imaging probe to measure a specific process or assess organ
function, the probe should meet the following criteria:

1. Target specificity—ideally, the probe should be restricted to the target process.

2. High membrane permeability to reach target areas.

3. As a result of a specific interaction with a target molecule in tissue, trapping
of the labeled molecule or labeled reaction product should occur in a slow
turnover pool.

4. Use of analogs specific to one biochernical pathway to isolate one step or 2
few steps of the process——thus, the kinetics of only the administered com-
pound is represented in the measured data. ,

5. Rapid turnover rates {smnall precursor pool) for the substrate precursor are
desirable to allow reaction of the labeled molecule probe to proceed rapidly
and, thus, reduce background signal rapidly. This implies high affinity of the
molecular probe for its tissue target and rapid clearance of the probe from
nonspecific areas.

6. Rapid blood pool dlearance of the molecular imaging probe to reduce blood
pool background at the tissue target (e.g., brain, heart, and tumor) and in-
crease the rate of clearance of the probe from tissue as a result of the tem-
poral decrease in probe concentration in blood.

7. No—or—slow peripheral metabolism of the probe to have the administered
probe as the only—or——primary chemical entity in blood.

8. High-specific activity (low masses at the radioactivity concentrations used;
Chapter 3) to trace the process under investigation without exerting mass
effects on the target molecule.

9. Low nonspecific binding to increase target specificity and target-to-back-
ground ratios >> 1.

10. A small number of transport and biochemical reaction steps for the molec-
utar imaging probe to allow tracer kinetic modeling to establish quantitative
parameters for the imaging determination (Chapter 2).

TYPES OF MOLECULAR IMAGING PROBES

As indicated earlier, to assess biochemical disturbances (e.g., disease states) non--
invasively using molecular imaging with PET, specific probes are designed aﬂé;:
used to target the process to be investigated (e.g., glucose metabolism, neuro-
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transmitter synthesis, neurotransmitter re-uptake, postsynaptic receptor bind-
ing, protein synthesis, gene expression, and so on). In general, these molecular
probes should have specific properties. Based on the target molecule in tissue,
PET imaging probes are divided into three large groups: 1) Probes based on
enzyme-mediated transformations; 2) Probes based on stoichiometric binding
interactions; and 3) Probes for determination of perfusion. With a few excep-
tions (e.g., [N-13]ammonia}, the latter probes have no specific structural re-
quiremnents, except for their high vascular membrane permeability without spe-
cific macromolecular targets in tissue. The reader is referred to Chapter 2 for
review of the assays for tissue perfusion determinations.

Probes based on enzyme-mediated transformations

These probes are characterized by trapping in tissue the product of a specific in-
teraction of the probe with an enzyme. This interaction will normally produce
a chemical transformation of the original probe catalyzed by the enzyme that is
being targeted. The product of the enzyme-mediated transformation (e.g., phos-
phorylated substrate) is impermeable to cell membranes and is, therefore, re-
tained in tissue in proportion to the rate of reaction of the enzyme-mediated
process. The process has been called metabolic trapping (Figure 4-3).

The best known examples of PET imaging probes acting through this mech-
anism are 1) hexokinase-mediated trapping of FDG-6-phosphate after FDG admini-
stration in the estimation of local glucose metabolic rates in tissue; 2} aromatic
amino acid decarboxylase-mediated transformation of 6-[F-18)fluoro-1-DOPA
(FDOPA) into 6-{F-18]fluorodopamine with subsequent storage in vesides in

central dopaminergic terminals; 3) the herpes simplex thymidylate kinase

(HSV-TK) model of gene expression that mediates trapping of radiofluorinated
acycloguanosines and thymidine analogs to their corresponding 5’ -phosphates;
and 4) 3'-[F-18]fluoro-3’ -deoxythymidine ([F-18]FLT) used in the assessment
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FIGURE 4-3. Diagrammatic representa-
tion of the enzyme {E)-mediated trans-
formation of a molecular imaging probe
{8) into a product (P) that is trapped in
tissue. An enzyme catalyzes a large
number of molecular transformations @
amplifying the signal from the labeled

end product of the reaction. Trapped in tissue
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of DNA replication the utilization of which is based on the specific mammalian
thymidine kinase-mediated phosphorylation to its 5'-phosphate.

Probing enzyme function

In regards to structural requirernents, enzyme-mediated probes are the ones
with the strictest molecular constraints. Since enzymes have evolved over a pe-
riod of millions of years, they have developed structural specificity for their sub-
strates and have—for the most part—Ilimited specificity to accommodate major
modifications to the original substrate. Consider that enzymes are designed by
evolution to accelerate chemical reactions decreasing the activation of the free
energy barrier ((G) between their natural substrate and product (Figure 4-4).

For a general reaction:

A+B=2C+D (4-1)

there are two ways to accelerate its rate: (1) by an increase in temperature ('),
which increases motion and the probability for molecules to enter the transition
state; and (2) by means of a catalyst (enzyme). By combining transiently with
the reactants {e.g., A and B), the enzyme will Jower the transition state energy
for the reaction to occur. To understand this effect, we need to look at the fun-
damental relationship between a free energy change (AG) of a chemical reaction
and its equilibrium constant (K), that is established as:

19113}

AG=AG®+RTI
™ [Al[B)

(4-2)

Transition
state
Free energy of Free energy of
activation of activation of
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FIGURE 4-4. Energy diagram for a

chemical reaction—catalyzed and
Progress of reaction - uncatalyzed.



CraPTER 41 The Meolecular Basis of Disease

where R is the gas constant, T the absolute temperature and [A], [B], {C], and
{D] the molar concentrations of solutes and, thus, [C]{D]/[A][B] = K (equilib-
rium constant) and AG® is the standard free energy change of the reaction (e.g.,
at a concentration of 1 mol/L). At equilibrium, AG should be zero; then from
Equation 4-2,

AG® = ~RT InK (4-3)
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Let’s analyze the principles of enzyme kinetics to understand the importance
of some concepts in molecular imaging probe design and utilization:

As an oversimplification of the concepts stated above, we can say that en-
zyme reactions typically consist of two steps: 1) formation of the enzyme-sub-
strate complex (ES) and 2) decomposition of ES with formation of product (P).

Je k
E+S zk_—lz-ES—5> E+P (4-4)
2 .

The rate of [ES] formation is determined by the difference between reactions
leading to its formation and reactions leading to its disappearance:

ES ,
a B~ mits) - tols) - oles] (45)
Steady-state equilibrium assumes the concentration of [ES] is constant:
B _ | ]
d T 0 (4-6)

To solve the equations, one should express them. in terms of experimentally
measurable quantities, For example:

[Eo} = [E] + [ES] (4-7)

where E, = initial or total enzyme concentration that is measurable.

Therefore, combining Equations 4-3 and 4-5 under conditions of steady-
state equilibiium render:

ka((Bo] = [BS)IS) = (ko + k) [ES]
Upon rearrangernent:
{ES}{ky + ks + ki {S]) = kyEo[S]

Solving for [ES] after dividing for ky:

Eo[S]

SRS

(4-8)
~ktk
ky
control the formation and decomposition of [ES].
Thus, the velocity (V) of the enzymatic reaction is:
dp Ks{Eo][S]

V= *é? = Jeg [BS = m (4-9)

where Ky, = Michaelis constant. The rate constants k;, k;, and ks
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When the enzyme is saturated, then the enzyme is mostly as the enzyme-
substrate complex [ES] and ks[Eo] = maximal velocity of the reaction (V).
The constant ks is also named k., (catalysis constant), representing the rate of
decomposition of the enzyme-substrate complex [ES].

Thus, Equation 4-9 becomes:

=~ nlf]
K + [S]

also called the Michaelis-Menten equation. _

Thus, koK o1 Vio/Kyy is a measure of the enzymatic catalytic efficiency.
Therefore, in enzymatically catalyzed reactions, the formation and rate of de-
composition of the enzyme-substrate complex to form product are essential pa-

rameters to determine the ability of a particular substrate [S] to be transformed
into product {P].

