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Apoptosis is a fundamental biologic process. Molecular imaging
of apoptosis in vivo may have important implications for clinical
practice, assisting in early detection of disease, monitoring of
disease course, assessment of treatment efficacy, or develop-
ment of new therapies. Although a PET probe for clinical imaging
of apoptosis would be highly desirable, this is yet an unachieved
goal, mainly because of the required challenging integration of
various features, including sensitive and selective detection of
the apoptotic cells, clinical aspects such as favorable biodistri-
bution and safety profiles, and compatibility with the radiochem-
istry and imaging routines of clinical PET centers. Several
approaches are being developed to address this challenge, all
based on novel small-molecule structures targeting various
steps of the apoptotic cascade. This novel concept of small-
molecule PET probes for apoptosis is the focus of this review.
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The discovery of apoptosis is one of the most important
advances in biologic research of recent years. The concept that
cell death is not merely random and chaotic but rather is
programmed and regulated sparked imagination and revolutionized
biologic thinking. Intensive research unveiled apoptosis as
a universal and fundamental process inherent in any nucleated
cell and tightly regulated and executed by specific, genetically
controlled cellular protein systems. Numerous triggers, either
physiologic or disease-related, can trigger the apoptotic program,
all ultimately converging into a point at which the cell commits to
the death process. Apoptotic cells are converted into clusters of
membrane-bound particles that are subsequently engulfed and
eliminated by macrophages (/,2). Two major pathways of
apoptosis have been characterized: the intrinsic pathway, featuring
mitochondrial permeability transition, irreversible membrane de-
polarization, release of cytochrome c, and activation of caspases,
and the extrinsic pathway, featuring transmembrane “death recep-
tors” with respective ligands (e.g., tumor necrosis factor, tumor
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necrosis factor—related apoptosis-inducing ligand, and Fas ligand)
and signal transduction pathways, leading to caspase activation (7).

CLINICAL PERSPECTIVE ON APOPTOSIS IMAGING

From a clinical viewpoint, apoptosis research creates exciting
opportunities. A biomarker for apoptosis may assist in early
detection of disease, monitoring of disease course, or assessment
of the effect of therapy on a wide scope of diseases. However, to
date, the goal of imaging the death process in vivo as part of
routine clinical practice has not been achieved. A useful probe for
clinical molecular imaging of apoptosis should successfully
integrate several distinct features (Table 1). First, the probe
should manifest high selectivity and specificity for apoptotic
cells, detect cells in the early stages of the death process, and
preferably distinguish between apoptotic and necrotic cells.
Second, the probe should be suitable for use in vivo. Primarily,
this implies adequate biodistribution on intravenous administra-
tion, rapid distribution throughout the body, detection of the
apoptotic cells in vivo, and rapid clearance from nontarget sites,
with a favorable signal-to-background ratio. Third, the probe
should be nontoxic and chemically and immunologically inert.
Fourth, the probe should have high stability in vivo, with minimal
metabolism (3). Finally, the probe should be compatible with
routine clinical practice. PET, because of its advantages in image
quality and signal quantification, emerges as the leading modality
in molecular imaging but presents challenges regarding rapid and
efficient radiolabeling. Taken together, these considerations
demonstrate the complexity of translating into reality the vision
of molecular imaging of apoptosis by PET.

PROTOTYPE BIOMARKER FOR APOPTOSIS

The first biomarker for apoptosis evaluated clinically was
99mTc-annexin-V. This 36-kDa protein binds with high affinity
to phosphatidylserine head groups, thereby reporting on
phosphatidylserine exposure on the cell surface, an early and
universal event in apoptosis. Although initially used to detect
apoptosis in vitro, **™Tc-labeled derivatives of annexin-V al-
lowed extension to in vivo indications. Pioneering SPECT
studies with °*™Tc-labeled annexin-V provided a highly im-
portant proof of concept for the feasibility and potential clinical
utility of apoptosis imaging in various medical disorders (4).
99mTc-annexin-V was found useful for detecting apoptosis in
cardiovascular disorders such as myocardial infarction or
atherosclerotic plaques and for monitoring the effect of therapy
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TABLE 1. Requirements of a PET Probe for Imaging
Apoptosis

