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Adapted from:

From molecular imaging to pathogenesis and vice versa...
Hans J. de Haas'?, Jagat Narula?, Valentin Fuster?-.
Circ Cardiovasc Imaging 2014 Jul;7(4):581-585.

Playing slot to hitting the jackpot in molecular imaging: On probability of
uncovering subcellular pathogenesis versus achieving clinical applicability.
Hans J. de Haas'?, Jagat Narula?

J Nucl Cardiol 2017 Mar 28. [Epub ahead of print]

Molecular imaging of the cardiac extracellular matrix.
Hans J. de Haas'?, Eloisa Arbustini*, Valentin Fuster®, Christopher M. Kramer®, Jagat Narula?
Circ Res 2014 Feb 28;114(5):903-915.

1. Department of Nuclear Medicine and Molecular Imaging, University Medical
Center Groningen, University of Groningen, the Netherlands.

2. Zena and Michael A. Wiener Cardiovascular Institute, Icahn School of Medicine
at Mount Sinai, New York, New York.
Centro Nacional de Investigaciones Cardiovasculares Carlos Ill, Madrid, Spain
Centre for Inherited Cardiovascular Diseases, I.R.C.C.S Policlinico San Matteo, Pavia, Italy
Departments of Medicine and Radiology, University of Virginia Health System,
Charlottesville, VA



Chapter 1

Molecular imaging

Medical imaging is one of the principal sources of biological information in clinical practice and (bio)
medical research. Two imaging paradigms can be distinguished: conventional imaging and molecular
imaging. Conventional imaging techniques such as X-ray imaging, magnetic resonance imaging (MRI),
and echography employ external sources of energy or radiation such as X-rays, magnetic fields and
ultrasound, generating structural images. Molecular imaging allows visualization of biological processes
on the cellular and molecular level. It utilizes tracer molecules, which are injected into the living
organism and accumulate in tissues in proportion to presence of molecular or cellular targets.

To allow visualization of these phenomena, the tracer molecules are labeled with reporter molecules.

Various molecular imaging platforms are available (Table 1).

Molecular imaging platforms

Nuclear imaging

The nuclear imaging techniques single photon emission computed tomography (SPECT) and positron
emission tomography (PET) are routinely used in various fields, including oncology, cardiovascular
medicine and neurology. These techniques employ radiolabeled tracer molecules, whose radiation
signal is detected by cameras positioned or rotating around the patient and processed into tomographic
(slices) and 3D images. The nuclear techniques share several advantages including excellent sensitivity
(10— 10*M) and depth penetration. Their disadvantages include the usage of ionizing radiation and
limited spatial resolution. SPECT utilizes gamma ray emitting isotopes including #°™Tc, ***In and *?3|. PET
utilizes positron emitters including *C %Zr and %Ga and *®F, whose positrons annihilate with nearby
electrons, resulting in the release of two 511KeV photons in opposite directions. PET has advantages
over SPECT due to absolute quantitation and superior spatial resolution (~ 5mm versus ~ 10mm).
Currently, SPECT is generally cheaper and more widely available than PET. For adequate anatomical
characterization, integrated SPECT/CT and PET/CT scanners have been developed and have found
widespread usage. Recently, the first generation of PET/MRI scanners has appeared. Although PET/MRI
is associated with considerable costs, this approach benefiting from the advantages of both advanced
imaging techniques holds substantial promise for clinical and academic use.

The work presented in this PhD thesis is focused on nuclear imaging techniques.

Echography

To obtain echo images, ultrasonic sound waves are sent into tissue using a probe. Part of the sound
waves bounce back when faced with interfaces between different tissues, and are detected by the
probe. A computer is used to construct 2D or 3D images showing tissue structure, movement or
blood flow. It is the most widely used conventional imaging modality in clinical cardiology as it is
widely available, relatively cheap, has good resolution and does not use ionizing radiation. Molecular

echography strategies using targeted microbubbles, liposomes or perfluorocarbon emulsions are also
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being developed. Although this allows for high-sensitivity (~ 1022M) imaging, the relatively large size of

these contrast agents largely restricts this modality to vascular imaging.

Magnetic resonance imaging

For MRI imaging, the subject is placed in an MRI scanner and exposed to a strong static magnetic
field. This puts the hydrogen atoms in the body’s water molecules in the equilibrium state; aligned
with the magnetic field. The scanner also repeatedly emits radiofrequency pulses, which knock part
of the hydrogen atoms out of the equilibrium state. After each pulse, hydrogen atoms revert to the
equilibrium state through T1 and T2 relaxation. The MRI scanner detects T1 and T2 signals, which
are processed into tomographic and 3D images. Advantages of MRI include excellent spatial (~ 1mm)
and temporal resolution, soft-tissue contrast and the fact that no ionizing radiation is used. To further
enhance contrast, (super)paramagnetic molecules such as gadolinium and iron oxide, which alter
the magnetic properties of surrounding atoms are used. In cardiovascular medicine, several non-
targeted gadolinium agents are clinically used for detection of cardiac scarring. Given the toxicity of
free gadolinium, the gadolinium ions need to be chelated or sequestered into macrocyclic molecules.
(Super)paramagnetic molecules have also been used to label tracer molecules, to allow molecular MRI
imaging. Low sensitivity of MRl imaging (10— 10° M) limits this approach and necessitates use of large
doses contrast agents. However, signal enhancement strategies are progressing and render molecular

MRI a viable approach, especially for intravascular imaging.

Computed tomography

Computed Tomograpy (CT) utilizes X-ray source and detector combinations, which are positioned on
opposite sides of each other on a ring which rotates around the subject. The resulting collection of X-ray
data is combined to generate tomographic images. Advantages of CT imaging include high resolution
(0.5-1.0mm), short acquisition time (less than one minute with state-of-the-art scanners), widespread
availability and cost-effectiveness. CT imaging, enhanced with iodinated contrast agents is extensively
used in clinical cardiovascular medicine, to visualize vascular anatomy and pathology. Drawbacks of
CT imaging are nephrotoxicity of iodinated contrast agents and radiation burden (although the latter
is decreasing with technological progress). Targeted contrast agents based on iodine and other X-ray
annihilators have also been developed. Of the modalities described in this section, molecular CT has the
lowest sensitivity (10 — 102 M), which poses a formidable challenge. And although initial pre-clinical

studies have appeared, translation to clinical studies is still awaited.

Optical imaging

Optical imaging is based on the detection of photons, either transmitted or reflected by the reporter
molecules. Various distinct subcategories have been developed including near-infrared fluorescence
imaging, diffuse optical tomography, diffuse optical spectroscopy, confocal microscopy. Optical imaging
has excellent sensitivity (101° — 10*2 M) and spatial resolution and does not involve ionizing radiation.
The limited tissue penetrance (mm — cm) restricts clinical non-invasive optical imaging to superficial

bodily structures. However, optical imaging during invasive procedures such as surgery, endoscopy or
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catheterization is emerging. As the limited penetrance is less relevant in small-animal models, optical

imaging is widely used in preclinical research.

Modality Imaging agents Resolution Penetrance Cost
Echo Microbubbles + Cms €

CcT lodinated ++ Unlimited €€
MRI Paramagnetic particles ++ Unlimited €€€
Optical Fluorochromes + Mm-cms £-€€€
SPECT Gamma emitters (e.g. *™Tc, *In) - Unlimited €€
PET Annihilation gamma emitters (e.g. *®F, ®*Cu, ®Ga) - Unlimited €€€

Table 1. General comparison of molecular imaging platforms. CT = computed tomography; MRI = Magnetic
resonance imaging; PET = positron emission tomography; SPECT = single photon emission computed tomography.

Clinical and academic uses of molecular imaging

Given the direct biological information yielded by molecular imaging, it can be employed to optimize
disease phenotyping and subsequent personalization of clinical management. However, given the
inherent drawbacks of molecular imaging including radiation burden, contrast toxicity, cost, time-
consumption, substantial expected impact on clinical management of individual patients is required
to justify molecular imaging in standard clinical practice. Thus, molecular imaging will likely be largely
limited to situations where stakes are high, such as the identification of patients who would benefit
from surgery interventional treatment or other potent therapies carrying high cost or risk.

Molecular imaging is also an excellent tool tool for pre-clinical and clinical research. It is increasingly
used to evaluate the (temporal) role of specific cellular or molecular targets in pathologic processes,
thereby playing a hypothesis-generating role in development of novel diagnostic, preventative and
therapeutic strategies. Moreover, molecular imaging is emerging as a tool in development/validation
of such strategies by guiding patient selection for studies, serving as a gold standard to compare novel
diagnostic approaches with and providing a mechanistic read-out for (novel) therapeutic or preventative

regimens.