(4-10)
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TABLE 4-1. Values of the FDG Lumped Constant in Several Species

Species ‘ Mean = 5D Reference
Albino rat '
Conscious ‘ 0.464 = 0.0992 Sckoloff, 19867
Anesthetized 0,512 = 01182 Sckoloff, 19867
Conscious (5% CO4} 0.463 & 0.1222 Sokoloff, 19867
Combined 0.481 = 0.119 Sokoloff, 19867

Rhesus monkey ‘

Conscious 0.344 £ 0.095 Sokoloff, 19867

Cat '

Anesthetized 0.411 & 0.013 Sokoloff, 19867

Dog (beagle puppy)

Conscious 0.558 + 0.082 Sokoloff, 19867

Shezp
Fetus 0.416 * 0.031 Sokoloff, 19867
Newborn 0.382 £ 0.024 Sokoloff, 19867
Mean 0,400 + 0.033 Sokoloff, 19867 -

Human -
Conscious . 0.568 + 0.105 Sokoloff, 19867
Conscious 0.418 * 0.058 Huang et al, 1980°
Conscious 0.520 £ 0.028 Reivich et al, 19852
Conscious 0,660 £ 0.170b Hasselbalch et al, 199710
Conscious 0.670 = 0.210¢ Hasselbalch et ai, 199710
Conscious 0.810 = 0.150 Hasselbalch et ai, 1998
Conscious 0.860 = 0.140 Spence et al, 1998'2
Conscious 0.670 = 0.170 Wu et al, 200113

"No statistically significant difference between normal conscious and anesthetized rats (0.3 < p < 0.4) and conscious
rats breathing 5% COy (p > 0.9); "Steady state; “Bolus injection.

When the principle of competitive enzyme kinetics is used with PET, the
molecular imaging probe (i.e., FDG) will compete with the endogenous sub-
strate (i.e., glucose) for the same sites at the catalytic enzyme (e.g.; hexoki-
nase). This competition between the newly designed imaging probe and the
endogenous substrate for the same enzyme site immediately indicates that the
imaging probe should have very favorable kinetic characteristics to trace the
process under study. If the imaging probe has low Vm' and high Km' (low
Vm'/Km'), it will compete unfavorably with the endogenous substrate, with
two consequences: 1) a reduction in the probability of yielding a metabolic
trapping product of the labeled analog and 2} as a result, a low PET signal.
Therefore, favorable enzyme kinetic characteristics of the imaging probe per-
mit competition with the endogenous substrate for successful formation of
the radiolabeled trapping product leading to accumulation of the labeled
product—an essential consideration in designing enzyme-mediated molecu-
lar imaging probes.

Using substrate analogs of enzyme function

To further understand the question of why knowledge of the target mol-
ecule in tissue is important, this chapter will analyze the example of hexoki-
nase and the successful use of a radiolabeled substrate analog of enzyme func-
tion, FDG, as a molecular imaging probe to estimate local rdtes of glucose
metabolism. FDG was found to retain the transport and enzymatic charac-
teristics of 2-deoxy-D-glucose. Its utilization for the noninvasive determina-
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tion of LMRGIc is then based on the general biochemical principle developed
by Sokoloff et al®with [C-14]2-deoxy-D-glucose. Fluorination of carbon-2—
that is, the replacement of the OH group in the 2-position of D-glucose with
a fluorine—is successful for at least two reasons: First, it respects the steric
characteristics of D-glucose without any substantial distortion in geometry,
which is a requirement for preservation of its needed activity with hexoki-
nase; and, second, it predictably assures that fluorodeoxyglucose-6-phosphate
(FDG-6-P), the product of the hexokinase-mediated phosphorylation of FDG,
will not be susceptible to further metabolism within the time-frame of the
imaging determination {e.g., typically 45 min). The reason is that the next re-
action in the glycolytic pathway after hexokinase is the freely reversible iso-
merization of glucose-6-phosphate to fructose-6-phosphate, in effect, a re-
arrangement of the carbonyl group from C-1 to C-2. The enzymatic
transformation imposes structural and geometric requirements in the sub-
strate that cannot be met by FDG due to the presence of fluorine substitu-
tion on carbon 2. All these factors make the accumulation of radioactivity in
the use of FDG very specific to the measurement of glucose metabolic rates.
At pharmacological doses, FDG can block phosphorylation of glucose due to
inhibition of hexokinase by FDG-6-P. This mechanism was observed early
when 2-deoxy-D-glucose was originally introduced as a therapeutic agent to
inhibit glycolysis in tumors. Because of the high-specific activity of FDG
(Chapter 3), there are no significant mass action effects of FDG-G-P on hex-
okinase when a PET determination is performed.

Consequently, the time-dependent accumulation of radicactivity as FDG-
6-P is proportional to the rate of the hexokinase-mediated reaction in tissue.
This biochemical trick, referred to as the principle of metabolic trapping, per-
mits the biochemical isolation of the hexokinase reaction, whose rate under
steady-state conditions is equal to the glycolysis rate or LMRGIc assuming no
significant glycogen formation or breakdown. It has been estimated that only
3% of glucose is metabolized via the pentose phosphatase shunt, at least in
normal rat brain.'> Moreover, the radiofluorinated glucose analog is a poor
substrate of glucose-6-phosphate dehydrogenase,'® the first enzyme in the
pentose phosphate shunt. Therefore, this pathway seems to contribute only
minimally to the measure of LMRGlc. Similarly, the influence of the highly
compartmentalized glucose-6-phosphatase to hydrolyze back FDG-6-P is low
within the experimental period of the tomographic determination (e.g., 45

- min)!” (Chapter 2). Thus, FDG provides a measure of the rate of hexolinase-
mediated glycolysis, independent of all subsequent reactions in the ghycolytic
pathway.

The in vivo kinetic properties of FDG as a substrate for hexokinase are in
accord with the mechanism of hexokinase binding to its substrate and ATP to
induce phosphorylation at carbon-6. In the design of a radiolabeled imaging
probe targeting hexokinase to measure local glucose metabolic rates, it is im-
portant to know that hexokinase is particularly insensitive to modifications at
carbon 2, including stereochemical modifications. In that regard, FDG and 2~
deoxy-2-fluoro-D-mannose (EDM), which only differ in the fluorine atom con-
figuration (e.g., the fluorine substitution can have two possible arrangements)
at carbon-2, are both good substrates for hexokinase. By contrast, I-fluoro-, 3-
fluoro- and 4-fluorodeoxy-D-glucoses are poor substrates for hexokinase (Table
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TABLE 4-2, Experimentally Determined Kinetic Constants of Fluorohéxoses with Hexokinase

K., Calce:fared Experi’mental

Relative  MgATP? K'm Km
Compound K (M) Vimax {mm) K (glucosel Ky (glucose)
o-Glucose 0.7 1.00 0.20 1 1
2-Deoxy-v-arabino-hexose “0.59 & 0.1 0.85 0.36 £ 0.11 — —_
2-Deoxy-2-fluoro-0-glucose 019 % 0.03 0.50 0.26 £ 0.05 1.14 1.36 + 0.37
2-Deoxy-2-fluoro-p-mannose  0.41 *+ 0.05 0.85 0.66 = 0.25 2.46 0.86 = 0.75
2-Deoxy-2,2-diflucro- 0.13 % 0.02 0.53 0.21 £0.02 0.78 0.91 = 0.47

p-arabino-hexose

3-Deoxy-3-fluoro-p-glucose 70 & 300 0.10 2.3 % 0.3b — _—
4-Deoxy-4-fluoro-o-glucose 84 = 308 C.10 1.9+ 0.1¢ — -
2-Chloro-2-deoxy-p-glucose 2106 0.54 097 £0.33 12,6 9% 10

Souree: Reprinted from Bessell et ab,'® with permission from Biochermical Journal, © The Biochemical Society.
sConcentration of ATP, 4.3 mM.  "Concentration of 3-deoxy-3-fluoro-p-glucose, 10 mM.
“Concentration of 4-deoxy-4-flsoro-p-glucose, 10 mM.

Note: Compounds that are not substrates: a-D-glucopyranosyl finoride, -p-glucopyranosyl flnoride, 2-O-methyl-p-glucose, 2,2-dichloro-2-deoxy-
D-arabino-hexose, Z-deoxy-2-Tuoro-p-galactose, 2,3-ankydro-D-mannose (kindly provided by Professor J, G. Buchanan), 2-chlogo-2-deoxy-p-man-
nose, 3-O-methyl-p-mannose. Compounds that are not inhibitors: a-p-glucopyranosyl flucride, B-p-glucopyranosy! fiuoride, 2-deoxy-2-flucro-p-
galactose, 2-deoxy-2,2-dichloro-p-arabino-hexose, 2,3-anhydro-D-mannose. Compounds that are inhibitors: 2-O-methyi-d-glucose (K; 60mM),
2-O-methyl-n-mannose (K 7mM). Values are means & SEM.

4-2).3 Therefore, in the design of a successful molecular imaging probe, the is-
sue is not only whether a radiolabeled finorine atom can be introduced on a
specific substrate, but also how to meet the biochemical requirements imposed
by the target enzyme/receptor.

ated (i 75)
escribed: above to: single-
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Molecular imaging probes targeting tumor enzymes

The principle of the FDG method has been applied to the investigation of
the biochemistry of cancer. It is currently applied extensively to the diagno-
sis and staging of the disease (Chapter 5). The knowledge obtained with FDG
is centered on energy utilization by tumor cells in vivo, as a source of energy
(e.g., adenosine triphosphate or ATP), Recently, approaches to target enzymes
involved in biosynthetic processes in the tumor have been developed. The two
most relevant examples are the development and use of: 1) fluorine-18-la-
beled 3'-fluoro-3'-deoxythymidine ([F-181FLT) as a probe of DNA replica-
tion and, therefore, cell replication, targeting mammalian thymidylate kinase

(TK); and 2) carbon-11-labeled choline and fluorine-18 labeled choline -

analogs to target choline kinase. Both enzymes are overexpressed in tumor
tissue. Other approaches targeting tyrosine kinases in tumors are under de-
velopment.