Requirement Details

Detection of apoptotic  High selectivity and specificity for
cells apoptotic cells

Detection from early stages of
apoptotic process

Distinction between apoptotic and
necrotic cells

Correlation with histologic
hallmarks of apoptosis

High stability on administration
in vivo

Rapid distribution on
administration, with rapid
clearance from nontarget sites,
preferably through urine

Adequate dosimetry

Safety: lack of chemical or
immunologic reactivity

Rapid, robust, and reproducible
radiolabeling procedure;
preferably with 18F

Good integration in the routine
radiochemistry and imaging
procedures of clinical PET
centers

Adequate performance
in vivo

Compatibility with
clinical practice

in certain types of cancer, such as tumors of the head and neck
(5,6). However, these studies also delineated limitations of such
protein-based molecular imaging (/). At the level of specificity,
annexin-V labels both apoptotic and necrotic cells by also
reaching and binding to intracellular phosphatidylserine through
disrupted plasma membranes. At the level of biodistribution,
annexin-V is characterized by relatively slow clearance from
nontargeted tissues, conceivably because of its large protein
structure, thus reducing signal-to-noise ratios (/).

Radiolabeling of annexin-V for PET imaging was also
attempted. The 110-min half-life of '8F, the most widely used
isotope for PET, dictates a need for rapid and efficient
radiolabeling. Because annexin-V harbors numerous functional
groups requiring protection and deprotection steps, its direct
radiolabeling with !8F is impractical. Labeling groups, such as
N-succinimidyl 4-!8F-fluorobenzoate, have therefore been
synthesized, with subsequent derivatization of annexin-V (7).
Albeit obtaining good synthetic yields, radiolabeling and
purification of such probes are quite complex, especially in
the context of routine clinical practice. To allow longer
radiolabeling procedures and also address the slow clearance
rate of annexin-V, alternative radioisotopes with a longer half-
life than that of '8F (e.g., ®*Cu or '?*I, with half-lives of 12.7 h
and 4.2 d, respectively) were also investigated (2,8). However,
these isotopes are not routinely used in clinical PET.

SMALL-MOLECULE PET PROBES FOR APOPTOSIS

Conceptually, low-molecular-weight compounds may have
advantages as PET tracers over large protein-based probes (2,4).
One major potential advantage of small-molecule compounds is
that radiolabeling procedures are more feasible. This greater
feasibility may relate, in part, to the small number of functional
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groups in such compounds, compared with large proteins. Thus,
avenues are opened for direct, rapid, and robust attachment of the
radioisotope, a key requirement for clinical practice. Other
important features of small-molecule PET probes include
potentially better biodistribution and clearance profiles. Small
molecules are also less prone to elicit immunologic responses.
Importantly, small molecules are also more suitable for structural
modifications, which are often necessary to optimize probe
performance. The path to the desirable small-molecule PET
probes for apoptosis will conceivably extend beyond direct
phosphatidylserine ligands such as annexin-V and will probably
have to rely also on other mechanisms of action. The small
moiety of the phosphatidylserine head group cannot function by
itself as a pharmacophore to which a small-molecule probe can
bind effectively and selectively, as reflected, among others, by the
fact that each annexin-V molecule binds to numerous phospha-
tidylserine head groups in order to generate enough free energy
for binding (7). Several approaches have been reported, based on
targeting other steps or hallmarks of the apoptotic cascade rather
than direct phosphatidylserine binding. These reports represent
the current 3 major approaches to addressing the challenge of
small-molecule PET probes for apoptosis: probes for caspase
activation; probes for detection of collapse of mitochondrial
membrane potential; and detection of the apoptotic membrane
imprint, that is, a complex of apoptosis-specific membrane
alterations distinguishing the apoptotic cell from its viable or
necrotic counterparts.