Molecular imaging of cardiovascular disease part I: atherosclerosis

Atherosclerosis, a chronic inflammatory disease of the arterial wall characterized by the formation
of atherosclerotic plaques, is the driver of cardiovascular disease and the main cause of myocardial
infarction. Currently, treatment of atherosclerosis is guided by risk factor-based cardiovascular
risk scores, and conventional imaging techniques such as ultrasound, CT angiography and coronary
angiography. However, these strategies are inadequate to detect patients who would benefit from
aggressive therapy to prevent myocardial infarction, as large proportions of plaques causing events

(culprit plaques) are too small to cause clinical symptoms or be identified as obstructive by conventional
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imaging strategies.

Histological studies have identified a number of characteristics of plaques with higher risk of rupture
(“vulnerable plaques”) (1,2). These include the presence of inflammatory cells, a thick necrotic core, cell
death, angiogenesis, and the presence of a thin fibrous cap covering the necrotic core. Initially, research
focused on the development of molecular imaging strategies to identify the individual plaques at high
risk of rupture (“vulnerable plaques”) to guide (invasive) therapy at the single-plaque level. However, it
has been established that only a very small percentage of plaques with a high-risk morphology result
in the occurrence of events. Therefore, the attention has shifted towards using molecular imaging to
identify vulnerable patients by measurement of atherosclerotic disease activity across larger portions of
the vascular bed (3,4). Moreover, molecular imaging has been used study pathology of atherosclerosis

and to evaluate the efficacy of novel therapies.

Physiological imaging: myocardial perfusion and metabolism

As perfusion and metabolism are physiological processes, imaging strategies focusing on these
phenomena are distinguished from molecular imaging as “physiological imaging”. However, as nuclear
perfusion and metabolism imaging are vital components of the diagnostic arsenal for identification and
(invasive management) management of coronary artery disease (5-7), they deserve to be mentioned
here. ®mTc-sestamibi, *"Tc-tetrofosmin and 2°'T| were the first perfusion tracers to be developed for
gamma imaging and later SPECT imaging. They are still the most widely used worldwide, although PET
imaging using *N-NH3 and #Rb are emerging as their replacement in developed countries (8,9). Besides
nuclear imaging techniques, perfusion imaging by CT (10,11) and MRI (12,13) are also being developed.
A standard myocardial perfusion imaging exam consists of rest scan and a stress scan following physical
exertion or administration of a vasodilator such as adenosine. This allows distinction of

infarcted, reversibly ischemic and normally perfused myocardial regions. Thereby, myocardial perfusion
imaging informs clinical decision-making regarding pharmacological management and invasive
procedures aimed at restoring cardiac perfusion (i.e. including percutaneous coronary intervention
(PCl) and coronary artery bypass graft surgery (CABG)).

Perfusion imaging is often combined with PET imaging after administration of *¥F-2-Fluoro-2-Deoxy-
D-Glucose (*®¥F-FDG). The cellular accumulation of this glucose analog is relative to the rate of cellular
metabolism. F-FDG uptake in regions with reduced perfusion indicates their viability and in selected
cases justifies PCl or CABG.

Inflammatory cells

As the infiltration of inflammatory cells is the driving force of the atherosclerotic disease process and
also one of the main characteristics of high risk plaques (14,15), considerable effort has gone into
development of imaging techniques to visualize inflammatory cells.

BE-FDG PET is the most widely used molecular imaging technique. A glucose analog, ¥F-FDG
accumulates in tissues proportionally to the rate of cellular sugar metabolism. As such, it is established

as an imaging tracer to diagnose, stage and monitor cancer (16,17), detect various types of infection
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(18) and evaluate cardiac viability (19).

As macrophages are the most metabolically active cells in the inflamed vascular wall, **F-FDG PET has
also been extensively evaluated as an imaging tracer to visualize vascular inflammation. The correlation
between vascular ®F-FDG uptake and vascular macrophage content has been demonstrated in
atherosclerosis, aortic aneurysms (20), and vasculitis (21).

Retrospective studies in oncologic cohorts have shown that vascular ¥F-FDG uptake correlates with
cardiovascular risk factors (22) and predicts occurrence of cardiovascular events (23,24). A prospective
study confirmed the predictive value of FDG: in 60 patients with symptomatic carotid artery stenosis,
stroke reoccurrence was higher with increased FDG uptake in the ipsilateral plaque (25).

The value of F-FDG PET to evaluate the effect of novel anti-inflammatory therapies for the treatment
of atherosclerosis is also increasingly recognized. PET imaging studies have revealed reduced vascular
BF-FDG uptake after initiation of treatment with statins (Figure 1) (26,27) and pioglitazone (28,29).
These drugs also have shown beneficial effects in hard-endpoint based studies (30,31). On the other
hand, no reduction in vascular *¥F-FDG uptake was seen after treatment with a lipoprotein-associated
phospholipase A2 inhibitor (32) and the cholesteryl ester transfer inhibitor dalcetrib (33). These drugs
did not confer a beneficial effect in hard-endpoint studies (34,35). Thus, vascular *F-FDG uptake is an
attractive surrogate marker for atherosclerosis therapy trials.

Although #F-FDG imaging of larger arteries is widely established, coronary imaging remains a challenge
because of physiological ¥F-FDG uptake in the myocardium. Diet-based strategies are used to suppress
this uptake, but are unsuccessful in sometimes over 50% of cases (36). Further strategies are continually
developed, but this remains a drawback of *F-FDG imaging.

Besides FDG, several other inflammation tracers have been developed. One promising tracer is ®Ga-
DOTATATE. This tracer binds to the somatostatin receptor and is used clinically in the management of
neuroendocrine tumors. As this receptor is also present on subgroups of macrophages (37), it may
also find a role in vascular imaging. An initial retrospective study in an oncologic cohort revealed
feasibility of identifying active coronary atherosclerosis using this tracer (38). Moreover, a recent small-
scale prospective study confirms that atherosclerotic plaque uptake of this probe reflects macrophage
infiltration, and suggests that it superior to ¥F-FDG for coronary imaging and identification of high-risk
coronary lesions (39).

Another modality that deserves mention is MRI using ultra small superparamagnetic particles of iron
oxide (USPIO). These particles are taken up by macrophages, and have been exploited for identification
of these cells vascular disease. Initial studies indicate feasibility of identifying unstable plaques (40-42)
and monitoring effect of anti-inflammatory therapy (43). However, low sensitivity (especially because of
intensebloodpoolimages)andlongdurationofimagingprotocolsare currentchallengesforthistechnique.
Finally, initial reports suggest the feasibility of assessing coronary plaque vulnerability (44) and
inflammation (45) by CT-based measurement of pericoronary adipose tissue. ¥F-FDG PET imaging was
used as the gold standard for detection of coronary inflammation (45), illustrating the potential of
molecular imaging techniques for the development of novel diagnostic stragegies with lower cost and

radiation burden.
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Baseline Post-treatment

Diet

Simvastatin

Figure 1. *F-FDG PET imaging to evaluate the effect of simvastatin on human atherosclerotic plaque inflammation.
8F-FDG PET imaging was performed in patients with carotid atherosclerosis before (baseline, left column) and after
three months of treatment (post-treatment, right column) with dietary management (diet, top row) or simvastatin
(bottom row). Dietary management did not affect *®F-FDG uptake (arrows) in the aortic arch and the carotid arteries.
Simvastatin attenuated *®F-FDG uptake (arrows) in the carotid arteries and aortic arch. *F-FDG = '®F-2-Fluoro-2-
Deoxy-D-Glucose; PET = Positron Emission Tomography. Adapted from (26).

Apoptosis

Apoptosis is a genetically programmed, highly organized form of cell death morphologically
characterized by cell shrinkage, chromatin condensation, chromosomal DNA fragmentation, and finally
cellular fragmentation into apoptotic bodies which are cleanly removed by inflammatory cells. Although
apoptosis plays a vital role in tissue development and cellular turnover, it’s also implicated in various
pathological processes. In atherosclerotic plaques, it drives plaque destabilization through contributing
to formation of the necrotic core and stimulating the inflammatory response. Thus, apoptosis has been
used as a diagnostic and therapeutic target for unstable atherosclerotic plaques.