3 -[F-18]FLUORO-3' -DEOXYTHYMIDINE ([F-18]FLT)

Using [F-18]FLT as an imaging probe of DNA replication is based on eatly
work on the use of 3’ -fluoro-3'-deoxythymidine®* as a candidate for an anti-
AIDS drug in clinical trials.?? Incorporation of FLT via mono-, di-, and triphos-
phates into the DNA of MT4 cells and other cell lines was demonstrated.?® The
ability of FLT to incorporate into DNA resides in the efficiency of its triphos-
phate, formed intracellularly following the thymidine kinase {TK}-mediated
synthesis of its monophosphate, as a substrate of DNA polymerases.?* It ap-
pears that within the time of the PET determination, however, [F-18]FLT-5'-
monophosphate is the main product accumulating in tissue (Pigure 4-5).

F.18 FLT2526 has been used in animal models and humans®” and has been
shown to be effective in the visualization of primarily nonsmall celi lung can-
cer and brain tumors as well as normal highly proliferating tissues such as
bone marrow (Figure 4-6). [F-18]FLT has excellent properties as a molecu-
lar imaging probe in that it has specificity for mammalian TK and is essen-
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FIGURE 4-5. Description of the thymidine kinase-mediated phosphoryiation of
[F-18]FLT into its 5'-monophosphate that is metabolically trapped in tissue within the
time of the experimental détermination with PET (i.e., = 2 h). With longer exposure
times, the monophosphate would be subsequently phosphorylated by celiular kinases
to the di- and tri-phosphate, and the latter incorporated into DINA.

tially not metabolized in vivo in dogs. Flowever, it appears to have increased glu-
curonidation in humans, as evidenced by its accumulation in hepatocites.””

RADIOLABELED CHOLINE AND FLUORINATED ANALOGS

These molecular imaging probes are used to target choline kinase, an enzyr*
elevated in tumor cells. These molecular imaging probes are particularly useful
prostate cancer because of their ability to be rapidly trapped in the prostate can-
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FIGURE 4-6, Tracer kinetic models for FDG and [F-18]FLT based on their biochemi-
cal similarities as molecular imaging probes. Arrows show forward and reverse trans-
port between plasma and tissue and phosphorylation and dephosphoryiation. Both FDG
and [F-18]FLT phosphates are not significant substratés for dephosphorylation or fur-
ther metabolism at normal imaging times of 40 min to 60 min after injection. Images
are 6-mm-thick longitudinal tomographic sections of a patient with a fung tumor (ar-
rows) that has high glucose metabolism and DINA replication. The rest of the images
show normal distribution of glucose utilization and [NA replication, exceptions
being the clearance of both tracers to the bladder {arrowhead) and in the case of
[F-18JFLT glucuronidation by hepatocytes in the liver,

cer cells, coupled with their slow excretion rate via the kidney to the bladder, which
can obscure the prostate gland. This results in clear visualization of primary
prostate cancer, proximal lymphatic nodes, and local metastasis in humans, be-
cause no or little activity accumulates in the bladder in the first 10 minutes after
intravenous administration of the radiolabeled probe (Chapter 5; Figure 4-7).%8

Carbon-11 (methyl)-labeled choline®® was utilized in the detection of brain
tumors®®3! prostate cancer,** and esophageal carcinoma®® with good results. The
target enzyme is choline kinase® that not only takes choline as a substrate but
has sufficient binding flexibility at the binding site pocket to phosphorylate other
analogs (Table 4-3).>* The enzyme transforms choline into its phosphorylated
form, which is then incorporated into membrane components of tumor cells
(i.e., phospholipids). As a result of this essential activity in tumor cell prolifer-
ation, the enzyme has also been considered as a therapeutic target.

' Choline kinase seems to tolerate modifications in one of the methy! groups of
choline well. Fluoromethyl- and fluoroethyl-choline-substituted analogs are good
substrates for the enzyme {e.g., compare V,,/K,;, to that of choline}. Initial results
in prostate cancer patients with an F-18-labeled fluoromethylcholine analog seem
to confirm these expectations in vivo. It appears, however, that excretion via kid-
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FIGURE 4-7, Whole-body image using [F-18}fluoromethyicholine of a patient with prostate
cancer taken 5 min to 8 min after injection of the probe. A) Notice the presence (arrows)
of tumor metastasis in the pelvic area and upper thorax, as weil as the lack of activity in
the bladder. B) Metastasis (arrows) is also observed in the brain of this patient. At later
times, the radiolabeled probe is excreted via the kidney and filis the bladder..

ney is increased with the fluorinated analog when compared with C-11 choline,”®
which essentially shows no accumulation of activity in the bladder.

EXAMPLE 4-6 BRI _
Do choline derivatives meét the tiecessary requirements for qriantia-
tion. of choline kinase activity? : ' S
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+

Probes based on stoichiometric binding interactions

Receptor-ligand binding: general principles

These imaging probes are radiolabeled drug derivatives or analogs that
bind with a high degree of specificity to: 1) receptor systems, 2) neurotrans-
mitter presynaptic reuptake carriers, or 3) enzymes. Unlike probes based on
enzyme-mediated transformations, these probes do not experience chemical
modifications as a result of this interaction. There are many examples in the
literature of these kinds of drug-mimicking probes that have permitted ex-
tensive evaluation of central neurotransmission and other biochemical
processes with PET in health and disease (Table 4-4). In contrast with probes
for enzyme-mediated reactions, trapping of receptor-mediated probes is the
result of stoichiometric binding to the target site (Figure 4-8). This trapping
of the molecular imaging probe (o1 receptor ligand) is related to its speci-
ficity for the target site, the number of target sites (Bmax), and its affinity
(KD} for the same target. Because the number of target sites is limited (typ-
ically in the nanomolar concentration) in tissue and the binding is stoichio-
metric, binding specificity is highly dependent on the specific activity (Chap-
ter 3) of the PET imaging probe. When the probe specific activity decreases
(mass of cold or unlabeled component increases per unit amount of ra-
dioisotope), receptor site occupancy may reach saturation affecting the ac-
curacy of the determination by lowering the ratio of specific-to-nonspecific
binding and, thus, image contrast. On the other hand, this very important
property of receptor sites can be exploited using these molecular imaging

TABLE 4-4, Selected Imaging Probes and Their In Vive Use with PET

Imaging probe Use

6-{F-18]Fluoro-L-dopa Presynaptic dopaminergic function
4-[F-18}Fluoro-L-m-tyrosine Presynaptic dopaminergic function
6-{F-18lfluoro-i.-m-tyrosine Presynaptic dopaminergic function
2-{F-18]Ftuoro-L-tyrosine Protein synthesis, amino acid transport
{F-18]Long-chain fatty acids B-Oxidation

[F-18]Misonidazole Hypoxic cells
[F-18]N-Methylspiperone D-2 Receptor
N-[F-18}Fluoroethyispiperone D-2 Receptor
[F-181Fluoroalkylbenzamides D-2 Receptor
4-{F-18]Fuorodexetirnide Muscarinic acetylcholine receptor
MPPF 5-HT;a Receptor
N-{F-18]Fluoroethylketanserin 5-HT, Receptor

[F-18]Setwoperone 5-HT, Receptor

[F-181Altanserin 5-HT; Receptor
4-{F-18]flucrofentanil Opioid receptor
[F-18]3-Acetyicyclofoxy Opioid receptor
{F-18]Fluoroethytflumazenil Berzodiazepine receptor
6-[F-18]Fluoronorepinephtine Adrenergic nervous system
5-[F-18}Fluorouracil Tumor therapy control
16c-[F-18]Fluoroestradiol Breast tumors

[F-18IFLY DNA replication and cell proliferation
C-11- and F-18-labeled choline analogs Phospholipid synthesis in tumors

Abbreviations -2, dopamine2 receptor; FLT, 3'-deoxy-3'-fluorothymidine; FITy, serotonin type 2 receptor; MPFF, 4-
[B-18}fluoro-N-{2-{4-(2-methoxyphenyl)piperazin- 1-yl]ethyl}-N-pyridin-2-ylbenzamide.
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FIGURE 4-8. Schemalic representation of the steichiometric interaction of a molecu-
lar imaging probe (P) with a receptor {R}. Similar interactions may exist with enzymes,
mimicking enzyme inhibitor interactions commonly found with drugs.