PET PROBES FOR CASPASE ACTIVATION

Caspases play pivotal roles in both the intrinsic and the
extrinsic pathways of apoptosis. Several groups have investi-
gated potential ligands for activated capase-3. Although
research initially focused on peptide-based ligands, a major
advance has recently been made with the introduction of novel,
small-molecule caspase inhibitors, based mostly on the isatin
sulfonamide moiety. Several compounds of this class have been
radiolabeled with either !'C or '8F for PET. These include the
isatin compounds '8F-ICMT 11, '8F-caspase binding radio-
ligand, ''C-WC-98, and '8F-WC-1V-3, which were examined as
apoptosis probes either in cell cultures or in vivo (9-14). All
demonstrated high affinity to caspase-3 in isolated enzymatic
assays and have shown increased uptake in models of apoptosis,
such as liver cell apoptosis induced by either cycloheximide
or anti-Fas antibody, with confirmatory histologic assessment
of the death process. A concern that emerged about these
compounds is the apparent substantial drop in probe affinity on
moving from the isolated protein system to whole-cell or in vivo
settings, where markedly higher concentrations of the isatin
compounds are needed to inhibit caspase (/4,15). This obser-
vation, and an apparently suboptimal biodistribution profile,
may relate in part to a potential nonspecific chemical reactivity
of the dicarbonyl moiety of the isatin molecule. Although this
functionality is essential for probe binding to the nucleophilic
cysteine thiolate at the caspase-active site, it may also lead to
nonspecific binding to other cysteine proteases (e.g., cathepsins)
that manifest constitutive expression or to various other macro-
molecules in the body that contain nucleophilic moieties such as
amine or thiol groups (/5). Considering the universal role of
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caspases in apoptosis, and especially that of capsase-3 in the
final common pathway of the death program, targeting activated
caspases is clearly an attractive approach that may be expected
to develop into clinical trials, pending further optimization of
probe structure and performance.

PET PROBES FOR DETECTION OF COLLAPSE OF
MITOCHONDRIAL MEMBRANE POTENTIAL

The permanent collapse of the mitochondrial membrane
electrochemical potential plays a key role in apoptosis. A recently
explored approach uses radiolabeled voltage-sensitive probes, that
is, !8F-radiolabeled organic cations such as !8F-fluorobenzyl
triphenylphosphonium cation ('8F-FBnTP), for apoptosis imaging
via detection of the loss of mitochondrial membrane potential.
The electrochemical proton gradient across the inner mitochon-
drial membrane in viable cells favors inward movement of such
cations into the mitochondrial matrix. This gradient is lost early
on induction of apoptosis, with a respective reduction in tracer
uptake. Therefore, these probes manifest signal reduction on
induction of the death process, in contrast to the increased signal
observed with the other probe categories. Significant respective
reductions in '8F-FBnTP uptake on induction of apoptosis have
been demonstrated in vitro in staurosporine-treated lung carci-
noma cells (/6) and paclitaxel-treated breast carcinoma cells (/7)
and in vivo in prostate tumor—bearing mice treated with docetaxel
(17). A potential limitation of this approach, which merits further
research, is a potential efflux of these probes from certain living
cells by multidrug-resistance proteins. Viable cells manifesting
such a probe efflux may be misdiagnosed as apoptotic cells (16,17).

