FOCUS ON MOLECULARIMAGING

Recent Advances in the Molecular Imaging of Programmed Cell
Death: Part I—Pathophysiology and Radiotracers

Francis G. Blankenberg! and H. William Strauss?

!Division of Pediatric Radiology, Department of Radiology, Lucile Salter Packard Children’s Hospital, Stanford, California; and
2Nuclear Medicine Service, Department of Radiology, Memorial Sloan-Kettering Cancer Center, New York, New York

In humans, apoptosis (programmed cell death) is the most common
form of cell death after necrosis. Apoptosis is a series of genetically
preprogrammed biochemical and morphologic energy-requiring
events that, after a specific external or internal stimulus, results in
the physiologic disappearance of a cell via its self-disintegration
and packaging of its contents into membrane vesicles called
apoptotic bodies. Apoptotic bodies can readily be ingested, with
their nutrients and even organelles recycled by neighboring cells or
phagocytes without local inflammation. In contrast, necrosis is
characterized by the primary loss of plasma membrane integrity and
the uncontrolled release of a cell’'s contents, often causing local
inflammation, tissue damage, and scarring. Alternate forms of cell
death also exist, associated with specific molecular mechanisms
involving enzymes, organelles, genes, external stimuli, or blockade
of normal cell proliferation. In this review we will briefly outline the
molecular mechanisms of apoptosis that can be imaged with radio-
tracers now under development.
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Apoptosis is the primary mechanism by which unneeded or
senescent cells are physiologically absorbed by healthy ad-
jacent cells and tissues (7). The term apoptosis (in Greek,
a dropping or falling off of an organ or part) describes
a complex series of morphologic events including cytoplas-
mic shrinkage, nuclear condensation, membrane blebbing,
and budding off of intracellular contents, which are then
packaged into small membrane-bound packets called apopto-
tic bodies. Apoptotic bodies are subsequently ingested
by adjacent cells and phagocytes without provoking an in-
flammatory response or tissue damage. Apoptosis is the
polar opposite of necrotic cell death, a chaotic event char-
acterized by the uncontrolled primary failure of the cell
membrane that frequently results in inflammation, tissue
destruction, and scarring.
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Although there is still no fully validated marker of
apoptosis in vivo, there are several stereotypical patho-
physiologic changes in the cell membrane, cytoplasm, and
nucleus that can potentially be detected by a variety of new
radiotracers (/). We will outline the most studied of these
tracers after reviewing the pathophysiology of apoptosis.

PATHOPHYSIOLOGY OF APOPTOSIS

Apoptosis is a mechanism of orderly cell death (2,3), as
opposed to necrosis. Necrosis is characterized by the pri-
mary loss of outer membrane function and integrity, with
uncontrolled swelling of a cell, its nucleus, and organelles
coupled to the chaotic release of cellular contents into sur-
rounding tissues. Other forms of cell death such as anoikis
(cell death triggered by detachment of cells from the extra-
cellular matrix), necroptosis (regulated necrosis requiring
catalytic activity of a receptor interacting with protein ki-
nase 1), mitotic catastrophe, and autoschizis have been de-
scribed (4). Most of these other cell death mechanisms use
some of the biochemical machinery required for apoptosis.

Caspase-Dependent Apoptosis (Classic Pathways)

The morphologic changes of apoptosis are preceded by
an initiation phase triggered by a wide array of signals,
including a lack of needed growth factors, antihormonal
therapy, DNA damage, immune reactions, ischemic injury,
ionizing radiation, and chemotherapy (5,6). The lag time
between exposure to the trigger and the time of observable
morphologic signs of apoptosis is highly variable, depend-
ing heavily on cell type, type of trigger, its intensity and
duration, and the local environmental conditions of the cell.

Most apoptotic pathways, however, converge on a family
of cysteine aspartate—specific proteases known as the cas-
pases (Fig. 1) (7). The terminal effector caspase, caspase-3,
once activated by death receptors on the cell surface (ex-
trinsic pathway) or via the release of cytochrome ¢ from the
mitochondria (intrinsic pathway), travels to the nucleus and
facilitates the cleavage of nuclear DNA. Caspase-3 also
cleaves poly-ADP-ribose polymerase (PARP-1), a DNA repair
enzyme—an event that prevents any chance of cell survival.