probes to determine receptor occupancy by drugs [see Molecular Imaging in
Drug Development (p. 310} and Chapter 2]. Therefore, PET imaging probes
using receptors as targets should typically have very high-specific activity
{1-10 Ci/pmol) to preclude mass effects during the in-vive determination.
This requirement can be met with probes for enzyme-mediated reactions, but
is not critical. Enzyme-mediated probes can be successfully used even at spe-
cific activities 1,000 times lower (1-10 Ci/mmol) than the ones needed for re-
ceptor-mediated probes. Also, the binding affinity of these stoichiometric
probes for their target should be high, typically in the nanomolar range. Low-
binding affinities diminish the specificity of the determination because the
measured radioactivity in tissue containing the receptor target may not be in-
creased over that of tissue lacking receptors.*®

Imaging endogenous gene expression with radiolabeled

oligonucleotides: a perspective from probe design

Imaging approaches directed to gene expression involve either externally
transferred genes into cells {(transgenes) or endogenous genes (Figure 4-9). The
imaging approach involves extending reporter gene techniques used in biology
to PET using a PET reporter gene (PRG) and a PET reporter probe (PRP). The
PRG-PRP approach has used either an enzyme or a receptor gene as PRG. PRP
is, therefore, either an imaging probe that is a substrate of the PRG-enzyme or
& probe that is a ligand that binds to the PRG-receptor. In both approaches, the
PRG is incorporated into the genome of an adenovirus, which, following intra-
venous injection into the mouse tail vein, mainly localizes (> 90%) in the liver.
Thus, using microPET technology (Chapter 1), it is possible to determine the
location, magnitude, and temporal changes of gene expression. In either case,
the principle of utilization follows the general discussion above [e.g,, 1) probes
based on enzyme-mediated transformations®®? and 2) probes based on stoi-
chiometric binding interactions.*>*°] A detailed description of the assays, strate-
gles, and procedures is found in Chapter 2. '
‘ Endogenous gene expression is generally directed at the transcription of

genes into messenger RNA (mRINA). Single-stranded mRNA is encoded with

four bases: adenine (A), cytosine {C), guanine {G), and wracit (U). Specific se-
quences are targeted for imaging using radiolabeled antisense oligonucleotides
(RASON) with a sequence complementary to a specific sequence on the taxget
mRNA molecule. Complermentarity is established with the specific pairing of A
and U (or thymidine, T, in DNA molecules) and C with G (Figure 4-10). Then,
the approach is based on stoichiometric binding of the radiolabeled imaging
probe with an endogenous target molecule as described above.
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Inh Vivo Imaging of Gene Expression

Endogenous Genes Transgenes
. ETTR PET Reporter Gene/
In Vivo Hybridization | Reporter Probe
i i 1SE.PET
Reporier
© Probe

PET Reporter
- Gene
Therapy Gene

Virus

FIGURE 4-9. Two approaches to imaging gene expression in vivo with PET. The ap-
proach on the left images the expression of endogenous genes. In situ hybridization is
translated to in vivo hybridization using F-18-labeled oligonuclectides that contain
complementary sequences of mRNA to be imaged. The approach on the right images
transgenes (transplanted genes) administered to the subject. The PET reporter gene (PRG)
and therapy gene with common promoter are administered to the subject through a
vehicle such as a virus. Virus trarsfers PRG and therapy gene to cells of the subject.
Radiclabeled PET reporter probe (PRP) is then intravenously injected to determine
whether gene expression is occurring from PRG.
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FEGURE 4-10. Hydrogen-bonded base pairs adenine-thymine and guanine-cytosine,
the four common bases found in DNA,
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Targeting enzymes without catalytic transformation. of the

molecular imaging probe

This chapter reviewed that tissue enzymes can be targeted with radiolabeled
substrates and analogs for iz vivo assessment of their functionality. This approach
has been most successfully used with the application of the concept of metabolic
trapping [see Using Substrate Analogs of Enzyme Function {p. 282); Figure 4-3].
However, enzyme localization and function can also be assessed with molecular
imaging probes that bind to enzymes, either covaleatly or noncovalently in a
process similar to the one described: for receptor-ligend interactions (Figure
4-8). The most successful and elegant studies with PET were performed with
C-11-labeled compounds {e.g:, chlorgyline (N-{3-(2,4-dichlorophenoxy)propyl-
N-methyl-2-prepynylamine) and L-deprenyl [(—)-N, a-dimethyl-N-2-propy-
ayl-phenethylamine] that irreversibly bind to monoamine oxidase (MAQ} A and
B, respectively.*® The covalent binding to the enzyme itself by clorgyline and
L-deprenyl: follows the principle frequently referred to as suicide enzyme inac- .
tivation.*® The use of these radiolabeled molecular imaging probes with PET in
humans was based on the original development and use of these MAO inhibitors
as drugs. Because probes based on-the principle of suicide enzyme inactivation
selectively bind to the target enzyme only when active, they provide a means to
assay the amount of enzyme in the functional state. PET studies with these sui-
cide enzyme inactivation probes have allowed: 1) deterrnination of the in vivo
distribution of MAO A and B in the human brain, 2) understanding of the ef-
fect of antidepressant drugs and smoking on brain MAQ activities, and 3) as-
sessment of the rate of recovery of MAO activities in the human brain.
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Probes targeting pathological deposition

When the tissue target is not an enzyme or receptor system, either endogenous
or purposely introduced (see below, this chapter, In vivo Imaging of Transgenic
Gene Expression, p. 298) but rather a protein or other tissue target resulting
from the specific pathology, imaging probes can be designed to target them.
The best known example is the targeting of radiolabeled antibodies to sites on
the surface of tumor cells. This is discussed in Chapter 2 with the use of engi-
neered minibodies and antibodies. Other examples of these imaging probes are
now emerging together with 2 more complete understanding of the specific
pathologies. One such example is the development of molecular imaging probes
to target B-amyloid plaques and neurofibrillary tangles in the brain of patients
with Alzheimer’s disease. Common features in the brain of patients with fa-
milial or sporadic Alzheimer’s disease include the presence of abundant intra-
neuronal neurofibrils (NFTs), extracellular amyloid rich B-amyloid plaques
(APs), and neurona! loss.#® The difficulty in finding such molecular imaging
probes to target these pathologies resides mostly in the fact that most probes
known to bind amyloid plaques (i.e., Congo red, chrysamine G) do not appre-
clably cross the blood-brain-barrier, making them essentially useless in vivo. A
new generation of radiolabeled, highly hydrophobic naphthalene derivatives has
been developed and used in humans.*”*® These compounds have the ability to
easily diffuse into the brain and bind to both S-amyleid plaques and neu-
rofibrillary tangles with various degrees of specificity. Results were confirmed
by brain autoradiography in the same brain specimens matching results with
immunostaining {Figure 4-11).%° Because these probes are fluorescent, binding
is also demonstrated with confocal fluorescent microscopy and in vitro bind-
ing affinity measurements with B-amyloid neurofibrils. Moreover, the binding
of several nonsteroidal anti-inflammatory drugs (NSAIDs; e.g., naproxen,
ibuprofen) to the same S-amyloid site was demonstrated by competitive ki-
netics with the radiolabeled naphthalene probes™ (see Molecular Imaging and
Drug Development, p. 310}.

EXAMPLE 4-8

Drug mimicking imaging probes
Tfher‘e are few examples in PET that better illustrate the marriage of therapy (drug
interventions and treatment) and diagnostics using molecular imaging than en-
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FIGURE 4-11. A direct comparison of in-vivo PET (A) and in-vitro digita! autoradiog-
raphy (B) for detection of B-amyloid senile plaques (SPs} and neurofibrillary tangles
(NFTs) in the brain of a patient with Alzheimer's disease (AD). PET and autoradiogra-
phy utilized the molecular imaging probe, 2-(1 -{6-[2-[F-18}fluoroethyll(methy!) amino]-
2-naphthyljethytidene)malononitrile (-18]FDDNP). Subset A shows the FDDNP and
FDG-PET images coregistered to their respective MRI images. Areas of FDG hypome-
tabolism are matched with the localization of NFTs and APs resuiting from FDDNP
binding (marked arrows), The ["8F]JFDDNP images were obtained by summing frames
12 to 14, corresponding to 25 minutes to 54 minutes post-FDDNP administration. The
FDG images were obtained by summing frames corresponding to 20 minutes to 60

-minutes postFDG injection. The color bar represents the scaling of the FDDNP
and FDG images. (Reprinted from Shoghi-Jadid et al, 8 with perrnission from the Amer-
ican Psychiatric Association.) Subset B demonstrates the power of autoradiography to
map localization of NFTs and APs in brain specimens from patients with Alzheimer's
disease.

—_
s

dogenous gene expression with ODNs (see above) and transgenic expression de-
terminations. For example, human gene therapy trials with exogenous genes
(transgenes) can be significantly aided by the ability to locate, determine the
magnitude of, and establish time-dependent changes in gene expression. Assay
techniques are described in Chapter 2.