Several imaging tracers have been developed for detection of apoptosis. The most widely studied
of these is ®™Tc-annexin A5, which targets the membrane-bound apoptosis marker phosphatidyl
serine (PS). Initial studies in atherosclerotic rabbits (46) and swine (47) demonstrated feasibility of
atherosclerotic plaque imaging using this tracer. Histologic analyses correlation of **™Tc-annexin A5
uptake and markers of apoptosis and macrophage infiltration.

Next, a small-scale clinical study using ®*™Tc-annexin A5 imaging in patients with cerebrovascular accident
(CVA) was performed. It revealed more intense radiotracer uptake and histological characteristics of
plague instability in culprit plaques at 3 — 4 days than at 3 —4 months post-CVA (48). This demonstrated
feasibility of detection of unstable plague using **™Tc-annexin A5 and supports the concept that unstable
plague, even after giving rise to acute events, can develop to stable morphology.

Also, animal studies have shown that in vivo ®™Tc-annexin A5 imaging can be used to demonstrate
efficacy of anti-apoptotic pharmacotherapy (49) and statins (50).

Finally, animal studies have used radiolabeled annexin A5 and a molecular tracer targeting matrix
metalloproteinases (MMP) to demonstrate relation between two targets. These studies are described

in the following section.
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Matrix metalloproteinases

MMP are a group of zinc-dependent proteases that degrade various components of the extracellular
matrix and thereby allow cell migration and extracellular matrix remodeling necessary in physiologic
tissue development and remodeling. However, they are also up regulated in various pathologic
states, resulting in tissue destruction. In the case of atherosclerosis, MMP are usually derived from
macrophages and contribute to growth of the necrotic core and thinning of the fibrous cap, thus
contributing to atherosclerotic plague advancement and vulnerability to rupture. As such, MMP have
been targeted in atherosclerosis.

Extensive preclinical experience has been obtained with the wide spectrum MMP-inhibitor RP805
labeled with *™Tc. Initial feasibility studies in atherosclerotic rabbits (51) and mice (52) demonstrated
arterial *°™Tc-RP805 and that uptake corresponds to MMP activity and macrophage infiltration.
Subsequent animal studies showed that *™Tc-RP805 SPECT can be used to monitor the effect of
dietary and pharmacological therapy (51,53) and to predict development of plaque size over time in
MMP imaging (54). Finally, two studies have compared uptake of *™Tc-RP805 and **In-annexin A5 in
atherosclerotic rabbits (55) and mice (56), showing a correlation between uptake of the two tracers
and higher absolute *™Tc-RP805 uptake. *™Tc-RP805 has also been used to visualize MMP activity in
animal models of aortic aneurysm (57), myocardial infarction (58), aorta stenosis (59) and pulmonary
inflammation (60).

Besides nuclear imaging, other molecular imaging platforms have been evaluated for MMP targeting.
P947, a broad spectrum MMP inhibitor, has been labeled with gadolinium. Feasibility of MMP targeting
in atherosclerotic plagques has been shown in atherosclerotic rabbits, mice and ex vivo in human excised
carotid plaques (61-64). Moreover, several probes have been developed for optical imaging of MMP
(65,66).

Calcification

Another hallmark of atherosclerotic disease is presence of (micro)calcifications. Conventional CT is the
gold standard to detect vascular calcifications. CT detects presence of calcifications larger than ~ 200
—500 um (67). Although total coronary calcium (expressed as coronary artery calcium score) is a marker
of atherosclerotic disease burden and predicts outcomes, presence of macro calcification does not
correspond with plague instability (68). Micro calcifications, tiny calcium deposits of < 50 um, cannot be
detected by CT but constitute a highly attractive imaging target as they are correlated with accelerated
atherosclerosis and plaque instability (69). In this regard, ¥F-Sodium Fluoride (*¥F-NaF) PET, which is
used clinically to detect primary and secondary bone malignancies, may serve as a complement to
vascular CT. The F ion binds directly to hydroxyapatite, and thus allows detection of vascular micro
calcifications. Moreover, ®F-NaF PET can and can distinguish early, active macrocalcifications from
more advanced, stabilized calcifications (67). Retrospective studies have shown that global vascular
18F-NaF uptake corresponds with vascular risk factors and cardiovascular outcome (70,71). Moreover,
studies regarding patients with stroke and myocardial infarction have revealed higher uptake in the

culprit plaques giving rise to the events than the asymptomatic plaques (Figure 2) (72,73). This indicates
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that increased ®F-NaF uptake may correspond with an unstable plaque subtype. An important clinical

advantage of ®F-NaF is that its physiologic uptake into the myocardium is negligible, which results in

excellent coronary imaging characteristics.

CAG 8F-NaF PET

Figure 2. Coronary '®F-NaF PET imaging in a patient with acute myocardial infarction. Coronary angiography (CAG,
left panel) in a patient with anterior non-ST-segment elevation myocardial infarction revealing culprit (red arrow;
left anterior descending artery) and bystander non-culprit (white arrow; circumflex artery) lesions; both were
stented afterwards. *®F-NaF PET (right panel) was performed after both vessels were stented and revealed increased
radiotracer uptake in the culprit lesion (red arrow), but not in the bystander non-culprit lesion (white arrow). **F-NaF
= 8F-sodium fluoride; CAG = coronary angiography. Adapted from (72).

Angiogenesis

Neovascularization is another hallmark of unstable plaques. The newly formed vessels contribute to
plague advancement and destabilization by allowing entrance of lipid particles, red blood cells, and
inflammatory cells into the plaque (74). For visualizing of angiogenesis, most research has focused on
imaging tracers containing the sequence arginine-glycine-aspartate (RGD). This tripeptide binds to a 8,
integrin, which is present on proliferating endothelial cells, but also on macrophages (75), platelets (76)
and myofibroblasts (77).

Following substantial pre-clinical and clinical work focused on tumor angiogenesis imaging using
18F-galacto-RGD PET, initial studies have evaluated this probe for atherosclerosis imaging.

Two studies in atherosclerotic mice revealed feasibility of targeting atherosclerotic plagues and
monitoring the effect of dietary intervention (78,79). Interestingly, intraplaque angiogenesis was not
observed in these studies; *®F-galacto-RGD uptake correlated with extent of macrophage presence.
Next, ®F-galacto-RGD PET imaging was performed in ten patients with high grade stenotic carotid
plagues, scheduled for carotid endarterectomy. In the five patients with increased radiotracer uptake,
uptake corresponded with degree of stenosis and of a 8, integrin expression (80).

Although ®F-galacto-RGD is an interesting tracer for research purposes, its time consuming production
process likely prevents its use in clinical practice. Recently feasibility of targeting newly formed vessels
using F-RGD-K5 has been reported (81). This tracer is similar to *®F-galacto-RGD, but has a faster

15




Chapter 1

and more straight-forward labeling procedure. Also, feasibility of atherosclerosis imaging in mice and
patients using 8Ga-NOTA-RGD, a novel PET tracer, has recently been reported (82). Finally, several RGD
based probes to allow MRI (83,84) and SPECT (85) and optical imaging (86,87) have been developed.

As the uptake of RGD-based imaging probes reflects angiogenesis or macrophages, it may be regarded as
a non-specific marker of the unstable plaque. The role of this imaging approach needs to be established

by further research.

Thrombus

Endothelial damage triggers platelet activation and a fibrin-forming coagulation cascade, which converge
in the formation of thrombi. These fibrin-laced platelet plugs in turn serve to restore endothelial
integrity. Inappropriate or excessive formation of thrombus is the cause of myocardial infarction,
cerebrovascular accident, deep venous thrombosis and pulmonary emboli. Therefore, various markers
of platelet activation and players in the coagulation cascade have been exploited as imaging targets.
Initial reports of clinical thrombus imaging using fibrin-targeted SPECT tracers were published three
decades ago (88,89). More recently, substantial experience has been obtained with molecular MR
imaging using the gadolinium-based nanoparticle EP-2104R. Feasibility of thrombus detection with this
nanoparticle has been demonstrated in > 5 different animal models of arterial and venous thrombosis
(90-95). Subsequently, clinical feasibility of thrombus imaging was shown in a small group of patients
with arterial, venous and cardiac thrombi (96). In addition, feasibility of SPECT (97,98) and PET (99)
imaging using fibrin-targeted peptides has been reported. Besides fibrin, the fibrin-producing enzyme
thrombin (100,101) and fibrin-crosslinking coagulation factor Xllla (102,103) have been evaluated as
targets for thrombus imaging in the preclinical studies.

