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Abstract

Apoptosis plays an important role in the loss of cardiomyocytes in both ischemic injury and heart
failure. Pioneering work with single photon emission computed tomography imaging of 9Tc-
annexin showed that cell death in the heart could be imaged in vivo. Over the last 5 years a
significant amount of experience with annexin-labeled magnetic nanoparticles, principally
AnxCLIO-Cy5.5, has also been gained. Here, we review the experience with AnxCLIO-Cy5.5 in
the heart and compare this experience to that of earlier studies with 9¥Tc-annexin. The imaging of
apoptosis with AnxCLI10-Cy5.5 provides valuable insights not only into molecular imaging in the
heart but, more broadly, into the use of nanoparticle technology for molecular imaging in general.

INTRODUCTION

Apoptosis is a highly conserved and regulated biological process, which leads to cell death
in a controlled fashion and without producing an inflammatory response in the tissue
microenvironment.! In certain cases, such as chemotherapy of malignant tumors, apoptosis
is the desired outcome. In other situations, such as ischemic heart disease, apoptosis is a
deleterious process leading to the loss of precious cardiomyocytes (CMs).2-3 Both scenarios
present an excellent therapeutic opportunity, the former to accelerate the highly regulated
process of apoptosis and the latter to attenuate it and thus salvage CMs at risk. The
regenerative capacity of the heart is highly limited and the loss of CMs in ischemic injury
and heart failure is thus a severe insult that leads to significant morbidity and mortality.* The
highly regulated nature of apoptosis and its central role in cardiovascular disease make it an
ideal target for the development of novel therapeutic and diagnostic tools to detect, quantify,
treat, and follow the process in vivo.

Molecular imaging of apoptosis in the heart builds on the prior experience with antimyosin
antibody imaging of myocardial injury. The use of radiolabeled antimyosin antibodies in a
range of cardiac diseases showed that targeted imaging of cell death with an appropriate
ligand was feasible in vivo.>® The identification of annexin as a high-affinity ligand to
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apoptotic cells? thus presented a natural opportunity to use nuclear imaging technology to
image apoptosis in vivo. Indeed, several pioneering and seminal studies with technetium-
labeled annexin (*°Tc-annexin) in the heart were performed from 2000 to 200278 (Figure 1).
This experience with 99Tc-annexin is seen by many as prototypical of molecular imaging in
the heart using a small molecule approach. (For the purposes of this article, we define a
small molecule as one less than 70 kDa that undergoes rapid and unrestricted renal
elimination.) Over the last 5-6 years, however, an alternative paradigm to image apoptosis
using nanoparticle platforms has emerged.®19 In this article we focus on the development
and application of nanoparticle technology to image apoptosis in the heart, and review the
benefits and challenges of this approach. Particular attention is paid to the experience

with 99Tc-annexin and the AnxCLIO-Cy5.5 nanoparticle. The experience with both these
agents in the heart is now significant,”8:11-16 gllowing comparisons and conclusions
regarding their relative advantages and disadvantages to be made.

NANOPARTICLE PLATFORMS

Small molecule approaches to molecular imaging include the use of organic fluorochromes
and radioisotopes such as 99Tc to label a ligand. The vast majority of apoptosis-sensing
agents have used annexin as the apoptosis-sensing ligand,®10 although significant
experience with synaptotagmin, duramycin, and other agents exists as well.1”18 The major
strengths of 99Tc-annexin include its excellent sensitivity, wide biodistribution, and potential
to be used in a dual-contrast approach in conjunction with a second radioisotope.1® The
potential of annexin-labeled nanoparticles to achieve similar results in vivo at the time of
their initial synthesis was unclear. Recent data, however, show convincingly that
appropriately designed apoptosis-sensing nanoparticles are (1) widely biodistributed into the
interstitial space of deep tissues,14-16 (2) can achieve excellent sensitivity to apoptosis,14-16
and (3) can be used in conjunction with other imaging agents in a dual-contrast approach.1®