FIGURE 4-12, Schematic representation of B-amyloid plaque formation in brain tissue,
a phenomenon associated with Alzheimer's disease. Because of their ambiphilic na-
ture, amyloid peptides aggregate, forming simpfe microtubules that associate fo form
neurofibrils with multipfe microtubules. Newofibril aggregates form neurcfibrillary

plaques that frequently have ceflular debris,

T8FHZ0w— Ha

Hat”

Neurofibril
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~.Enzyme
HSV1-tk/{F-18]Fluoroganciclovir
Receptor
D. Recepior/[F-18]Fluoroethyispiperone
‘ TSE-PET
' Virus Vehicle Reporter

e
Promoter -

Virus
FIGURE 4-13. PET reporter gene-PET reposter probe (PRG-PRP) approach using either
enzyme or receptor gene as PRG system, In this example, PRG reporter and therapy
gene are placed in virus, which is injected into the tail vein of a mouse. Virus is de-
livered throughout the body via the bloodstream and focalizes in the fiver. Virus then
transfers PRG and therapy gene to cells in the liver. Because of a common promoter,
the expression of PRG corresponds to the expression of therapy gene. The PRG and
therapy gene can also be connected together via a common promoter in a single con-
struct (Chapter 2). PRG expression proceeds through transcription to mRNA and then
transiation to the protein product. [n an enzyme example with herpes simplex virus
thymidine kinase (HSV-1-tk) gene, the protein product is H5V-1-TK enzyme. The mouse
then receives an intravenous injection with the PRP, [F-1 8lfjuoroganciclovir, which dif-
fuses into cells and is cleared to the bladder. If gene expression is present, H5V-1-TK
enzyme phosphorylates [F-18]fluoroganciclovir, which is retained in the cell. in the re-
ceptor approach, [F-18]flucroethylspiperone is used as PRP to bind to the D, recep-
tor, which is the protein product of PRG.

.. Probe

In- vivo. imaging of transgenic expression with herpes simplex virus
thymidylate kinase (HSV1-TK): focus on probe-binding interactions
Molecular imaging probes for HSV1-TK were developed on the same prin-

ciples that produce metabolic trapping of the product of the HSV1-TK reaction,
as phosphorylated substrate in a process similar to the phosphorylation of FDG
by hexokinase (Bigure 4-13). In terms of probe design, ideal reporter probes for
HSV1-TK, the enzyme product of the reporter gene FHSV1-tk, should be good
substrates for the enzyme and poor substrates for mammalian TK (mTK), an
endogenous cytosolic enzyme [e.g., keat (or Vm)/Km for HSV1-TK >> keat (or
Vm)/Km for mTK]. It should also be understood that the imaging probe wilt
have to compete #11 vivo with endogenous thymidine, a substrate with very fa-
vorable kinetics for HSV1-TK.%
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To date, two main substrate groups have been developed as reporter probes for
HSV1-TK: 1) pyrimidine analogs and 2) acycloguanosine derivatives (Figure 4-14;
Table 4-5).°8°%51-10¢ Pyrimidine analogs [e.g., 5-iodo-2'-fluoro-2'-deoxy-1-8-D-
arabinofuranosyl-5-iodouracil (FIAU) radiolabeled with C-14, 1-131 or I- 124] have
very high sensitivity as imaging agents because they are high affinity substrates for
HSVI-TK. Theix Vm and Km approach those of the endogenous substrate thymi-
dine.*® However, they are also excellent substrates of the endogenous mammalian
TX, thus reducing their specificity for the HSV1-TK infected-target tissue. Some
differences do exist, however, between the in vivo kinetics of the interaction of FIAU
with HSVI-TK and mammalian-TX because some imaging specificity is obtained

when clearance of the nontarget component of the label is allowed. For example, -

FIGURE 4-14. Structures of thymidine, guanosine, and ciosely related analogs with
affinity for HSV1-TK. Radiofabeled versions of these molecules produced molecular
imaging probes used in the assessment of HSV1-tk mediated gene expression in vivo
with PET,
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TABLE 4-5. Summary of Reporter Gene/probe Systems

PET: Meolecular Imaging and Its Bielogical Applications

Reporter gene Mechanism Imaging agents Imaging References
Cytosine Deamination [*H]-5- Cell culture  Haberkorn et al. (1996)52
deaminase 19fluorcu:ytosiﬂe study Stegman et al. {1993)%3
[*9F].5 ‘
fluorocytosine MRS :
Herpes-simplex  Phosphory- [PUIFAU, [MCIFIAL SPECT, Tjuvajev et al. {1996)%*
virus type 1 fation . - gamma
thymidine camera
kinase [BIFIAU SPECT, Tjuvajev et al. (1999)°5
{HSV1-1k) gamma
‘ camera
(124K FiALS PLT Tjuvajev et al. (1999)56
[12311251F1 AL Gamma Haubner et af. {2002)57
camera
(1251IvDu, Cell culture  Morin et al, (1997)58
[125HIVFRU,
[125VFAL,
22hgvAU
[F23IFAL, ['251FIRY  Cell culture Wiebe et al. {1999)5%
[PHIFFUdR Cell culture  Germann et al. (199850
[4CIGCY, PHIGCY  Autoradi- Gambhir et al. (19988
ography  Haberkorn et al. (199762
Haberkorn et al. (1998)63
[*eFiGCV PET Gambhir et al. (1999)%7
Gambhir et al. (199881
[(!riPCV PET lyer et al. (2007)54
[*8FIFHPG PET Alauddin et al. {1996)65
Alauddin et al. {1999)66
de Vries et al. {2000)57
Hospers et al. (2000)62
Hustinx et al. {2001)%9
["®*FIFHBG PET Alauddin and Conti (1998)7¢
Yaghoubi et al. (2001)7
Mutant Herpes-  Phosphory- [T8FIPCY Cell culture,  Gambhir et al. (2000128
sirplesx virus [ation PET Sun et al. (2001)72
type 1 [SFIFHBG Yaghoubi et al. (2001)"
thymidine Yu et al, {2000)39
kinase
{HSV1-8r39-tk)
Dopamine2 Receptor- [8F] FeSP PET Maclaren et al. {1999)73
receptor ligand Sun et al. (2001)72
Yaghoubi et al, (2001)7%
Yu et al. (2000)3?
Mutant Receptor- ["8F] FESP PET Liang, et al. 2001)7¢
Dopamine2 tigand :
receptor
Somatostatin Affinity ["nJDTPA-0-Phe'- Gamma Rogers et al. (1999)7¢
receptor binding ocireotide camera
[84Cu]-TETA- Tumor Buchsbaum et al. (1999)77
octreotide uptake
study
[1%8Re]-somatostatin - Gamma Rogers et ai. (2000)78
analogue, 92™Tc camera Zinn et al. (2000)79

somatostatin
analogue
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TABLE 4-5, {continued)

301

Reporter gene Mechanism Imaging agents Imaging References
Oxotechnetate-  Binding via [¥9mTe) Autoradi- Bogdanov et al. {1997)80
binding transchela- Oxotechnetate ography Bogdanov et al. (1998)8
fusion tion ' CGamma
proteins ‘ camera
Gastrin- Affinity [125)3-miP-Des- Cell culture Baidoo et al. (19%8)82
releasing binding Met*4-bombesin Rogers et al. {1997)83
peptide {7-13INH, Cell culture  Rogers et al. (1997)84
receptor ["25lbombesin, Rosenfeld et al, (1997)85
Cell culture :
[#*mTe}-bombesin
analogue
Sodium/fiodine Active [1319) Gamma Boland et al. (2000)86
symporter symport camera Haberkom et al. (2001)87
{N15) :
Tyrosinage Meta} binding Synthetic Cell culture/  Enochs et al, (1997)88
to melanin n;»etallomelanins MRI Weissleder et al. (1997)82
['"n], Fe
Green GFP gene Fluorescence Fluorescence  Hasegawa et al. (2000120
fluorescent exprassion microscopy Pleifer et al. (2001)%
protein resulting in Yang et al. (2000)%2
(GFP) fluorescence Yang et al. {2001)%3
Yang et al. (2000)94
Yang et al. (1998)%5
Yang et al. (1999)%
Luciferase Luciferase Biolurninescence Contag et al. (1997)%7
(firefty) luciferin CCD camera  Contag et al. (1998)98
reaction in
presence of
oxygen, Mg?2*
and ATP
Luciferase Luciferase- Bioluminescence CCD camera  Bhaumik and
(renilla) luciferin Ghambir (2001)#2
reaction
in presence
of oxygen,
no other
cofactors
required
Cathepsin D Quenched Fluorescence CCD camera  Tung et al, (1999)100
‘ NIRF fluoro- activation Tung et al. (2000191
chromes Weissleder et al. (1999)102
P-galactosidase  Hydrolysis (1-(2-(8-galacto- MRI Louie et al. {2000)102
of B- pyranosyloxy)
glycoside propyl)-4,7,10-
bond tris (carboxy.
methyl)1,4,7,10
tetraazacyclodo-
decane)
gadolinium(H)
or EgadMe .
Engineered Receptor- Superparamagnetic  MRI Weissleder et al. (2000)104
ransferrin figand, iron
receptor internal-
(TR} ization