Activated platelets have also been targeted, using ultrasound (104,105), SPECT (106,107) and MRI
(108,109) probes specific for Glycoprotein Ilb/Illa. It remains to be seen whether activated platelets are
or fibrin is the optimal target for the molecular imaging of thrombus. If the sensitivity of fibrin-targeted
probes proves too low to clinically detect older thrombi with lower fibrin content, platelet imaging may
prove to be superior. However, if fibrin targeting is sensitive enough even to detect the older plaques,

its advantage of predicting effect of thrombolytic therapy may become decisive.
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Molecular imaging of cardiovascular disease part Il: myocardial injury and

remodeling

Myocardial infarction is caused by the acute occlusion of a coronary artery, usually as a result of
rupture of an atherosclerotic plaque and subsequent formation of an occlusive thrombus (110). Timely
restoration of blood flow (reperfusion) salvages part of the ischemic myocardium, but also triggers cell
death in a subset of cardiomyocytes (a process called ischemia/reperfusion injury) (111).

Currently, the main therapeutic goal for acute myocardial infarction is to achieve reperfusion, preferably
by PCl. The widespread implementation of this catheter-based technique has substantially improved
survival rates of patients with myocardial infarction.

The repair process after myocardial infarction is traditionally divided into three consecutive and partly
overlapping phases. During the first (inflammatory) phase, inflammatory cells infiltrate the tissue and
removing cellular debris. During the second (proliferatory) phase, fibroblasts transdifferentiate into
myofibroblasts, which deposit collagen in the infarct area. In the third (maturation) phase, the newly
formed fibrous scar is consolidated through cross-linking of collagen fibers and other extracellular
matrix components.

The extracellular matrix plays an important role in the healing process and an imbalance between
matrix deposition and degradation can lead to adverse myocardial remodeling spiraling to heart failure.
Excessive collagen deposition beyond the infarct area (remote fibrosis) contributes to myocardial
stiffening and loss of contractile function. On the other hand, inadequate deposition of collagen or
excessive collagen degradation can lead to infarct expansion, aneurysm formation, LV dilation and even
cardiac rupture.

Currently, no cardio-protective drugs are available to complement reperfusion therapy in the acute
setting of myocardial infarction. To reduce remodeling after myocardial infarction and prevent heart
failure, virtually all infarction patients are treated with a combination of a beta-blocker and a modulator
of the renin-angiotensin-system. Molecular imaging strategies may aid development of novel drugs and

personalize treatment.

Apoptosis and necrosis

As myocardial infarction results in substantial cell death, various cell death imaging tracers have been
developed and used in this setting. The first studies focused on imaging of necrosis, an uncoordinated
process usually initiated by sudden cell stress, pathogenic insult or energy depletion. It is characterized
by loss of cellular homeostasis, swelling and eventually rupture of the cell membrane resulting in spilling
of cellular contents triggering an intense inflammatory response.

Most experience was obtained with ™In-labeled antimyosin, a single chain murine antibody fragment
targeting myosin. When the cardiomyocyte cell membrane is disrupted this probe gains access to the
intracellular space, where it accumulates through binding with myosin. After extensive studies in animal
models, clinical feasibility of cardiac cell death imaging using this tracer was shown not only in patients

with myocardial infarction but also with myocarditis (112), transplant rejection (113), doxorubicin
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cardio toxicity (114) and dilated cardiomyopathies (115). It was approved for clinical use for diagnosis
of myocardial infarction, however it has never been widely used. The main reason for this was the slow
blood clearance, which necessitated imaging of cell death after > 9 hours (and preferably 24 — 48 hours)
after injection, and the discovery of serum biomarkers for myocardial infarction. However, it has been
used in pre-clinical studies to gain insight in biochemical processes of cell death in myocardial infarction
(see below). Besides antimyosin, several other radiotracers have been evaluated for clinical detection
of myocardial infarction, including *™Tc-glucarate (116) and **™Tc-pyrophosphate (117), however
development halted after the first clinical feasibility trials.

After the discovery that besides necrotic cell death, apoptotic cell death also plays a role in myocardial
infarction, this type of cell death has also been targeted for imaging. As in atherosclerosis, the
main imaging probe for apoptosis was *™Tc-annexin AS5. Preclinical studies in animal models of
acute myocardial infarction showed feasibility of targeting PS overexpression using fluorescently
labeled annexin A5 (118,119) and with radiolabeled annexin A5 in animal models of heart and lung
transplantation (120). Next, two preliminary clinical studies were undertaken using *™Tc-annexin A5
imaging in myocardial infarction patient (Figure 3) (121,122). Both studies employed *™Tc-annexin A5
SPECT imaging immediately after PCl and reported strong *™Tc-annexin A5 uptake in the infarct area
as identified by myocardial perfusion imaging. Although the larger scale studies required for approval
for clinical usage were never performed, the *™Tc-annexin A5 studies have contributed to knowledge
of cell death in ischemia through raising relevant research questions and triggering further mechanistic
(imaging) studies. In the first clinical myocardial infarction imaging study mentioned above, a surprising
finding was the increased uptake in the entire perfusion defect. Until then, necrosis was thought to
be the main type of cell death, especially in the core of the infarct. Although different explanations
were also proposed, it resulted in the speculation that apoptosis and necrosis constitute a continuum,
with initiation of apoptotic signaling during early ischemia and a switch to a necrotic phenotype at a
later timepoint (123). This was further evaluated in a study employing a rat model of cardiac ischemia
(20 min) followed by reperfusion (124). Rats received *™Tc-annexin A5, In-antimyosin or both and
subgroups received the tracers at varying timepoints after onset of reperfusion. The study revealed
colocalization of **"Tc-annexin A5 and In-antimyosin, with ®™Tc-annexin A5 uptake peaking at an
earlier timepoint than antimyosin. This supported the hypothesis that apoptotic signaling precedes
necrotic cell death in the ischemic myocardium.

The second clinical study revealed that the region of increased *™Tc-annexin A5 uptake after the acute
ischemic event extended to beyond the limits of the perfusion defect as shown by **™Tc-sestamibi SPECT
at three weeks after the event, suggesting that even advanced apoptotic signaling may be reversible.
This was later studied in a rabbit model of ischemia and reperfusion. Using varying ischemia durations,
the investigators confirmed that brief ischemia resulted in reversible *™Tc-annexin A5 expression and
cellular survival. This supported the search for anti-apoptotic drugs to complement reperfusion therapy

in the setting of acute myocardial infarction (125,126).

18



Introduction and outline of the thesis

9mTe-Annexin 5 SPECT 99mTc-Sestamibi SPECT

Figure 3. Cardiac ®™Tc-annexin A5 imaging in a patient with myocardial infarction. *™Tc-annexin A5 imaging (left
panel) at < 24 hours after reperfusion revealed increased cardiac radiotracer uptake (arrow). *"Tc-sestamibi imaging
(right panel) at 6 — 8 weeks after discharge revealed an irreversible perfusion defect, corresponding to the area with
of increased ™ Tc-annexin A5 uptake (arrow). Adapted from (121).

Collagen

Imaging of collagen is of interest, as it is the main component of fibrous tissue. Clinically, MRI is
used to detect localized scarring by late gadolinium enhancement, and detection of diffuse fibrosis
by T1 mapping is emerging (127). For Targeted collagen imaging by MRI after administration of the
gadolinium-labeled peptide EP-3533 has been demonstrated in various animal models of organ fibrosis
(128-130). Notably, visualization of cardiac scarring by EP-3533 has been demonstrated in a mouse
model of myocardial infarction (Figure 4) (131). Dynamic MRI at 6 weeks after myocardial infarction
revealed probe uptake in the infarcted areas, with longer retention than non-targeted gadolinium.
CNA35 is another collagen-avid peptide with high affinity to collagen-l. CNA35-based probes have been
used for targeting of vascular collagen in animal models of abdominal aneurysm, atherosclerosis and
colon cancer using MRI, two-photon laser scanning microscopy, and y-imaging, respectively (132-134).
Also, feasibility of identifying cardiac scar using CT imaging enhanced by gold labeled CNA-35 has been
demonstrated in mice with myocardial infarction.

Finally, feasibility of collagen imaging in a mouse model of myocardial infarction by SPECT using a **™Tc-
labeled peptidomimetic of platelet collagen receptor glycoprotein VI called collagelin has been shown
(135).
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EP3533 MRI Picrosirius Red Staining

Figure 4. Targeted MRI imaging of cardiac collagen in a mouse with myocardial infarction. MRI imaging (left panel)
after administration of nanoparticle EP3533 in a mouse at 6 weeks after experimental myocardial infarction, revealed
marked regional cardiac contrast enhancement (arrows). Picrosirius red staining in midventricular section of same
mouse (right panel) confirmed collagen deposition in the region of contrast enhancement. Adapted from (131).