Much of the experience with nanoparticle imaging of apoptosis involves the cross-linked
iron oxide (CLIO) magnetic nanoparticle (MNP). MNPs such as CLIO consist of a
superparamagnetic iron oxide core, are small in size (<50 nm), have high magnetic
relaxivities, are highly stable, and are coated with biologically inert materials such as
dextran.1® MNPs were first developed for medical imaging in the 1980s, and several
generations of these agents have now been produced (Figure 2). The first generation of these
agents had thin dextran coats and formed polydisperse aggregates in vivo. These aggregates
are rapidly cleared by the reticuloendothelial system and are highly suited to imaging the
liver, but have a short blood half-life on the order of minutes. Second generation MNPs have
more robust dextran coats, remain monodisperse in solution, and have long circulation half-
lives. The term MION (monocrystalline iron oxide) or USPIO (ultrasmall
superparamagnetic iron oxide) has been used to describe these long-circulating agents,
which are well suited to imaging the cardiovascular system. Cross-linking and aminating the
dextran chains on long-circulating MNP provide a robust platform for generating actively
targeted contrast agents, which can be thought of as third generation MNPs.20 CLIO can be
easily conjugated to ligands such as annexin.2! Significant care, however, needs to be taken
to ensure that the conjugation chemistry used modifies the annexin molecule minimally and
preserves its biological activity.?!

Two new classes of MNPs have recently been developed. VSOP (very small iron oxide
nanoparticles) are 5-8 nm in diameter, are coated with citrate rather than dextran, and use
the presence of surface charge to remain monodisperse. Annexin has been conjugated to
these nanoparticles using protamine as a linker.22 While in vivo experience with VVSOP-
annexin is pending, the properties and preliminary data obtained with this agent in vitro
appear highly promising. Colloidal iron oxide has also recently been incorporated into
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liposomes,23 allowing the agent to be detected with a T1-weighted MRI approach.
Liposomes and micelles are frequently used to image endothelial targets,242° but their
potential to image apoptosis within deep subsurface tissue remains unclear. The size of most
liposomes and micelles prevents them from crossing the capillary membrane. Micelles and
liposomes also have the potential to react nonspecifically with elements in the complex
interstitial space. A small gadolinium-containing liposome, however, has been used to image
apoptosis in an isolated perfused heart model.26 The development of quantum dots has
further expanded the armamentarium of agents available for nanoparticle-based imaging. A
novel gadolinium-containing magnetofluorescent annexin nanoparticle, incorporating
quantum dot technology, has recently been described and used to image apoptosis in vitro.2’
Several novel apoptosis-sensing gadolinium-based constructs have thus been described
(Figure 3), but their potential to image CM apoptosis in vivo remains unclear. A
gadolinium-synaptotagmin chelate has been used to image chemotherapy-induced tumor
apoptosis in a mouse model in vivo (Figure 3).28 However, the efficacy of this and other
gadolinium-based constructs to image apoptosis in the heart in vivo remains unknown and
will require further study.

IN VITRO AND EX VIVO APPLICATIONS

Apoptosis-sensing nanoparticles have several properties that are extremely advantageous in
the in vitro and ex vivo settings. Their stability and lack of ion-izing radiation allow them to
be stored and used for months after synthesis. Apoptosis-sensing MNPs can be used to sort
apoptotic and normal cells via magnetic separation both in vitro and ex vivo. Most
importantly, the size of nanoparticles allows fluorochromes to be incorporated into their
structure without altering the physical properties or kinetics of the nanoparticle.?! The
incorporated fluorochromes can be organic dyes, such as Cy5.5,2! or quantum dots.2” Either
approach results in the formation of magnetofluorescent apoptosis-sensing nanoparticles,
supporting a broad array of in vitro and in vivo investigation.

The magnetofluorescent nature of most apoptosis-sensing nanoparticles allows them to be
detected by flow cytometry and fluorescence microscopy. This allows the activity, affinity,
and exact cellular distribution of the agent to be determined.1%16.21 Co-exposure of cultured
cells to a magnetofluorescent annexin (such as AnxCL10-Cy5.5) and a small molecular
fluorescent annexin (such as Annexin-FITC) can be used to check the affinity of the
nanoparticle for apoptotic cells during probe development and in ongoing quality
control.1421 Recent data suggest that selected apoptosis-sensing nanoparticles may be
internalized by cells after binding to the surface membrane.?? The fluorescent moiety on
magnetofluorescent nanoparticles will allow this to be further studied. The fluorescent
moiety on magnetofluorescent nanoparticles also allows the cellular distribution of the agent
to be precisely determined after in vivo injection and imaging.1®:16 Co-staining for
endothelial, stromal, inflammatory, and other cells allows the target specificity of the agent
and the cellular distribution of apoptosis to be precisely determined.