Abbreviations: ATP, adenosine triphosphate; CCD, chary
troscopy; NIRF, near-infrared fluorescent probes;

PET, positron emissicen tomography;

Setrce: Adapted from Ray et 25°! with permission from Elsevier.

ged coupled device; MRI, magnetic resopance jmaging; MRS, magnetic resonance spec-
SPECT, single photon emission computed tomography.
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{I-124]FIAU has been successfully used with PET in animals with implanted tu-
mors with various levels of HSV1-TK expression, but many hours (e.g,, 30) were
necessary to achieve the required specificity, namely, high ratios of specific {i.e.,
produced by the HSV1-TK- mediated phosphorylated product of [*24]FIAU) to
nonspecific background activity.”* Molecular probes have also been developed and
used with other gene reporter systerns (Table 4-5).3839,51-104

Acycloguanosine derivatives have also been extensively investigated as PET
reporter probes for HSV1-TK. A detailed description of their utilization in mice
models using microPET technology is presented in Chapter 2. This chapter out-
lines the principles of their utilization based on their kinetic properties with
HSVI-TK.

Using acycloguanosine derivatives as PET reporter probes with the HSV1-
tk PET reporter gene is based on the utilization of acycloguanosines (most no-
tably, acyclovir and ganciclovir) as therapeutic agents for herpes simplex virus
infections and in gene therapy protocols, using the FISV1-TK/ganciclovir sui-
cide system to treat many forms of cancers!®>-197 and AIDS, 108,109

9-[2-Hydroxyethoxymethyl]guanine (acyclovir) was shown 25 years ago to
be specifically phosphorylated by HSV1-TK. This discovery constituted the ba-
sis of the successful treatment of Herpes simplex virus infection. Since then,
other acycloguanosines (Figure 4-14) have been developed with even better ef-
ficacy as therapeutic agents. In all cases, the phosphorylated acycloguanosine de-
rivatives are converted by cellular enzymes to their corresponding triphosphates
which, upon incorperation into the viral DNA, produce chain termination and

thereby interrupt the vital cycle of virus replication. The safety of acy-

cloguanosines as therapeutic agents is predicated on the premise that they are
poor substrates for mammalian TK. Therefore, phosphorylation only occurs in
virus-infected cells, which minimizes toxic effects. The low affinity of acy-
cloguanosines for mammalian TK and high affinity for HSV1-TK is also a very
important property for utilization of these acycloguanosines as PET reporter
probes to produce high specificity in the image.

There are no amino acid sequence similarities between HSV1-TK and mam-
malian TK.*'° However, both enzymes may share their ability to bind the nat-
ural substrate, thymidine, and some pyrimidine analogs very efficiently. HSV1-
TK also phosphorylates purine as well as pyrimidine analogs. It also has low
specificity for the ribosyl moiety in nucleoside, readily accepting cyclic and
acyclic side chains. Therefore, the different characteristics of the binding sites of
both enzymes permit exploitation of this feature in the design of radiolabeled
acycloguanosine analogs as molecular imaging probes. '

First, it is important to understand the binding characteristics of thymidine
to HSV1-TK. The reported Km of thymidine for HSV1-TK is in the range 0.2
pm to 8.5 uM (most likely, submicromolar is the most accurate value) whereas
thymidine plasma concentration is 0.05 uM to 0.5 uM. This presents thymidine
as a formidable competitor for HSV1-TK sites in vivo, which necessitates imag-
ing probes with high affinity and catalytic efficiency (high kcat/Km) for high sig-
nal-to-noise ratios in the tomographic images (see above). A map of the HSV1-
TK active site obtained with X.ray crystallography (Figure 4-15) shows the
binding characteristics of thymidine to HSV1-TK. Interaction of the pyrimidine
ting is via its C-4 carbonyi and 3-NH group with the amide group of glutamine-
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_ .Tyr'_-_:l_'IZ__-"_

FIGURE 4-15. Binding modes of thymidine (dark gray bonds) and ganciclovir {light
gray bonds) in the active site pocket of HSV-1-TK. Oxygen and nitrogen atoms are
drawn as light and dark gray spheres, respectively. Hydrogen bonds are indicated as
dashed lines. There is a remarkable overlap between amino acid side chains in the
two active-site pockets. The only exception is glutamine-125, whose amide function-
ality is flipped approximately 180 between the two crystal forms in order to optimize
hydrogen-bonding opportunities. See ref. 111 and 112

125 and arginine-176, via two water molecules. Also, the pyrimidine ring is sand-
wiched and fixed between methionine-128 and tyrosine-172. The 3'-OH in the
deoxyribose mofety binds with tyrosine-101 and glutamate-225 and the 5'-OH
with glutamate-83. The site also has 2 domain (LID domain) that coses!'? and
is expected to undergo conformational changes upon substrate and ATP bind-
ing for phosphoryl-transfer.

Binary complexes of acycloguanosines (i.e., acyclovir, ganciciovir, and pen-
ziclovir) with HSV1-TK were also determined by X-ray crystallography at 2.37
A resolution (Figure 4-15). The guanine base occupies approximately the same
3eometric plane as the pyrimidine (in thymidine). Similarly, the guanine NH-1



304

PET: Melecular Imaging and Its Biological Applications

and 6-carbonyl groups form hydrogen bond pairing with glutamine-125 and
arginine-176. The hydrogen bond with glutamine-125 involves a conformational
shift of the side chain as well as a 180° rotation of the amide. There are only
slight variations in the hydrogen-bonding pattern of the guanine moiety among
these acycloguanosine analogs. The acycloriboside moiety (in acycloguanosines)
and the deoxyribose (in thymidine) are similarly located at the binding site. The
single hydroxy! of acyclovir {and the pro-(S)-groups of ganciclovir and penci-
clovir] mimics the 5'~-OH interactions of ribose.112

The introduction of radiolabeled fluorine to acycloguanosines”®13114 prq.
duces structural features that modify their binding parameters (Km, kcat) as well
as their catalytic efficiency (kcat/Kin) and, as a result, their ability to act as mo-
lecular imaging probes (Table 4-6). A combination of two factors decreases sub-
strate specificity for HSV1-TK: 1) Carbon-8 fluorine substitution destabilizes
guanine binding by modifying aromatic ring stacking with tyrosine-172 and hy-
drogen bonding with glutamine-125 and arginine-176, and 2) the simultaneous
presence of C-8 fluorine/C-2"-oxygen induces a shift from anti- to a preferred
quasi-syn conformation, redirecting the 5'-OH (the phosphoryl acceptor) away
from the ATP binding domain. When the fluorine is in the lateral chain, in both
ganciclovir and penciclovir, guanine binding characteristics are preserved, and
as a result, these compounds present the highest catalytic efficiency (particularly
the fluorinated penciclovir analog, FHBG (Tables 4-5%%3%51-104 g d 4.6), These
properties are matched by the ability of these radiofluorinated analogs to act as
in vivo molecular imaging probes (see Chapter 2).

Moreover, the availability of HSVI-TK mutants (e.g., HSV1-sr39TK) with
increased efficiency for acycloguanosines and decreased efficiency for endoge-
nous thymidine makes this reporter gene/PET reporter probe system even more
attractive for in-vivo gene expression determinations.’??