Myofibroblasts and renin-angiotensin-system

During cardiac remodeling, cardiomyocytes and other cardiac cells produce angiotensin Il, which binds to
the angiotensin Il receptor type 1 (AT1R), which in the myocardium is mainly present on myofibroblasts
and fibroblasts. This induces TGF-B, which is responsible for the fibroblast differentiation into a collagen-
secreting myofibroblast subtype, and cardiomyocyte hypertrophy (136-138). As the renin-angiotensin-
system and myofibroblasts are key determinants of fibrosis, they have been extensively evaluated as
cardiac imaging targets.

First angiotensin converting enzyme (ACE), the enzyme responsible for splicing angiotensin | into active
angiotensin I, was visualized using lisinopril-based nuclear imaging probes to visualize in sections of
explanted hearts of patients with ischemic cardiomyopathy undergoing heart transplantation (116) and
in ACE overexpressing transgenic rats (139,140).

Also, successful targeting of AT1R to visualize the cardiac myofibroblast has been shown. In an initial
study in mice with experimental myocardial infarction, fluorescently labeled angiotensin peptide
analog (APA) and 99mTc-labeled losartan were evaluated (141). Probe accumulation was increased
from week 1-12 after myocardial infarction, peaking at 3 weeks. Accumulation was histologically traced
to myofibroblasts. Although this is an interesting proof of principle study, ®™Tc-losartan’s target-to-
background ratio of 2.5 is likely too low for imaging of myocardial scarring in the clinical situation. More
recently, this work was expanded using KR31173, a non-peptide AT1R selective antagonist (SK-1080)
labeled with C (142). In a pig model of myocardial infarction, increased myocardial retention of this
tracer in the infarct and remote areas were observed (142). Pilot clinical imaging experiments in healthy
volunteers showed that KF31173 could detect cardiac AT1R, although blocking studies suggested
limited specificity of the compound.

Besides the AT1R receptor, a B, integrin has been targeted for visualization of myofibroblasts. For the
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proof of concept, the fluorescently and radiolabeled ®™Tc-Cy5.5 RGD imaging peptide (*™Tc-CRIP) was
used in mice with experimental myocardial infarction (Figure 5) (143). Increased uptake was observed
in the infarct area, peaking at 2 weeks after myocardial infarction. Interestingly, a trend of increasing
uptake over time in the remote uptake was observed, indicating that it may become possible to
target remote remodeling. Histologic studies confirmed binding of the peptide to myofibroblasts and
correlation between tracer uptake and collagen deposition. In a subsequent study, *™Tc-CRIP imaging
was used to evaluate the therapeutic effects of captopril, losartan and spironolactone, individually
or in combination (144). Treatment groups demonstrated reduced tracer uptake, which correlated
with collagen deposition and echo parameters of adverse remodeling. Finally, clinical feasibility of
myofibroblast imaging using of ®*"Tc-CRIP without the Cy5.5 label (RGD imaging peptide, RIP) was shown
in ten patients with myocardial infarction (Figure 5) (145). In five patients, increased radiotracer uptake
was seen in the infarct area as shown by myocardial perfusion imaging, corresponding to myocardial
scarring at 1 year as shown by late gadolinium enhancement (LGE) MRI.

Because a B, integrin is also expressed on endothelial cells of proliferating vessels, RGD tracers have
also been explored for imaging of angiogenesis after myocardial infarction in rats and dogs (146,147).
Similar to the ®™Tc-CRIP studies, uptake peaked at 3 weeks after myocardial infarction. Uptake correlated
with histologic markers of angiogenesis, but mechanism of tracer targeting was not demonstrated. As
angiogenesis and fibrosis often occur hand in hand, it is likely that in some instances, both mechanisms
contribute to tracer uptake. One further study revealed that ®F-galacto-RGD uptake was a significant
predictor of increase in MRI-verified left ventricular end-diastolic diameter at 12 weeks (148) and finally
feasibility of cardiac ®F-galacto-RGD imaging was demonstrated in one patient at two weeks after

myocardial infarction (149).
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Sham Mouse MI Mouse

9mTe-CRIP SPECT/CT 9amTe-CRIP SPECT/CT #¥mTe-CRIP SPECT

9mTe-RIP 99mTe-Sestamibi LGE
SPECT SPECT MRI

MI patient

Figure 5. Targeted imaging of avB3 integrin to show myofibroblasts in experimental and clinical myocardial infarction.
Top row: SPECT/CT imaging after administration of a,B,-avid **"Tc-Cy5.5 RGD imaging peptide (CRIP) to a control
mouse (left panel) showed no radiotracer uptake, whereas SPECT (middle panel) and SPECT/CT (right panel) imaging
in a mouse at 4 week after myocardial infarction showed intense cardiac CRIP uptake. Adapted from (143).

Bottom row: SPECT imaging after administration of *™Tc-RGD imaging peptide (RIP; left panel) to a patient 3
weeks after myocardial infarction revealed apical uptake, extending beyond the infarct area (perfusion defect) as
demonstrated by *™Tc-sestamibi myocardial perfusion imaging (middle panel) and corresponding to the area of
fibrosis as shown by late-gadolinium enhanced (LGE) MRI at 1 year after myocardial infarction (right panel). Adapted
from (145).

9mTc-CRIP = *mTc-Cy5.5 RGD imaging peptide; *"Tc-RIP = RGD imaging peptide; LGE = late gadolinium enhancement;
MI = myocardial infarction.

Matrix metalloproteinases

MMP upregulation during remodeling allows adaptive changes such as infiltration of cellular debris-
removing inflammatory cells, migration of cardiomyocytes and myofibroblasts, angiogenesis and novel
matrix deposition, and counterbalances (excessive) deposition of extracellular matrix components.
However disproportionate MMP-induced degradation of extracellular components can lead to wall
thinning, dilatation and predispose to heart failure, or aneurysm formation and cardiac rupture.

Targeting of cardiac MMP activity has been reported using optical imaging (150) and nuclear imaging
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(58,151,152) probes. Besides atherosclerosis and other models of cardiovascular disease, MMP-inhibitor
9mTc-RP805 was used for imaging of myocardial infarction in a mouse model (58). When comparing with
control mice, uptake in infarct area was five-fold higher from week 1 — 3, with a slight reduction over
time. Interestingly, uptake was also two-fold higher in remote area, suggesting that remote imaging
could become feasible. A follow-up study employing a porcine myocardial infarction model, revealed a
similar uptake pattern and development over time (151). Magnetic resonance imaging (MRI) roughly
paralleled radiotracer uptake with global contractile dysfunction at 1 week, normalization of remote
function at 2 weeks and only akinesia and dyskinesia in the infarct area at 4 weeks. More recently,
in vivo targeting of MMP in mice with myocardial infarction has been proposed with an activatable
cell-penetrating peptide probe (152). Gamma counting and autoradiography revealed a ten-fold higher
uptake of the activated probe in the infarct over remote area. As this uptake is more than three-fold
higher than that reported for the RP805 studies, this might evolve as an attractive imaging strategy.
However, these results are still preliminary as biodistribution studies revealed considerable uptake in

vasculature and liver, and no in vivo imaging was performed.

Sympathetic innervation

The heart is innervated by parasympathetic and sympathetic nerves. Evidence is mounting that damage
to cardiac innervation plays a role in various cardiac pathologies including remodeling after myocardial
infarction (153). %l-meta-iodobenzylguanidine (*2I-MIBG), a norepinephrine analog has been
employed for evaluation of cardiac innervation. Like norepinephrine, this molecule enters neurons
through the norepinephrine transporter-1, but unlike norepinephrine accumulates intracellular and
allows for imaging (154). 2°I-MIBG imaging is usually performed by anterior planar imaging with
global cardiac uptake being expressed semi-quantitatively as heart/mediastinum ratio (HMR) (155).
Studies in heart failure patients have consistently shown increased mortality in patients with reduced
cardiac *2I-MIBG accumulation (HMR < 1.6) (156-158). 2I-MIBG may contribute to clinical decision-
making regarding higher-cost and risk interventions. For instance, %I-MIBG imaging may contribute to
identification of heart failure patients who will benefit from implantable cardioverter-defibrillators, as
HMR is an independent predictor of occurrence of and mortality resulting from ventricular tachycardia
and fibrillation (155,157,159,160). Currently, a large-scale clinical trial is ongoing to test this hypothesis
(admire ICD). Also, initial studies have shown that '*|-MIBG imaging may improve selection of heart
failure patients to receive cardiac resynchronization therapy (161,162). However, results are preliminary
and the mechanism is unknown. Besides ?%|-MIBG, several PET radiotracers, including "C-meta-
hydroxyephedrine (163), *'C-epinephrine (164) and *®F-labeled LMI1195 (16), have been developed for

imaging of cardiac sympathetic innervation and may eventually replace ?3I-MIBG imaging.
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Conclusions