The properties of apoptosis-sensing nanoparticles and 9Tc-annexin, for in vitro and ex vivo
studies, are summarized in Table 1. The preferential use of nanoparticle annexin constructs
in these settings seems compelling but cannot be viewed in isolation. %9Tc-annexin is widely
distributed in vivo, has superb sensitivity, well-understood kinetics, minimal potential for
toxicity, and the ability to be imaged simultaneously in vivo with a radioisotope with a
different energy. The ability of apoptosis-sensing nanoparticles to match these attributes in
the in vivo setting was unknown until recently. Recent experience with AnxCLIO-Cy5.5 in
the heart,14-16 however, reveals that the attributes of the agent for in vivo imaging compare
very favorably with those of 9Tc-annexin.
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In Vivo Imaging

CLIO-Cy5.5 has a blood half-life of 10-11 h in mice.20 The half-life of analogous MNPs
injected into humans, such as ferumoxtran, is approximately 24 h. The size, inert nature, and
long-circulatory half-lives of these MNPs enable them to penetrate the capillary membrane
and reach the interstitial space of deep tissues via diffusion and other slow transport
mechanisms. It is these slow mechanisms that allow immunoglobulins to reach the
interstitial space and allow MNPs to be used to image the lymphatic system.30 The ability of
AnxCLIO-Cy5.5 to cross the capillary membrane and reach the interstitial space of the
myocardium has been demonstrated in mouse models of both ischemic heart disease and
heart failure.1>16 The capillary membrane in acutely ischemic tissue becomes leaky and
hyperpermeable, allowing MNP to escape rapidly and in large quantities into the interstitial
space. Robust accumulation of AnxCLIO-Cy5.5 in ischemic myocardium has thus been
noted within 30 min of injection.® The ability of AnxCLIO-Cy5.5 to cross a completely
normal capillary membrane and enter the interstitial space of the myocardium has also been
demonstrated in a transgenic model of chronic heart failure.18 Gag-overexpressing mice
develop a postpartum cardiomyopathy characterized by low levels of CM apoptosis,
minimal inflammation, and normal capillary permeability.3 AnxCLIO-Cy5.5, however, was
able to cross the normal capillary membrane and specifically detect the very sparse levels of
CM apoptosis in these mice. The binding of AnxCLIO-Cy5.5 to apoptotic CMs in the failing
myocardium of postpartum Gaq mice could be demonstrated by in vivo MRI, ex vivo MR,
and ex vivo fluorescence microscopyl® (Figure 4).

The attachment of a ligand such as RGD or annexin to the CLIO-Cy5.5 nanoparticle reduces
its blood half-life significantly. The circulatory half-life of AnxCLIO-Cy5.5 in mice is 2.7
h.15 This has several implications: The half-life is long enough to allow the agent to cross
the normal capillary membrane via diffusion and other slow transport mechanisms.
However, a blood half-life of 2.7 h aids the clearance of unbound probe from the interstitial
space and allows imaging of the agent to be performed within a few hours of injection with
little background signal.1> Importantly, the influence of annexin on the half-life and kinetics
of the nanoparticle means that unlabeled CLIO-Cy5.5 cannot be used in acute scenarios as a
control nanoparticle. In a recent study involving the imaging of CM apoptosis within 4 h of
injury,1® inactivated annexin (exposure to acetic anhydride) was thus conjugated to CLI1O-
Cy5.5 to yield a control nanoparticle. The inactive AnxCLIO-Cy5.5 had the same size,
relaxivity, and blood half-life as the active form of AnxCLIO-Cy5.5.15

The interstitial space of tissues is complex and contains both lipophilic and hydrophilic
elements with the potential to bind imaging agents nonspecifically. The interstitial space of
the myocardium is particularly complex, and contains a connective tissue matrix to support
and link the myofibers. Despite this, no evidence of nonspecific probe uptake was seen in
the Gaq transgenic mice injected with control MNPs.16 Likewise, mice with acute ischemia—
reperfusion injury injected with inactivated AnxCLIO-Cy5.5 showed almost complete
washout of the agent from the myocardium within 4 h of injection.1® In contrast, profound
accumulation of the active form of AnxCLIO-Cy5.5 was seen in mice with ischemia—
reperfusion within 4 h of injury and probe injection!® (Figure 5). Both the models above (the
Gag transgenic model of chronic heart failure and the first 4-6 h of ischemia—reperfusion
injury) are characterized by an absence of macrophages within the myocardium. This is
critical for the successful use of a nanoparticle platform to image apoptosis.