Probing the functional integrity of neurotransmitter systems

The significance of the dopaminergic system in health and disease states,
such as its well determined role in neurodegenerative disorders involving mo-
tor function (e.g., Parkinson’s disease), emotional disorders (e.g., schizophre-
nia), and the effects of drugs of abuse (e.g., cocaine and m-amphetamine), has
made it the best studied central neurotransmitter system in vivo. A plethora of
molecular imaging probes have been developed in the last 20 years to evaluate
the functional integrity of the dopaminergic system, involving probes of en-
zyme function acting as substrates (e.g., FDOPA, 4- and 6-{F-18]fluoro-1-m-
tyrosine) or binding stoichioimetrically to enzymes (i.e., C-11 deprenyl), probes
of the presynaptic dopamine reuptake carrier (e.g., WIN analogs, ritalin, and
cocaine}, and postsynaptic receptor probes (e.g., dopamine DI, D2, D3, and
D4 probes) (Figure 4-16). The dopaminergic system is used in this chapter as
an example of how multiple probes have been constructed to dissect the vari-
ous biochemical components of a neurotransmitter-based cell communication.
Reviews of molecular imaging probes for other neurotransmitter systems can
be found elsewhere.}1®

Among molecular imaging probes of enzyme function, FDOPA has been ex-
haustively studied from a mechanistic perspective.!l” FDOPA has already
demonstrated its value as a diagnostic tool for movement disorders and its uti-
lization resulted in major discoveries in the neurodegenerative process leading
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" Dopaminergic
Terminal
Tyr

Neuronal
Membrane

BPeprenyl
-

/
Postsynaptic -/ Presynaptic
dopamine receptors reuptake ligands
{Dq through Dsg) (Cocaine, m-amphetamine,

Ritalin, WIN analogs)

FIGURE 4-16. Schematic representation of a cellular dopaminergic terminal. The use
of molecular imaging probes with PET for presynaptic function assessment (e.g.,
FDXOPA) or presynaptic dopamine reuptake ligands (e.g., cocaine) or postsynaptic func-
tion (e.., dopamine Dq-Ds receptors) permits the biochemical dissection of the system.
Abbreviations: AAALD, aromatic L-amino acid decarboxylase; BBB, bleod-brain-barrier;
DA, dopamine; DOPAC, dihydroxyphenylacetic acid; FDOPA, L-34-dihydroxy-6-
[18F]fluroro-phenyl-alaning; HVA, homeovanillic acid; L-DOPA, levodopa; MAG A,

monoamine oxidase A; TH, tyrosine hydroxylase; Tyr, tyrosine.

Plasma __5‘__,“, Striatal Ka
FDOPA FDOPA |
e P—
ka
Plasma ....m}ffm_.., Striatal
3OMFD 3OMFD
k
]

FDA &
Metabolites

Ka

FIGURE 4-17. Compartmental model generally used to describe the tracer kinetics of
&-[8F)fluoro--DOPA (FDOPA) in brain tissue.



"yaprER & The Molecular Basis of Discase 307

1o Parkinson’s disease progression (Chapter 7). Asan analog of L-DOPA, FDOPA
i; decarboxylated by aromatic-1-aminoacid decarboxylase (AAAD) to 6-[F-18)flu-
srodoparnine (FDA) that, like dopamine, accumulates in vesicles in the neuro-
wyansmitter terminal, This is a slow turnover rate functional pool with a turnover
vate of 0.21 h™ 1 181® Thus, this trapping mechanism is a variation of the meta-
bolic trapping via phosphorylation illustrated above with FDG/hexokinase and flu-
sroguanosines (or FIAU)/HSV1-TK. Based on this knowledge, various methods
have been used to quantify accumulation of FDA, including simple specific-to-
nonspecific ratios'® and compartmental models with various degrees of com-
plexity. Typically, these models represent reversible competitive transport of
FDOPA across the blood-brain-barrier (K1/k2); AAAD-mediated decarboxylation
and trapping (k3); and FDA vesicle release, metabolism, and tissue clearance (k4).
The formation of peripheral metabolites (i.e., 3-O-methyl-[P-18)fluoro-L-DOPA,
S0OMEDY} is also represented in the mathematical model (Figure 4-17).

For analysis of the various tracer kinetic models, estimations, and constraints,
the reader is referred to the above-mentioned references and Chapter 2.

EXAMPLE 4-9 -

Hot doés EDOPA decarboxylation rate [l (PET)] relate io dopamitie
synthesis? = . . N T
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TABLE 4-7, Summary of Reported In-Vivo Striatal Aromatic:L-amino Acid

Decarboxylase (AAAD) Rates

PET: Malecular Imaging and Its Biological Applications

AAAD

Assay activity
Species description [ks" minj] Reference
Human FDOPA PET 0.G24 Gjedde et al. {1991 )13
Human FDOPA PET 0.041 Muang et al. {1991)12%2
Human FDOPA PET 0.083 Hoshi et al. (1993125
Human FDOPA PET 0.021 Ishikawa ef al (1996)126
Human FDOPA PET C.080 Kuwabara et al, {1995)127
Furnan FDOPA PET 0.012 Nahmias et al, (1996)128
Human 6-FMT PET? 0.011 Nahmias and Wah! {1995)129
Monkey (Macaca nemestrina) ~ FDOPA PET 0.021 Barrio et al. (1990)'30
Monkey (Vervet) FDOPA FET 0.015 Barrio et al. (1996)7*4
Mankey (Rhesus) L-i8-11C]DOPA PET 0.012 Hartvig et al. (19931137
Monkey (Rhests) -[3-11CIDOPA PET 0.011 Teukada et al, {1996)132
Monkey (Vervet) 6-FMT PET? 0.033 Barrio et al. (1996)7 4
Rat (Sprague-Dawley) FDOPA 0.010 Reith et al. (1990)732
Rat (Wistar} PHIDOPA 0.260 Cumming et al. (1995)!134.0
Rat {Long-Evans) FDOPA 0.170 Cumming et al. (1994)135:L.
Source: Reprinted with permission from Yee et al 122

Abbreviations; FDOPA, 6-{F-18]fluoro-L-DOPA; PET, positron emission tomography.

16 FMT, §-{!8Fifucro-L-m-tyrosine.

5 Bx-vive experiments. 5

il
&l
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#3LE 4-8. Summary of Reported In-Vitro Arematic-L-Aminoacid Decarboxylase (AAAD) Activity

AAAD
Brain . activity
soacies region (mi/min/g) Reference
a Caudate 0.2152 Kuntzman et al. (1961)136
Human (Postmortem) Caudate 0.057 Mackay et al. (1978)3%7
pinkey (Green) Putamen - Goldstein et al. {1969)138
Fet (Donryu) Caudate 0.107 Rahman et al. {1981)3°
Eat (Wistar) Striatum 0.447 Broch and Fonnum {1972)140
fat (Sprague-Dawley) Striatum - 0075 Awapara and Saine (1975)141
Rt (Sprague~Dawley) Striatum 0.0%0 Hefti et al. {1950)142
Rai (Hooded) Striatum 1.800 Cumming et al. (1994)!3%
Rebbit : Caudate 0.155 McCaman et al. (1965197
Sarzecs Reprinted with permission from Yee et al.122

*Linki conversion was carried out by dividing AAAD activity determined by the average K, for AAAD determined from pig kidney enzyme. The
averige Ky used was 165 M as determined previously (Reprinted with permission from Reith et al.}3%)
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MOLECULAR IMAGING AND DRUG DEVELOPMENT

Many examples of molecular probes used with PET and discussed above have
originated from drugs developed by the pharmaceutical industry. The marriage
of molecular diagnostics with molecular therapeutics in the field was mainly nur-
tured by the existence of excellent drugs that target enzymes and receptors that
were Iater adapted as molecular imaging probes. As a result of this interaction,
many drug-mimicking imaging probes were developed and their utilization with
PET provided insight into their site of action and their time-dependent interac-
tion with these sites. In this regard, earlier advances focused on the design of
procedures to define the relationship between plasma Ievels of drugs and recep-
tor occupancy at the site of action in tissue. 115

Receptor occupancy has been defined as the fraction (%) of the receptor
population that is occupied by the unlabeled drug.*? Because the binding of the
imaging probe is stoichiometric and based on saturation kimetics, at high-
specific activity the radiolabeled probe eccupies only a minirmum number of re-
ceptor sites. Therefore, when a drug binding to the same site is present, binding
of the site by the molecular imaging probe will be reduced based on the amount
of unlabeled drug present, its binding affinity for the target (KD), and the num-
ber of receptor sites (Bmax). ‘

Receptor occupancy determinations have been made with a number of neu-
roreceptor probes which have provided an accurate view of the necessary dose of a
drug for optimal clinical efficacy and reduced toxicity (Table 4-9).393 The method
has been most extensively applied to the determination of antipsychotic drugs bind-
ing 12 Por example, as a result of the utilization of this technique with PET, it was
determined that neuroleptic action requires 70% to 80% dopamine-D2 receptor oc-
cupancy. Higher receptor occupancy, associated with overdosing, is also frequently
associated with side effects involving disturbances of the motor system (extrapyra-
midal syndromes). Therefore PET is an important teol to optimize patient dose by
measuring the target receptor occupancy. Figure 4-1813 illustrates this principle.