Extensive pre-clinical experience has been obtained with molecular cardiovascular imaging. Notably, in
atherosclerosis, inflammation, proteolysis, angiogenesis and ongoing calcification have been targeted. In
the setting of myocardial infarction and subsequent repair and adverse remodeling, cell death, collagen,
proteolysis, and various players involved in fibrosis have been visualized. A substantial number of these
techniques were used in turn to study pathology over time or evaluate efficacy of novel therapies.
Molecular cardiovascularimagingis increasingly being translated to the clinic. Indeed, molecularimaging
in atherosclerosis is reaching maturity. For instance, predictive value of vascular ¥F-FDG PET imaging
has been established and this probe is increasingly being used in clinical therapy trials and imaging of
ongoing calcification using *8F-NaF bears promise as a clinical predictor of cardiac events. In the setting
of myocardial infarction, clinical imaging of cell death using !In-antimyosin was even approved for
clinical use, although it has faded again because of insufficiently favorable imaging characteristics and
emergence of biomarkers of myocardial infarction.

Molecular imaging is a fascinating set of techniques to study pathology, evaluate the efficacy of
(novel therapies) and personalize medicine, that will likely have an increasingly important influence of

cardiovascular research and clinical practice.

Outline of the thesis

In this thesis, the following aspects of molecular imaging in cardiovascular disease were studied:
Feasibility of imaging vascular inflammation using *F-2-fluoro-2-deoxy-D-mannose (**F-FDM) PET in a
rabbit model of atherosclerosis. (see chapter 2)

Molecular imaging of cell death using ®™Tc-annexin A5 to visualize cardioprotective effects of the
tetracycline antibiotic minocycline in rabbit and mouse models of acute myocardial infarction (see
chapter 3)

Molecular imaging of cell death using *!In-labeled 4-(N-(S-glutathionylacetyl)amino) phenylarsonous
acid (*In-GSAQ) in rabbit and mouse models of acute myocardial infarction and a mouse model of
chronic myocardial infarction (see chapter 4)

Molecular imaging of cell death using *!In-GSAO to visualize cardioprotective minocycline in rabbit and

mouse models of acute myocardial infarction (see chapter 5)
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Abstract

Progressive inflammation in atherosclerotic plaques is associated with increasing risk of plaque rupture.
Molecular imaging of activated macrophages with #F-2-deoxy-2-fluoro-D-glucose (**F-FDG) has been
proposed for identification of patients at higher risk for acute vascular events. Mannose is an isomer of
glucose that is taken up by macrophages through glucose transporters and because mannose receptors
are expressed on a subset of the macrophage population in high-risk plaques, we hypothesized that
8F-labeled mannose (*®F-2-deoxy-2-fluoro-D-mannose, *F-FDM) would be superior to **F-FDG for
targeting of plaque inflammation. Here, we describe comparable uptake of ¥F-FDM and *F-FDG in
atherosclerotic lesions in a rabbit model; F-FDM uptake was proportional to the plague macrophage
population. Moreover, FDM competition studies in cultured cells with **C-2-deoxy-2-carbon-D-glucose
(}*C-CDG) support at least 35% higher ®F-FDM uptake by macrophages. We also demonstrate that FDM
restricts binding of anti-mannose receptor antibody to macrophages by approximately 35%, indicating

that mannose receptor targeting may provide an additional avenue for imaging of plaque inflammation.

Introduction

Macrophage-rich inflammation is an obligatory component of active atherosclerotic plaques and is
particularly intense in the high-risk plaques associated with acute coronary events and symptomatic
carotid vascular disease (14,165-168) Positron emission tomography (PET) imaging using radiolabeled
glucose (*®F-2-deoxy-2-fluoro-D-glucose, *¥F-FDG) (169,170) has been employed for visualization of
vascular inflammation and identification of high-risk plagues, as well as for the demonstration of the
efficacy of pharmaceutical interventions (26,33). ®F-FDG PET imaging is based on the higher metabolic
glucose demand of macrophages than that of their surrounding cells in the plaque; and upregulated
hexokinase (HK) facilitates increased radiolabeled glucose accumulation, mostly through the glucose
transporters (GLUTs) (171).

Although *8F-FDG imaging is a convenient and widely investigated strategy, the quest for new, potentially
more specific targeting agents for the detection of plaque inflammation has continued (46,48,172-176).
At least two types of macrophages are observed in atherosclerotic plaques: the proinflammatory M1
subtype (including lipid-triggered foam cells) and the anti-inflammatory M2 subtype (177,178). A subset
of macrophages, especially M2, express mannose receptors (MRs) (177,178). As these macrophages
are common in lesions with neovascularization and intraplaque hemorrhage (177).

Mannose and glucose are C2-epimeric sugar molecules; their structures differ only in the opposite
orientation of oxygen and hydroxyl groups onthe second carbonatom (Figure 1a,b). Like glucose, mannose
enters cells through GLUTs (179) and is a substrate of hexokinase (180). Therefore, we hypothesized
that PET imaging of atherosclerotic plaques using radiolabeled mannose would show macrophage
metabolism similarly to **F-FDG PET and would offer added specificity to the imaging of high-risk
atherosclerotic plaques by targeting the MR-bearing macrophages that are abundant in such lesions.

Accordingly, we synthesized (**F-2-deoxy-2-Fluoro-D-mannose, ¥F-FDM) by applying a straightforward
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protocol similar to the one used for *¥F-FDG production. We evaluated *¥F-FDM imaging for inflammation
in atherosclerosis in an experimental model. Because intraplaque hemorrhage rarely occurs in any
experimental models of atherosclerosis, upregulation of MR expression may not be easily induced
in preclinical studies. Therefore, we designed our in vivo imaging experiments to describe the non-
inferiority of ¥F-FDM imaging as compared to ¥F-FDG imaging. In addition, we performed cell culture
studies comparing FDM and FDG metabolism in macrophages under various conditions mimicking
the atherosclerotic plague microenvironment. We also evaluated FDM binding to the MRs. Finally, we
immunohistochemically evaluated MR expression in atherosclerotic lesions of varying severity derived

from humans after sudden cardiac death.

Methods

Histopathological evaluation of human coronary plaques.

This study was exempted from the provisions of the CVPath Institute Human Use Committee, asitinvolved
material from nonliving subjects. The IRB has reviewed the research protocols of the characterization
of the atherosclerotic plaques involving specimens collected from postmortem material and provided
an exemption letter indicating that it was aware of the work with the de-identified human specimens
and that universal precautions were strictly followed. The enrollment involved examination of sudden
coronary death cases received in consultation from the Maryland Medical Examiner Office and added to
the Sudden Coronary Death Registry. We obtained the coronary specimens from 5 patients 53.8 + 13.3
years of age (4 males). Morphology of each plaque was characterized by modified Movat’s pentachrome
staining. For immunohistologic characterization, we cut adjacent cryosections at 10 um. After treating
the sections with 0.15% H,0, and protein block (Dako, Denmark), we incubated the sections using
primary antibodies against CD68 (Dako, clone KP1, 1:800), CD163 (Santa Cruz, clone GHI/61, 1:800)
and CD206 (HyCult Biotechnology, clone 15-2, 1:800). For detection of primary antibody binding, we
used a streptavidin—alkaline phosphatase 4plus Universal Detection System (Biocare Medical), and
for visualization we used a Ferangi Blue chromogen substrate (Biocare Medical). Antibody binding for
cryosections used either an EnVision + Dual Link System HRP (Dako) or Universal LSAB 2 HRP (Dako),
both with a NovaRed chromogen (Vector). For analysis of the stained sections, we used an Olympus
BX51 microscope equipped with a wide-format liquid-crystal display and the following objective lenses:
PlanApo 1.25%/0.04 numerical aperture (NA), PlanApo 2x/0.08 NA, UPlanApo 4x/0.16 NA, UPlanFl
10x%/0. 30 NA, UPlanFL N 20x/0.50 NA and UPlanFI 40x/0.75 NA. We used an Olympus DP71 camera and
DP Controller imaging software (version 3.2.1.276) to capture images. After white-balancing on digital
imaging software, we acquired images including entire coronary cross-sections at 20x magnification
(432 d.p.i., bit depth 24) in the same setting (I1SO-200, exposure time 1/800 s). In each plaque, we
further photographed 2 macrophage-rich regions of interest at a magnification of 400x (4,080 x 3,072
pixels, 432 d.p.i., bit depth 24, 1SO-200, exposure time 1/280 s). We assessed presence of CD68, CD163
and CD206 (expressed as average of area density) in 200 x 200 uM areas within these regions of interest
using IPLab for Mac OS X.
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Macrophage culture experiments