Most nanoparticles are avidly taken up by tissue macrophages.32 In the presence of a
macrophage infiltrate, specific uptake of AnxCL10-Cy5.5 due to annexin binding thus
cannot be distinguished from nonspecific uptake by tissue macrophages. The use of
nanoparticle platforms to image apoptosis should thus only be considered in animal models
and at time points not characterized by a macrophage infiltrate. In ischemic injury, the
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macrophage infiltrate develops between 24 and 48 h after injury and lasts for 2 weeks.
During this period of high inflammation the use of 9Tc-annexin may be a reasonable
alternative. However, recent data show that annexin can be taken up by apoptotic
macrophages,33:34 as well as non-apoptotic inflammatory cells such as lymphocytes,32:36
Some loss of specificity with 9 Tc-annexin in the setting of tissue inflammation thus seems
likely. The presence of tumor-associated macrophages and other preexisting inflammatory
cells in tumors may thus complicate the use of annexin to image the response of tumors to
chemotherapy. The use of an annexin-labeled nanoparticle to image apoptosis within the
first few hours of ischemia matches the attributes of the imaging agent with those of the
pathophysiology, namely an abrupt predictable spike in apoptosis in the absence of either
preexisting or acutely infiltrating macrophages. Translation of the agent will thus likely
initially focus on applications and conditions involving acute ischemic injury.

In vitro studies of MNP in solution have routinely revealed that low nanomolar amounts of
these agents are detectable by MRI. Three factors account for this high sensitivity. The r2*
(transverse relaxivity) of an atom of iron is 30 times greater than the relaxivity of the
commonly used gadolinium chelates. In addition, each MNP contains approximately 10%
atoms of iron. Moreover, MNPs bound to targets on the cell membrane are internalized via
endocytosis into the cell and trafficked into dense aggregates in endosomes and lysosomes.
Recent data (including our own preliminary data with AnxCL10-Cy5.5) indicate that
annexin-labeled MNP can be internalized via this process.2® Unlike radiolabeled imaging
agents, the pattern of distribution of MNPs within a unit volume can significantly change
their properties and their detectability. MNP in aggregates have a significantly higher
transverse relaxivity than an equivalent number of disperse MNP in the same volume.3’
(This phenomenon forms the basis of in vitro MNP nanosensors.38 In the presence of a
ligand the MNPs switch from a disperse state to an aggregated state and the transverse
relaxivity of the system increases. The term magnetic relaxation switch has thus been used
to describe the increase in transverse relaxivity caused by MNP aggregation.) The
internalization and aggregation of AnxCLIO-Cy5.5 by apoptotic cells thus constitutes an
important mechanism of biological amplification, further increasing the sensitivity of the
agent.

CM apoptosis in heart failure and in acute ischemia have very different characteristics.
Apoptosis in acute ischemia is intense, involving 15-20% of the CMs in the ischemic
territory, but short-lived. In contrast, apoptosis in heart failure involves far fewer CMs at any
given time point (0.1-2%), but is persistent. The imaging of apoptosis in heart failure thus
provides a robust test of the sensitivity of the imaging agent. The experience with 99Tc-
annexin in patients with heart failure has shown that uptake of the agent correlates strongly
with clinical deterioration.1! Tissue biopsies, however, were not performed in this study and
the level of CM apoptosis and the presence/absence of myocarditis are thus unknown. The
experience with AnxCLI0O-Cy5.5 in the well-characterized Gag-overexpressing heart failure
model, however, allows firm conclusions about the sensitivity of this nanoparticle agent to
be drawn.16 Two weeks postpartum, female Gag-overexpressing mice have heart failure
with no significant inflammation or necrosis and apoptosis occurring in 1-2% of CMs.31
Despite very low expression of the target, AnxCLIO-Cy5.5 was able to robustly image CM
apoptosis in this model in vivol® (Figure 4). This result, in a pure and extremely challenging
animal model, confirms that the sensitivity of AnxCLIO-Cy5.5 in the in vivo setting
compares very favorably to that of 99Tc-annexin. It should be noted that a dose of
AnxCLIO-Cy5.5 contains significantly more annexin than a dose of 99Tc-annexin. The
experience with AnxCLIO-Cy5.5 in heart failure, however, suggests that a clinically
approvable dose of AnxCLIO-Cy5.5 has a sensitivity that is similar to that of a clinically
approvable dose of %Tc-annexin. The experience with AnxCLIO-Cy5.5 in acute ischemia
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and heart failure thus demonstrates that the agent has a favorable biodistribution in vivo, is
not taken up nonspecifically, and has a high sensitivity.