After caspase-3 activation, there is a rapid redistribution
and exposure of the anionic membrane-bound phospholipid
phosphatidylserine (PS) on the cell surface (Fig. 1) (8,9). PS
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is normally restricted to the inner leaflet of the lipid bilayer
by an adenosine triphosphate—dependent enzyme called flip-
pase (translocase). Flippase in concert with a second adeno-
sine triphosphate—dependent enzyme, floppase, that pumps
cationic phospholipids such as phosphatidylcholine (PC) and
sphingomyelin to the cell surface, maintains an asymmetric
distribution of different phospholipids between the inner and
outer leaflets of the plasma membrane (/0). The rapid re-
distribution across the cell membrane (measured in minutes)
is facilitated by a calcium-dependent deactivation of flippase
and the activation of a third enzyme called scramblase.

Other Signaling Pathways That Can Induce Cell Death

The endoplasmic reticulum (ER) can also trigger apoptosis
(i-e., ER stress-induced cell death) (/7). Normally, the ER is
the site of protein synthesis, conformational maturation, and
quality control for correctly folded proteins. Proteins failing
to adopt a stable conformation are dislocated into the cytosol,
where they are targeted for ubiquitylation (a tag to identify
a protein for elimination) and proteosomal degradation. Cer-
tain conditions or drugs can lead to the abnormal accumula-
tion of unfolded proteins resulting in ER stress. During ER
stress, cells can reachieve homeostasis by initiating a series of
orchestrated events known as the unfolded protein response.
If unsuccessful, ER stress can directly initiate a specific ubig-
uitin E; ligase that tags antiapoptotic proteins (e.g., Bcl-2)
with ubiquitin. Subsequently, the proteosome degrades these
antiapoptotic molecules, thereby tipping the balance between
pro- and antiapoptotic factors toward the intrinsic pathway of
apoptosis.

Other forms of cell death can also externalize PS, including
necrosis/oncosis, mitotic catastrophe, cell senescence, pyrop-
tosis, PARP-1-mediated cell death, and autophagy (/2).
Autophagy (“self-eating”) has considerable overlap with apop-
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tosis (13). As opposed to apoptosis, however, autophagy nor-
mally serves a housekeeping function by recycling senescent
or damaged cytoplasmic contents or organelles (as opposed to
the cell itself). The hallmark of autophagy is the formation of
isolation membranes that engulf targeted cytoplasmic material
(or organelles), resulting in double-membraned vesicles called
autophagosomes (autophagic vacuoles) (/4). Autophagosomes
then undergo maturation by fusion with lysosomes to create
autolysosomes. It is within the autolysosome that autodigestion
occurs. Autophagy permits a cell to survive periods of cellular
famine through the autodigestion and reuse of intracellular
DNA/RNA, proteins, and lipids into free nucleotides, amino
acids, and fatty acids, respectively. Autophagy, however, can
be an alternative to apoptosis if the classic apoptotic mecha-
nisms are damaged or are inhibited.

RADIOTRACERS FOR APOPTOSIS

PARP-1-Mediated Cell Death/Oncosis

PARP-1 normally functions as a DNA damage sensor, and
its activation serves to repair low levels of DNA damage
(15). With high levels of DNA damage, however, there is
massive activation of PARP-1 that consumes all available
stores of nicotinamide adenine dinucleotide (in the oxidized
state) (NAD™), its primary substrate. As NAD™ can be regen-
erated only by cleavage of adenosine triphosphate, the cell
literally runs out of energy and dies via necrosis. Olaparib,
an experimental chemotherapeutic benzimidazole-based in-
hibitor (and its indole analogs) of PARP-1, can also be deriv-
atized and labeled with '8F for PET of PARP-1-mediated cell
death (/6). These agents are now under development and are
superior to the previous !'C-labeled phenanthridone PARP-1
binding derivative known as PJ34 (/7).
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The PS Binding Agent Radiolabeled Annexin V

PS selectively exposed on the cell surface during
apoptosis can be imaged with a variety of agents. One
such radiotracer uses annexin V, an intracellular human
protein (molecular weight, ~36,000) with a nanomolar af-
finity for membrane-bound PS (/8-20). Although the bi-
functional °°™Tc chelating agent hydrazinonicotinamide
has been used for most animal and clinical radiolabeled
annexin V studies to date, there are alternative methods in-
cluding self-chelating annexin V mutants with a cysteine-con-
taining N-terminal 6 amino acid tag that can bind *°™Tc
(21-23). These mutants have major advantages over hydra-
zinonicotinamide—annexin V, including a 50%-75% de-
creased renal uptake of tracer and a markedly improved
(2- to 3-fold) specific localization to sites of apoptosis in
animal models (24,25). Annexin V has also been labeled
with 18F (26). using N-succinimidyl 4-fluorobenzoate or
site-specific derivatization with '8F-maleimide-labeled
mutant annexin V-128 (27).