The Institutional Review Board of Hospital La Paz, Madrid, Spain, approved all macrophage culture
experiments. We obtained peripheral blood from healthy volunteers (50 mL from each) with their
written informed consent, through the blood bank Cruz Roja, Blood Bank, Madrid, Spain. We obtained
monocytes from buffy coats by Ficoll-Paque (density 1.077 g/ml) (GE Healthcare Bio-Sciences Corp.,
Piscataway, NJ) and collected the CD14-enriched fraction after binding to MACS human CD14—
specific magnetic beads (Miltenyi Biotec). We differentiated the monocytes to macrophages using
human colony-stimulating factor-1 (CSF-1, 20 ng/ml, PeproTech, Rocky Hill, NJ) for 5 d in RPMI 1640
supplemented with antibiotics and 10% CSF. When we used THP-1 cells, we grew them at circa 200
x 103 cells per well in RPMI 1640 medium supplemented with 10% CSF and antibiotics. To promote
differentiation, we treated THP-1 monocytes with 100 nM 12-O-tetradeca-noyl-phorbol 13-acetate
for 24 h. “C-2-deoxy-2-carbon-D-glucose (**C-CDG) was obtained from PerkinElmer. For the first set of
experiments, we maintained volunteer-derived macrophages under normoxia or for 18 h under hypoxia
(1% O,) and then replaced the medium with fresh medium containing 1 uCi/ml *C-CDG (**C-CDG, 250
uCi/mmol), 0.5 mM glucose and 0.2 mM unlabeled FDG or FDM. We then determined the *#C-CDG
incorporation time course after lysis of the cells by quantification of the radioactivity. In the second set,
we incubated THP-1 cells with LDL (100 pg/ml) or LDLox (50 pg/ml) overnight and treated them as in
the first set for 7 min. Next, we lysed the cells and determined uptake. In the third set, we incubated
THP-1 cells with 1 mM glucose, 0.2 mM FDG or 0.2 mM FDM in RPMI 1640 medium lacking glucose
and phenol red and measured lactate release using a commercial kit. In the fourth set, we prepared cell
extracts from normoxic or hypoxic volunteer-derived macrophages, filtered these through Sepharose
G-25 columns to deplete endogenous metabolites and assayed the total HK activity in the presence
of 1 mM adenosine triphosphate (ATP) and FDM or FDG (0.2 mM) and FDM-6-phosphate (FDM6P)
or FDG-6-phosphate (FDG6EP) at 0.1 mM. In the fifth set, we used the same protocol to assay the HK
activity in extracts from volunteer-derived macrophages. In the sixth set, we evaluated the binding of a
PE-labeled antibody against MR (Beckman Coulter, PN IM2741) to the MR of the THP-1 cells incubated
with unlabeled FDG, unlabeled FDM, mannan, and both unlabeled FDM and mannan for 30 min at the

previously described concentrations. Mannan was used at 10 pg/ml.

Production of **F-FDM.

We produced ®F-FDM using a relatively straightforward three-step protocol (Figure 1a). In the first step,
we let B-D-mannopyranose-1,3,4,6-tetra-O-acetate-O-trifluoromethanesulfonate (mannose triflate)
react with silver tosylate in acetonitrile under refluxing conditions for 24 h. Thereafter, we removed the
solvent. We then took up the residue in dichloromethane and washed it with water. Thereafter, we let
the dichloromethane layer dry over magnesium sulfate and purified it. Then, we isolated the product,
B-D-glucopyranose 1,3,4,6-tetra-O-acetate-O-toluenesulfonate (glucose tosylate) by preparative thin-
layer chromatography plate and characterized it by nuclear magnetic resonance and mass spectra
(IM+H]*=503).

In the second step, a chemistry processing computer unit (CPCU) was used. We passed **F in H,**0 from
an MC-17 cyclotron through a QMA-light Sep-Pak (Waters Corp.), preconditioned with 3 ml of K.CO,,
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140 mg/ml, followed by 3 ml of anhydrous acetonitrile. We then eluted the F trapped in the QMA-
light Sep-Pak (using nitrogen gas) with 24 ml of acetonitrile and 1 ml of water containing 360 mg of
Kryptofix222 (4,7,13,16,21,24-hexaoxa-1,10-diazabicyclo[8.8.8]-hexacosane) and 75 mg of K,CO, and
transferred it to the CPCU reaction vessel. Then we dried the *F, Kryptofix and K,CO, mixture at 120
°C for 10 min. Subsequently, we added acetonitrile (1 mL) and evaporated it at 120 °C for 7 min to
ensure dryness of the ¥F mixture. Next, we added the precursor, glucosetosylate (2 mg in 0.5 ml of
anhydrous acetonitrile), and let it react for 30 min at 96 °C. Subsequent to the reaction, we added 5 mL
methanol to the mixture, after which we passed the methanol contents through a neutral alumina Sep-
Pak prewashed with methanol (in order to remove any unreacted *¥F). The collected methanol solution
from the CPCU contained ¥F-FDM tetraacetate.

In the third step, we evaporated the methanol solvent in the *®F-2-fluoro-D-mannopyranose-1,3,4,6-
tetra-O-acetate solution and took the residue in 1 N hydrochloric acid (1 ml). After heating the resulting
solution at 125 °C for 15 min, we let it cool and passed it through AG 11 A8 BioRad 50—-100 mesh
resin and C-18 Sep-Pak. Then we added sterile 0.9% saline (USP, Abbot Laboratories) to the resulting
solution as needed, and filtered it through a 0.2-micron Millex-FG Millipore sterile filter (Millipore).
After thin-layer chromatography demonstrated radiochemical purity of *¥F-FDM of over 95%, we used
this solution for PET imaging studies (Figure 1c). The final radiochemical yields of *F-FDM were very

low, < 5-10%. More efficient methods are currently being developed (181).
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Figure 1. Radiotracer preparation. (a) Schematic representation of the synthesis of **F-2-deoxy-2- fluoro-D-mannose
(*®F-FDM). (b) Chemical formula of !®F-2-deoxy-2-fluoro-D-glucose (**F-FDG). (c) thin-layer chromatography
demonstrated radiochemical purity of ®F-FDM of over 95%. '®F-FDM = ®F-2-fluoro-2-deoxy-D-mannose; *F-FDG =
8F-2-fluoro-2-deoxy-D-glucose.

Induction of atherosclerosis in rabbits

New Zealand White (NZW) rabbits (Western Oregon Breeding Laboratories) weighing 3.0 — 3.6 kg were
used. Before imaging experiments, they were kept on a high-fat, high-cholesterol diet that contained
0.5% cholesterol and 6% peanut oil. One week after start of diet, a trained professional performed
balloon de-endothelialization of the abdominal aorta (46,51). Animals were anesthetized with a mixture
of ketamine and xylazine (100 mg/ml, 10:1 vol/vol; 2.0 to 3.0 ml subcutaneously). Next, a 4F Fogarty
embolectomy catheter (12-040-4F, Edwards Lifesciences) was inserted via an arteriotomy site and
advanced 20 cm proximally, approximately up to the level of the diaphragm. The catheter was inflated
with 0.75 mL of saline and dragged antegrade to the bifurcation of aorta for endothelial denudation;
five such passes were made. After removing the catheter, the femoral artery was ligated and the incision
site was closed. After recovering form anesthesia, the rabbits were returned to their cages. All rabbit

experiments followed the guidelines for the Care and Use of Laboratory Animals established by the US
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National Institutes of Health and were approved by the Institutional Laboratory Animal Care and Use

Committee at the University of California, Irvine.

In vivo and ex vivo ¥F-FDM imaging

We fasted the rabbits for 12 h before the scan. We anesthethized rabbits using isoflurane (3—4%
induction, 2—3% maintenance), administered either ¥F-FDG (1.75 £+ 0.78 mCi IV) or ¥F-FDM (1.48 +
0.64 mCi IV) and then placed the rabbit on the bed of the Inveon microPET scanner (Siemens Medical
Solutions) in the supine position. Emission data were acquired dynamically in list mode for 2.5 h.