IMAGING TECHNIQUES

Many of the advantages of a nanoparticle approach to apoptosis imaging are a product of
both the nanoparticle itself and the technique used to image it. Magnetofluorescent
nanoparticles support both magnetic resonance and optical imaging in vivo. In large animals,
the fluorescent imaging approach needs to be invasive or semi-invasive, and is limited to
surface imaging. In mice, however, noninvasive tomographic imaging of fluorescent signals
in the heart is possible with fluorescence molecular tomography (FMT).32 FMT of
magnetofluorescent nanoparticles in mice in vivo can achieve a similar spatial resolution to
that of micro-PET (positron emission tomography), but has very high throughput (5 min per
mouse) and does not involve the use of radioactive materials. FMT is thus a useful modality
to screen a panel of nanoparticles quickly and at low cost. MRI on the other hand, while not
a high throughput technique, provides a set of highly complementary attributes to FMT.3?

The excellent spatial resolution and soft tissue contrast of MRI allow the spatial distribution
of apoptosis to be determined with significantly higher accuracy than either single photon
emission computed tomography or PET imaging.12:16 Molecular MRI of AnxCLIO-Cy5.5 in
ischemia and heart failure has revealed characteristic spatial patterns of apoptosis in these
conditions. CM apoptosis in ischemia—reperfusion is most frequently seen in the
midmyocardium, and in mild-moderate ischemic injury is frequently confined to the
midmyocardium.1® In severe injury, however, the uptake of AnxCLIO-Cy5.5 is more
transmurall® (Figure 5). A strong correlation was seen between the transmural extent of
apoptosis (AnxCLIO-Cy5.5 uptake) and the loss of radial strain.1®> The uptake of AnxCLIO-
Cy5.5 in heart failure, however, occurs in discrete and isolated clusters, particularly in the
subendocardium.18 These distinct patterns of CM apoptosis have also been seen
histologically, but can only be resolved in vivo with MRI of an apoptosis-sensing
nanoparticle.

MNPs produce several different types of contrast and can thus be detected with a variety of
pulse sequences. Traditionally T2*-weighted gradient echo sequences have been used to
image MNP. These sequences exploit the high r2* (transverse relaxivity) of MNP and
produce signal hypointensity in the vicinity of the agent. The high r2* of MNP can be
exploited in a different manner to produce positive contrast through the use of gradient
rephasing?? and off-resonance techniques.#142 These techniques selectively image only
those protons that are correctly rephased (gradient rephasing) or shifted off-resonance by the
MNP. In the thorax at high field strengths, however, off-resonance techniques can lose
sensitivity and linearity.*! Susceptibility (r2*) based techniques are extremely sensitive to
the presence of MNP but their specificity can be compromised at air interfaces and other
regions prone to susceptibility artifacts. A knowledge of where these artifacts might occur
and how to recognize them is thus highly important, regardless of the r2*-based technique
used. MNP also produce significant changes in the longitudinal relaxation (rl) of protons.
The r1 of MNP is several times greater than that of small gadolinium chelates and they can
thus be used to create robust positive contrast in T1-weighted sequences.?3 The r2* of MNP
rises with field strength and then plateaus at 0.5 T. The r1 of MNP, however, decreases with
field strength. Under certain conditions, the r2* and r1 of MNP can thus be balanced,
allowing a second contrast agent to be introduced into the experiment.

Multispectral imaging with MRI can be achieved in several ways. Fluorine and protons have
similar but completely resolvable Larmor frequencies and can both be imaged on clinical
MR systems with coils tuned to their respective frequencies.*3 Fluorine-loaded nanoparticles
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have been synthesized and used to image both implanted stem cells and endogenous
macrophages.*44® The sensitivity of fluorine MRI for more sparsely expressed molecular
targets, however, remains unclear. Chemical exchange saturation transfer or CEST
techniques are being increasingly used to resolve specific targets within the proton pool.46
The technique requires the imaging target of interest to be shifted off-resonance, to be
selectively excited, and to support magnetization transfer with the main (on-resonance)
proton pool. The CEST approach has been applied to both small molecules and liposomes
loaded with paramagnetic imaging agents (LipoCEST).4” The utility of this approach in the
heart and thorax, however, will require further investigation.