Other PS Binding Agents

Other peptides and proteins have been found that can
recognize membrane-bound PS (28). These include the
C2A domain of synaptotagmin I. C2A binds to negatively
charged phospholipids in membranes, including PS. C2A
and its mutants have been labeled with *°™Tc (29) iron
particles (24,30) and Gd3+ (25). C2A complexes have
yet to be tested on humans (31).

Other approaches to detect the membrane changes of
apoptosis include the small-molecule zinc—dipicolylamine
coordination complex (32) and cationic liposomes (33).
CLSYYPSYC, a PS-binding peptide, has been described;
however, its mechanism of PS binding has yet to be eluci-
dated (34-36). The same group of investigators also iden-
tified ApoPep-1, a 6-amino-acid CQRPPR peptide that
recognizes histone 'H exposed on the surface of apoptotic cells
(37). Preliminary imaging experiments with '2*I-ApoPep-1 in
treated murine tumors are also encouraging.

Imaging of Caspase-3 Activity

The backbone of caspase-seeking tracers is based on the
5-pyrrolidinylsulfonyl isatin class of nonpeptidyl caspase
inhibitors (38,39). The dicarbonyl function of isatins cova-
lently binds to the cysteine residue of the active site of
a given caspase. There is a need, however, to generate isatin
sulfonamides that have higher metabolic stability and more
moderate lipophilicity while retaining selectivity and affin-
ity for caspase-3 and -7, including a 2’-fluoroethyl-1,2,3-
triazole with subnanomolar affinity for caspase-3 that has been
identified (40,41). Other isatin analogs may have improved
localization to sites of apoptosis in vivo (42,43).

18F-FDG PET of Apoptosis

Tumor models have demonstrated an enhanced apoptotic
reaction that correlated with suppressed tumor glucose
utilization 48 h after the start of cytotoxic chemotherapy
(44—46), as have patients with gastrointestinal stromal

tumor treated with the tyrosine kinase inhibitor imatinib
mesylate (STI571; Gleevec) (47) and epidermal growth
factor receptor kinase inhibition of non—small cell lung
cancer with gefitinib (28). However, because apoptosis
must use energy, at least initially, glucose demand may
increase temporarily in some unique clinical situations
(48,49).

Uncategorized Radiotracers for the Imaging
of Apoptosis

Aposense molecules are another family of radiotracers
(50-52). These small molecules have an amphipathic struc-
ture, with both specific hydrophobic and charged moieties.
The published doses are 100- to 1,000-fold higher on a mo-
lar basis for these agents than for other classes of agents
with very low specific uptakes. The most recent of these
tracers, known as ML-10, has been applied to the study of
apoptotic tumor cells in vitro and in vivo (53). Despite an
improvement in uptake, the absolute uptake values remain
low (<1.5% injected dose/g) even for tumors treated with
high-dose chemotherapy (i.e., at the 50% lethal dose) (54—
57)—doses high enough to induce necrosis and raising the
question of the mechanism of tracer localization.

SUMMARY

Although remarkable progress has been made in the
development of PET and SPECT radiotracers and apopto-
sis-specific radiotracers, much work still needs to be done
to bring any of these agents into routine use in the clinic.
Most preclinical and clinical trial work has been done with
different forms of radiolabeled annexin V. In the short term,
the Canadian company Atreus Pharmaceuticals, Inc., in
conjunction with its European partner, Advanced Acceler-
ator Applications, SA, is developing a kit for the prepara-
tion of ®*™Tc¢ rh-annexin V-128, which is expected to be in
human studies shortly and is expected to be made available
for investigator-sponsored preclinical and clinical studies.
Long-term caspase- or PARP-1-binding or 'H-recognizing
radiotracers may be useful complements to the imaging of
PS expression.
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