With the advent of microPET cameras {Chapter 1), the use of PET has ex-
panded to drug development,*? initiated by combining the resources of the phar-
maceutical industry with those of the radiopharmaceutical industry, universi-
ties, and government facilities. It is anticipated that this continued effort will

TABLE 4-9. Neuroreceptor Quantitation and Occupancy Sites

Drug/imaging probe Receplor site

MDL-100, 997/N-[C-11lmethylspiperone 5-HT2A receptors
Clomipramine/F-18 setoperone 5-HT2A receptors
Nainefene/[C-11]carfentanil Opiate receptors

SDZ MAR 327/[C-111 SCH 23390 Dopamine Dy recepiors

Sotnce: Reprinted from Burns et 21,5 with permission from Elsevier.
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FIGURE 4-18. Suggested distinct thresholds for antipsy- 100
chotic effects and extrapyramidal syndromes as induced @
by classical antipsychotic drugs, determined from PET  x EPS
measurement of receptor occupancy. Owing to the hy- & Antipsychotic sffect
perbalic relationship between occupancy of the Dy re- 3
ceptor and dose of antipsychotic drug (or plasma con- 8
centration), there is a rather narrow interval for optimal &
therapeutic treatment. Abbreviation: EPS, extrapyramidal &
syndromes, (Reprinted from Farde, ™ with permission £
from Elsevier.) e
R )
Brose (units)

have a profound impact on the process of drug discovery and evaluation, re-
ducing cost, and the time necessary to produce successful drugs for patient care.
Such an approach is described in Figure 4-19.

Using the same technology as the one used to produce drugs (i.e., automated
devices that perform combinatorial chemistry on solid support), combinatorial
radiochemistry has proven effective in producing radiolabeled drugs. This tech-
nigue, with a single radiolabeled reagent (i.e., C-11 methyl iodide), makes it pos-
sible to label large numbers of compounds identical to drug prodacts or as
analogs to be tested with microPET technology in mice and humans (Figure

4-20). These approaches will also be explored with other positron-emitting ra-’

dioisotopes (e.g., F-18). Advantages of this approach include:

1. The solid-phase technology permits easy preparation of these radiolabeled
drugs without purification because the only released product is the radiolabeled
drug (i.e., Hoffman elitnination).

2. MicroPET evaluation of drug candidates.in mice (i.e., time-dependent or-
gan distribution, plasma and cell membrane permeability, and mode of excre-
tion) allows for the determination of structural predictors of in-vivo behavior
based on specific physicochemical properties of these molecules (e.g., partition
coeficient, a measure of the affinity of a compound for lipid environments).1%*

FIGURE 4-19. Model approach for dis-
covery and evaluation of molecular im-
aging probes and drugs. A smal! number
of animal models of disease are evalu-
ated with microPET and molecular im- o 8 -
aging probes and with divect biological T
assays and behavioral assessments. If re-

sults are positive, a small number of stud-

ies is performed in patients to assess the

correlation between animal modet and

humans {A), In this case, a clinical PET

scanher is used to perform the same as-

says in humans as were performed with

microPET in animals, f the correlation is

reasonable, larger nurbers of animals — microPET
are- studied to beiter define the proper

lies of the imaging probe or drug (B). A

larger number of patient studies are then
performed to evaluate an approach in !
humans with clinical PET (C), which

could be used for evaluating drugs or

molecular imaging probes.

A Clinical Trials Demoenstration Proiect

Vetme T FPhase |V

Chlinicat PET
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FIGURE 4-20. Schematic reprasen-
tation describing the marriage of
combinatorial chemistry approaches
in drug development and their use
to produce radiolabeled versions of
those drugs (PET probe) for in vivo
evaluation with microPET in mice,

Solig Phase Synthesis
of Drug Precursors
&
/m
EROBEEE B in Vitro Sereening of

; " One-Bead One Compound

TS This concept introduces PET in the
g early stages for in vivo evaluation
, of promising drug candidates.
e T
108880¢E_8
t Y - J
[
8
g PET Probe
Drug Release Release ¥
‘ @ with Reagent with
"Hot" Reagent
e.g. CH;t

It will also allow for the determination of the pharmacokinetic paratneters as-
sociated with the mode of administration and the in-vivo affinity of drug can-
didates for tissue targets. By a commodity of methods used, microPET study
paradigms are then transiated to hurnan patients with clinical PET scanners.

3. The data base on the in-vivo distribution of drug candidates will facilitate
the computational design of new combinatorial libraries using, for example,
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pharmacophore fingerprinting!® based on specific chemical features of the
molecules. The application of computational tools to identify structural cor-
relates of in-vivo data using various algorithms (i.e., computational informat-
ics) will then: 1) enable the development of predictors of in-vivo behavior, 2}
increase the likelihood of success when drug candidates are used in humans
(clinical trials), and 3) accelerate the drug discovery process.

The combination of all these featares, including rapid radioiabeling of thou-
sands of molecules and their in-vivo evaluation in rodents, has the power to al-
ter the dynamics of combinatorial chemistry design. It will also allow the rapid
introduction of selective, promising drug candidates into rodents, nonhuman
primates, and humans using the same radiolabeling concept. Therefore, the en-
ergy barrier for introduction of thege drugs into clinical trials (Figure 4-19) will
be reduced and, most importantly, a much more accurate and scientifically based
selection and evaluation of candidate drugs will be achieved. :

MAKING MOLECUlLAR IMAGING PROBES AVAILABLE
VIA DISTRIBUTION CENTERS

In the late 1970s and early 19805, enormous progress was made in the development
of PET technology as a result of generous government support in the United States
(i.e., Department of Energy and the National Institutes of Health) and abroad, This
support resulted in: 1) the development of new cyclotron technology for biomed-
ical use (Chapter 3); 2) synthesis of a wide array of biological imaging probes; 3)
design and engineering of new automated synthesis integrated with the new cy-
clotron technology to yield a new concept of electronic generators ( Chapter 3); and
4) new technological developments in instrumentation, leading to high-resolution
tomographs (Chapter 1). Research in humans intensified and new observations on
the biochemistry of disease, coupled with the technological innovations previously
mentioned, paved the way for the clinical ufilization of PET. The Food and Drug
Administration Modernization Act of 199715 also provided the legal basis for a
new regulatory paradigm for clinical PET and reimbursement for clinical applica-
tions of PET in cancer, as well as nevrological and cardiovascular diseases:
Making PET available to patients would not have been possible without radio-
pharmacy distribution centers, a service that emerged in the mid 1990s and has
grown very rapidly since then. Today, FDG, the main radiopharmaceutical used in
clinical PET, is available throughout the United States and many parts of Canada,
Europe, Japan, Asia, South America, and Australia because of the expansion of these
radiopharmaceutical services. However, a new phenomenon is occurring as a re-
sult of progress in two major areas: 1) the development of microPET technology
(Chapter 1), which has made PET accessible to biological scientists and physicians
working on the molecular basis of disease; and 2) the aggressive introduction of the
pharmaceutical industry in the field, alerted to the value of PET in the process of
drug discovery. The relationship between PET and the pharmaceutical industry pro-
vides great value to each. To PET, the pharmaceutical industry provides access to
their molecular syntheses, screening technologies, and molecular Libraries. To the
Pharmaceutical industry, PET provides a means to biological screen and evaluate
drugs in living mammals, from genetically engineered and human cell transplant
models of disease to the ultimate laboratory setting of the patient. '

313
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FIGURE 4-21. Relationship between clini-
cal PET services and research and devel-
opment of PET radiopharmaceuticals. in
this model, PET radiopharmacy delivers

- SE and 16 Food and Drug Administration-approved
e Animal PET radiopharmaceuticals to clinics, PEY
Experimentation radiopharmaceuticals and radioisotopes

Cryostat ~ © : are also delivered to imaging research lab-

T oratories with small-animal imaging modal-

ities such as PET, MR, single photon emis-
sion computed tomography {SPECT), (T,
autoradiography, optical imaging systems,
and wet laboratories for tissue, cell, and
chemical analysis. These laboratories are in
universities, radiopharmaceutical compa-
nies, or pharmaceutical companies and can
focus on discovery of molecular imaging
Division ' probes or pharmaceuticals or both together,
CQutcomes are translated into clinical re-
search and, then, clinical practice.

i
b

Thus, the concept of integrated PET centers is evolving. The clinician oper-
ating a clinical PET service is no longer the only customer of the PET radio-
pharmacy. The need to make molecular imaging probes (i.e., for transgene ex-
pression determinations in animals or drug-mimicking probes) available
through distribution centers has become indispensable for rapid growth. of PET
through biological and pharmacologic research in the new areas of molecular
medicine. The delivery of positron-emitting radioisotopes and labeled: com-
pounds is indeed similar to the commercial delivery of C-14, H-3, P-32, and I-
125 radioisotopes and labeled: compounds to research laboratories.

In this new model, several alternatives are evolving, including availability and
delivery of: 1) PET radiopharmaceuticals for diagnostic use; 2) imaging probes
to research laboratories in hospitals, universities, and the pharmaceutical in-
dustry with microPET and PET tomographs for human use; and 3) chemistry
precursors to these laboratories. The latter is a convenient avenue for sites that,
having access to nearby PET radiopharmacies, may obtain the necessary radio-
labeled: precursor (i.e., fluoride ion) to prepare PET imaging probes or to la-
beled experimental probes. This process facilitates new investigations and:-opens
novel pathways from probe discovery to clinical use (Figure 4-21).
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