The magnetic properties of MNP and small gadolinium chelates also allow their effects on
the proton pool to be separated and resolved at high field strengths, provided a sufficiently
short echo time (TE) is used.1® At 9.4 T, the r2* and r1 of MNP can be balanced at a short
TE, producing a proton density-weighted image in the vicinity of the MNP® (Figure 6). The
r1 of small gadolinium chelates, however, dominates their r2* effects at these short TEs. In
addition, unlike MNPs, the r1 of small gadolinium chelates is still significant at high fields.
This dual-contrast strategy has been used to distinguish CM apoptosis from necrosis in mice
with ischemia—reperfusion.1® The mice were injected with AnxCLIO-Cy5.5 at the onset of
reperfusion and T2*-weighted images (TE 4 ms) were acquired within 4 h to detect the
uptake of the agent. The mice were then injected with a small magnetofluorescent
gadolinium chelate and delayed enhancement images were acquired 10-20 min later with a
short TE (1 ms) and high flip angle (60°). This balanced the r1/r2* effects of AnxCLIO-
Cyb5.5 while robustly detecting the ri1-based delayed gadolinium enhancement.1®> Areas of
myocardium showing uptake of AnxCLIO-Cy5.5 but no delayed gadolinium enhancement
could thus be determined to be apoptotic, while those areas with both AnxCLI10-Cy5.5
uptake and delayed enhancement could be correctly classified as necroticl® (Figure 7). This
nanoparticle-based dual-contrast molecular MRI approach could thus robustly distinguish
apoptotic and necrotic CMs, analogous to the simultaneous use of 99Tc-annexin

and lindium-labeled antimyosin antibodies.13

OUTLOOK AND FUTURE DEVELOPMENTS

Differences in the sensitivity of molecular MRI and nuclear imaging techniques are
frequently quoted as an obstacle to the clinical translation of molecular MRI. The sensitivity
of AnxCLIO-Cy5.5 per molecule of annexin is significantly lower than that of ®9Tc-annexin.
However, the clinical sensitivity and utility of the agent is not determined by sensitivity on a
‘per molecule of annexin’ basis. The inert nature of iron oxide allows significantly higher
amounts of annexin (three orders of magnitude per kg) to be injected as part of the
AnxCLIO-Cy5.5 nanoparticle. The permissible dose of 9¥Tc-annexin is thus limited by the
radiation exposure involved, while the dose of AnxCLIO-Cy5.5 is determined by the
amount of iron that can be safely injected. When AnxCLIO-Cy5.5 is injected at the
clinically approved dose the sensitivity of the agent compares extremely favorably to that of
a clinically safe dose of 9Tc-annexin.12:16 The sensitivity of the two agents when judged in
terms of the permissible clinical dose is thus highly similar. The injection of higher doses of
annexin with a nanoparticle-based approach may also produce more favorable binding
kinetics of annexin to the apoptotic cell membrane. An endogenous pool of annexin exists in
humans and increases in acute disease, including cardiovascular injury.48-51 This
endogenous annexin pool can be several times larger than the trace amounts of annexin
injected with a dose of 9 Tc-annexin, 48-51 and is likely to competitively interfere with 9Tc-
annexin. In contrast, the significantly larger amount of annexin contained within a dose of
AnxCLIO-Cy5.5 (three orders of magnitude greater per kg body weight) completely
dominates the kinetics of annexin binding to apoptotic cell membranes. The properties of
AnxCLIO-Cy5.5 and 29Tc-annexin for in vivo imaging are summarized in Table 2.
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The metabolism and elimination of nanoparticulate materials is significantly more complex
than that of radiolabeled small imaging agents. AnxCLIO-Cy5.5 will thus likely support
serial imaging studies at less frequent intervals than would be possible with 9 Tc-annexin.
Although robust toxicological screening will be needed, the established safety record of both
iron oxide nanoparticles and annexin is highly encouraging. Future clinical trials of annexin-
based nanoparticles will need to avoid some of the pitfalls encountered in the initial trials

of 99Tc-annexin. These include small sample size, uncertainty of delivery of the agent to
tissues with compromised vascular integrity and perfusion, the impact of tumor and other
tissue-associated inflammatory cells on the uptake of the agent, difficulty interpreting
isolated hotspot images in the absence of CT or MRI for anatomical co-registration, and the
inability to distinguish apoptotic from necrotic cell death.”.8:11

Cardiac models of apoptosis, particularly ischemic injury, may be better suited to the
imaging of apoptosis than tumors. CM apoptosis in acute ischemic injury is abrupt,
profound, not complicated by the presence of preexisting macrophages, and confined to the
heart. The response of tumors, tumor-associated macrophages, and the surrounding visceral
organs (kidney, liver, and bowel) to chemotherapy is far less defined and predictable.
Nevertheless, the experience with 99Tc-annexin and AnxCLIO-Cy5.5 in the imaging of
apoptosis in the heart provides valuable insights into the potential of nanoparticle platforms
for molecular imaging in general.