DETECTION OF APOPTOTIC MEMBRANE IMPRINT

The apoptotic membrane imprint is a complex of cellular
alterations that take place early in the apoptotic process. The

imprint comprises an irreversible loss of plasma membrane
potential, permanent acidification of the external plasma
membrane leaflet and cytosol, and activation of the membrane
phospholipid scramblase system, with preservation of membrane
integrity (Fig. 1D). The concerted concurrence of this complex of
cellular features distinguishes the apoptotic cell from its viable or
necrotic counterparts (/8). A set of novel small-molecule probes
designated the Aposense compounds (a patented platform
technology; Aposense Ltd.) has been rationally designed to
detect this unique, apoptosis-related complex of cellular alter-
ations, with consequent selective accumulation within apoptotic
cells driven by the apoptotic scramblase activation, irreversible
membrane depolarization, and cellular acidification (/8). Ac-
cordingly, the performance of several Aposense compounds (e.g.,
DDC, ML-10, ML-9, NST-732, and NST-729) has been reported.
These compounds have shown activity in various preclinical
models of disease such as apoptosis induced by anticancer agents
in tumors (/9-21), models of renal failure (22), and neurovascular
apoptosis in ischemic cerebral stroke (23) and neurodegenerative
diseases (24). Independently, Zeng et al. described the de-
velopment of an !8F-labeled dansylhydrazone derivative of the
Aposense compound NST-732 capable of detecting chemother-
apy-induced apoptosis in tissue culture (25). The PET tracer
ISF-ML-10 (Fig. 1A) is a highly compact compound (molecular
weight, 206) in the Aposense family. It shows selective uptake by
apoptotic cells, in correlation with the apoptotic hallmarks of
breakdown of mitochondrial membrane potential, caspase
activation, or apoptotic DNA fragmentation. Signal is lost on
membrane rupture, and thus '8F-ML-10 is capable of distinguish-
ing between apoptotic and necrotic cells (18). '8F-ML-10 is the
first PET tracer for apoptosis that has been advanced into the clinical
stage of development, with promising results to date in several
small-scale clinical trials. In a phase I trial on healthy volunteers,
I8F.ML-10 manifested high stability in vivo and favorable
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FIGURE 1. (A-C) '8F-labeled, small-
molecule PET probes for apoptosis:
18F-ML-10 (A), '8F-ICMT-11 (B), and
18F-FBNnTP (C). (D) Scheme of apoptotic
membrane imprint: complex of cellular
alterations, occurring early on induction
of apoptosis, that distinguish apoptotic
cell from its viable or necrotic counter-
parts.
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3D PET Image

FIGURE 2. PET image with '®F-ML-10 in acute ischemic
cerebral stroke. Tridimensional presentation of summed PET
image obtained after administration of '8F-ML-10 to patient
with acute ischemic cerebral stroke (day 3 after onset).
Various intensities of apoptotic cell death are seen within
region of infarct. Respective CT scan is on right.

biodistribution and dosimetry profiles. In a phase Ila study, PET
imaging of apoptosis of neurovascular cells has been achieved in
patients with acute ischemic cerebral stroke, as exemplified in
Figure 2. In patients with brain metastases treated with whole-brain
radiation therapy, PET imaging with '8F-ML-10 provided early
detection of tumor response to treatment, which was predictive of
an anatomic response evident on MRI two months later (A.M.
Allen, unpublished data, December 2009). Further expansion of the
clinical experience with this novel probe is under way.

TRENDS AND FUTURE PROSPECTS

Clinical imaging of apoptosis has undergone a dynamic
evolution over the last decade. Following proof-of-concept studies
using SPECT with *™Tc-annexin-V, several new approaches are
being developed to enable PET imaging of the death process.
These innovative approaches extend beyond the initial concept of
phosphatidylserine-directed, protein-based probes represented by
annexin-V and are based on novel small-molecule structures
detecting new targets along the apoptotic cascade. Such strategies
may address the complex set of features required to qualify
a probe for imaging apoptosis in clinical practice. Importantly,
these development efforts are concurrent with impressive
advances in the fields of imaging equipment, radiolabeling
techniques for PET, and mathematic algorithms for quantitative
analysis of the PET signal. We believe that the integration of all
these disciplines may be the key to successful introduction of
noninvasive imaging of apoptosis into routine clinical practice, an
important step toward its anticipated future role in patient care.
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