CONCLUSION

The imaging of apoptosis in the heart with AnxCLIO-Cy5.5 shows that appropriately
designed nanoparticles have adequate bioavailability and the sensitivity to support robust
imaging of even sparsely expressed molecular targets in complex interstitial spaces. The
imaging of endothelial targets is even more suited to a nanoparticle-based strategy. Larger
nanoparticles such as micelles and liposomes can be used without the need to penetrate the
capillary membrane and remain non-reactive in the interstitial space. While the translation of
nanoparticle-based imaging agents is significantly more complex than that of radiolabeled
imaging agents, their clinical impact and utility has the potential to be significantly greater.
Research activity and interest in the field thus remain high. Significant improvements in
nanoparticle design, hardware, and imaging techniques used to image the nanoparticles are
ongoing. Progress in the field over the next decade is thus likely to be excellent and witness
the entry of selected targeted nanoparticles into the clinical arena.
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Perfusion image 99T¢c-Annexin

FIGURE 1.

Molecular imaging of cell death in the heart with %° Tc-annexin. (a, b) Patients with acute
coronary syndromes showed uptake of 99 Tc-annexin in areas of the myocardium that
subsequently showed corresponding perfusion defects. The white arrows point to (a) a
perfusion defect produced by the acute coronary syndrome and (b) to the area of
myocardium with acute uptake of 99Tc-annexin during the event. L = liver (Reprinted with
permission from Ref 7. Copyright 2000 Elsevier). (c, d) Diffuse uptake of 9 Tc-annexin in a
patient with cardiac transplant rejection. Long and short axis views of the heart are shown
(Reprinted with permission from Ref 8. Copyright 2001 Nature Publishing Group).
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FIGURE 2.

Schematic of magnetic particles for medical applications. Agents marked with ** have been
used extensively clinically (clinically approved or completed phase 3 trials) and have an
extensive safety record (Reprinted with permission from Ref 19. Copyright 2008 Springer
Science+Business Media).
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FIGURE 3.

Gadolinium-based constructs for molecular imaging of apoptosis. The uptake of these agents
can be detected by measuring a reduction in T1. An annexin-labeled nanoparticle consisting
of a quantum dot and gadolinium-loaded micelles [panel (a)] has been used to image
apoptotic cells in vitro. A5 = annexin (Reprinted with permission from Ref 27. Copyright
2006 American Chemical Society). (b) An annexin-labeled gadolinium-containing liposome
was able to image apoptosis (arrows) in isolated perfused hearts ex vivo (Reprinted with
permission from Ref 26. Copyright 2006 BC Decker Inc.). (c, d) Imaging of chemotherapy-
induced apoptosis in implanted tumors (white arrows) with a gadolinium—-synaptotagmin
construct.?8 (c) A significant reduction in T1 is seen in a treated tumor. (d) No uptake of the
agent or reduction in T1 is seen in a control mouse with an identical tumor. A test tube
(labeled "R”) was placed next to the mice and used as a reference signal (Reprinted with
permission from Ref 28. Copyright 2008 RSNA). While this experience is encouraging, the
potential of gadolinium-based constructs to image apoptosis in the heart in vivo remains
unknown and will require further study.
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AnxCLIO-Cy5.5 Control Probe T2*

FIGURE 4.

Sensitivity of AnxCLI10-Cy5.5 for cardiomyocyte (CM) apoptosis.1® Postpartum Gag-
overexpressing mice with heart failure have been used. These mice develop a postpartum
cardiomyopathy with very low levels of apoptosis (1-2%), minimal inflammation and
necrosis, and normal capillary membrane permeability. AnxCLIO-Cy5.5, however, is able to
penetrate the interstitial space and detect the very sparsely expressed apoptotic CMs. Mice
injected with the active probe are shown in (a, d) and those injected with the control probe in
(b, €). T2* maps are shown in (a, b) and T2*-weighted images in (d, ). T2* is significantly
reduced in the animals injected with AnxCLIO-Cy5.5 and numerous discrete foci of probe
uptake (signal hypointensity, white arrows) are seen. (f) Fluorescence microscopy of a
mouse injected with AnxCLIO-Cy5.5 shows the uptake of the agent by an apoptotic CM
with characteristic membrane blebbing (yellow arrows) (Reprinted with permission from
Ref 16. Copyright 2009 the American Heart Association).
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FIGURE 5.

Molecular MRI of cardiomyocyte (CM) apoptosis [echo time (TE) 4 ms] within 4-6 h of
ischemia—reperfusion in mice with severe and extensive injury.1® (a, b) Mouse injected with
AnxCLIO-Cy5.5; (c, d) mouse injected with the control probe Inact CLIO-Cy5.5. Robust
accumulation of AnxCLI10-Cy5.5 is seen throughout the injured myocardium (yellow
arrows). In contrast, only small foci of hypointensity from the persistence of Inact CLIO-
Cy5.5 are seen. (e) Fluorescence microscopy (magnification 100x) of AnxCLIO-Cy5.5
uptake correlates well with the in vivo MR images [panel (a, b)]. (The endocardial boundary
in panel (e) has been manually traced to aid visualization, white arrow = epicardium). (f)
Fluorescence microscopy (400x) showing AnxCLIO-Cy5.5 bound to the cell surface of
morphologically intact CMs. The use of AnxCLI0O-Cy5.5 allows the uptake of the agent to
be correlated with regional cardiac function and to be characterized ex vivo at the cellular
level with fluorescence microscopy (Reprinted with permission from Ref 15. Copyright
2009 the American Heart Association).
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FIGURE 6.

Strategy for simultaneous molecular MRI of AnxCLIO-Cy5.5 and delayed gadolinium
enhancement.1® The contrast produced by AnxCLIO-Cy5.5 is strongly modulated by the
echo time (TE) used: Ata TE of 1 msat 9.4 T (a) the r1 and r2* effects of AnxCLIO-Cy5.5
balance each other, and the injured and uninjured areas of the myocardium are isointense.
As the TE is increased to 2.5 ms (b) and 4 ms (c) signal hypointensity due to the
accumulation of AnxCLI10-Cy5.5 in the injured myocardium becomes clearly visible
(yellow arrows). A TE of 1 ms at 9.4 T thus produces a proton density-weighted image in
the vicinity of AnxCLI10-Cy5.5, allowing delayed gadolinium enhancement to be detected
(Reprinted with permission from Ref 15. Copyright 2009 the American Heart Association).
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FIGURE 7.

Simultaneous molecular imaging of cardiomyocyte (CM) apoptosis and necrosis with a
nanoparticle-based approach in acute ischemia reperfusion injury.1> Images at three slice
locations, proceeding from the midventricular level to the apex, are shown. Areas of
myocardium with apoptotic and/or necrotic CMs accumulate AnxCLIO-Cy5.5 (left column),
producing signal hypointensity in the injured myocardium. However, only areas of necrosis
also show delayed enhancement with Gd-DTPA-NBD (red arrows, middle column). The
spatial resolution of molecular MRI allows the transmural extent of CM apoptosis and
necrosis to be accurately determined. Immunohistochemistry for NBD (right column)
confirms that Gd-DTPA-NBD accumulates only in necrotic myocardium, where cell rupture
has resulted in the expansion of the extracellular space (Reprinted with permission from Ref
15. Copyright 2009 the American Heart Association).
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TABLE 1

Comparison of #9Tc-Annexin and the AnxCLI10-Cy5.5 Nanoparticle for In Vitro Applications

9Tc-Annexin AnxCLIO-Cy5.5
Size Small molecule (<70 kDa) Nanoparticle
Stability/utility Hours Months—years
Fluorescence microscopy No Yes
Flow cytometry No Yes
Cell separation No Yes
Radiation exposure Yes No
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Comparison of 29Tc-Annexin and the AnxCLI0O-Cy5.5 Nanoparticle for In Vivo Imaging

99T¢-Annexin

AnxCLIO-Cy5.5

Blood half-life

Extravascular biodistribution
Metabolism

Sensitivity to low levels of apoptosis
Distinction of apoptosis and necrosis
Spatial resolution

Background signal in blood and adjacent organs

Microscopy/histology of agent
Integration with functional data

Nonspecific uptake by inflammatory cells
(lymphocytes, macrophages)

Competition from tissue and blood pools of
endogenous annexin?8-51

Interval required for serial imaging

Minutes

Yes

Renal elimination
Yes!!

Yes!?

Poor

Highly problematic (major
impact on signal in ROI)

No
Not routine

Yes, likely some loss of
specificity

Yes (trace amounts of annexin
injected)

Short

2-3h15

Yegl4-16

Degradation by macrophages/RES
Yes'6

Yegl516

Excellent!4-16

Not problematic,4-16 (no impact on signal in
ROI)

Yesl516
Routine/excellent4-16

Loss of specificity due to macrophage uptake
No (non-trace amounts of annexin injected)

Unknown (likely longer)

RES, reticuloendothelial system; ROI, region-of-interest.
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