We killed rabbits with an overdose of sodium pentobarbital (120 mg per kg body weight). Thereafter, we
harvested the aortas for ex vivo imaging. As the aortas were longer than the field of view, we cut them
in half and performed the ex vivo scan with the halves alongside each other. Thereafter, we segmented
aortas at 1-cm intervals and determined radiotracer uptake (%ID/g) in aortic tissue by y-counting. For
comparison of normal versus atherosclerotic regions of each animal, we compared aorta specimens
with lowest radiotracer uptake versus specimens from the region of balloon denudation with maximal
radiotracer uptake. Also, we determined %ID/g tissue uptake in samples of various organs and in blood
samples taken at 1 and 45 min and at 2, 3 and 4 h. To correct for radioactive decay, we set aside aliquots
of the injected dose and counted them simultaneously with tissue and blood samples.

We rebinned the list-mode PET data using a Fourier rebinning algorithm and reconstructed the PET data
using two-dimensional filter back projection with a Hanning filter with a frequency cutoff at 0.5 Nyquist
and corrected for attenuation using °’Co attenuation scan data. We performed three-dimensional
multiplanar reconstruction of raw CT images. We evaluated the PET images on a workstation using AS|
Pro VM Micro PET Analysis software (Concorde Microsystems, Knoxville, TN). We measured the SUV
score with a standardized two-dimensional circular region of interest on contiguous image projections
obtained at 120 — 150 min after injection. We placed a region of interest on the transaxial image to
totally surround the most intense area of the tracer uptake and calculated the SUV value by using the
maximum and minimum pixel activity value within the region of interest. We corrected SUV values for
body weight and injected tracer dose. For quantification of radiotracer uptake in tissue samples, we

used a well-type gamma counter (PerkinElmer Wallac).

(immuno)histopathological evaluation of rabbit aorta.

After y-counting, we fixed one-half (5 mm) of each aorta specimen in 4% paraformaldehyde in
phosphate-buffered saline (PBS, pH 7.4, at 4 °C overnight) and stored the fixed tissue in PBS with 0.02%
sodium azide (NaN,) at 4°C until use. For histopathological characterization, we used tissue specimens
from 5 animals imaged with ®F-FDM, 7 animals imaged with ¥F-FDG and 3 control animals imaged
with F-FDM. From each animal, we took two 5-mm aorta specimens from each uptake tertile for
histopathological characterization. We dehydrated specimens using a graded series of ethanol,
embedded them in paraffin and cut at 4-um intervals. Of each 5-mm specimen, adjacent slices were
stained with Movat’s pentachrome for morphological characterization and with primary antibodies
against a-SMA and RAM-11 to detect smooth muscle cells and macrophages, respectively. For antibody-

based stainings, we deparaffinized sections and incubated them in antigen-unmasking solution (Vector
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Labs) for 25 min in a water bath at 90°C for antigen retrieval. We treated the sections in 3% H,0, and
2% immunoglobulin G—free, protease-free bovine serum albumin (001-000-161, Jackson) with 0.1%
Triton X-100 in PBS. We incubated sections with primary antibody against a-actin isotypes (MAB1420,
1:10,000, R&D Systems) to detect smooth muscle cellsand RAM-11 (M 0633, 1:3,000, DAKO, Carpinteria,
California) to detect macrophages. We then incubated sections with biotinylated secondary antibody
(1:200, PK-6100,Vector Labs). For a color reaction, we incubated the sections with diaminobenzidine
and counterstained the sections with Gill's hematoxylin. We used sections incubated in parallel without
primary antibody for quality control of the staining procedure. For evaluation of stained secions, we
took photomicrographs on a Carl Zeiss Axiovert-200 microscope with a 10x objective lens using a Carl
Zeiss Axiocam high-resolution digital color camera and Axiovision 3.1 software at 1,300 x 1,300 pixels.
We obtained digital images using the same settings, and the segmentation parameters were constant
within a range for a given marker and experiment. Images were analyzed using Image-Pro Plus version
5.0. For both markers, we determined the percentage of immunopositive area (immunopositive area/

total intimal area x 100) (Image-Pro) and calculated the correlation with radiotracer uptake.

Autoradiographic evaluation of rabbit aorta

After ®F-FDM imaging and y-counting, we defolded one-half of each 1-cm specimen aorta tissue of an
atherosclerotic animal (the other half of each specimen of this animal we used for histopathological
characterization). We laid these specimens flat on a Phosphor Cyclone Imager (Packard Instruments)
for 24 h. We analyzed the generated autoradiographs using a computer-based image analysis system

(OptiQuant Version 4.0, Packard Instruments), and we expressed uptake as digital light units (DLU) /mm.

Statistical analysis.

We presented all values as mean = SD We compared groups using independent Student’s t-test.
For multiple group comparisons, we employed one-way analysis of variance with post hoc Student-
Newman-Keuls test for pairwise comparison. For correlations, we calculated Pearson correlation
coefficients. We considered P < 0.05 as statistically significant. We calculated the biological half-life of
both radiotracers using nonlinear regression analysis using a least-squares weighted simplex algorithm,

with data weighted with the reciprocal of the observed value.

Results

Presence of MR-bearing macrophages in high-risk plaques

To confirm that MRs are upregulated in unstable atherosclerotic plaques in humans, we stained frozen
coronary sections after sudden cardiac death from subjects enrolled in the Cardiovascular Pathology
Institute Sudden Coronary Death Registry; we compared five stable and five unstable (including thin-
cap fibroatheromas or TCFA) coronary artery atherosclerotic plaques (Figure 2). We employed modified
Movat’s pentachrome staining for morphologic characterization CD68 staining revealed modest

macrophage infiltration in the stable plaques, mostly around the lipid core. In the TCFAs, macrophage
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infiltration was more extensive and occurred in the entire necrotic core and thin fibrous cap. CD163
and CD206 staining revealed very few M2 and almost no MR-bearing macrophages in the stable plaque,
respectively. On the other hand, infiltration of both M2 and MR-bearing subpopulations was intense
in the TCFAs, mostly in the fibrous cap. The quantitative evaluation of macrophage-rich areas in TCFAs
and stable plaques revealed significantly higher area density (positively stained percentage of evaluated
area) of M2 (6 + 4 versus 0.6 £ 0.9, P < 0.05) and MR-bearing macrophages (3 + 2 versus 0.1+ 0.1, P <
0.05) in these regions in TCFAs than in stable plaques.
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Figure 2: Mannose receptor-bearing macrophages in human stable and high-risk atherosclerotic plaques. (a)
Top, photomicrographs of adjacent sections of stable coronary atherosclerotic plague stained with M5C (plaque
morphology) or for CD68 (macrophages), CD163 (M2 macrophages) or CD206 (MR-bearing macrohages). Bottom,
high-power views of the plaque shoulder region corresponding to the black box in the top left photomicrograph.
(b) Top, photomicrographs of adjacent sections of a high-risk coronary atherosclerotic plaque (TCFA) stained with
MS5C, CD68, CD163 or CD206 (MR). Bottom, high-power views at the border between the NC and the fibrous cap
corresponding to the black box in the top left photomicrograph. LP = lipid pool; M5C = Movat’s Pentachrome, NC =
necrotic core; PIT = pathologic intimal thickening; TCFA = thin-cap fibroatheromas

FDM and FDG uptake by cultured macrophages

To evaluate the FDG and FDM uptake in macrophages, we performed cell culture studies using
macrophages derived from CD14* cells isolated from human volunteers and THP-1 monocytes. These
studies suggest substantially higher uptake of FDM as compared to FDG in macrophages. In the first set

of experiments, we evaluated the effects of co-incubation with unlabeled FDM and FDG on *C-CDG
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accumulation (Figure 3a). In normoxic conditions, co-incubation with FDG significantly reduced *C-CDG
uptake, whereas co-incubation with FDM resulted in a statistically nonsignificant reduction at all time
points before 15 min; *C-CDG accumulation was approximately 40% higher in cells incubated with
FDM compared to those incubated with FDG. In hypoxic conditions, *C-CDG uptake was higher than
in normoxic conditions; the accumulation was approximately 50% higher in cells incubated with FDM
compared to those incubated with FDG.

In the second set of experiments, in the presence of low-density lipoprotein (LDL) and oxidized LDL
(LDLox), **C-CDG uptake was higher, and the inhibitive effect of FDM remained smaller than that of FDG;
in cells incubated with FDM, when compared to cells incubated with FDG, **C-CDG accumulation was
approximately 90% higher in normal conditions, approximately 35% higher in the presence of LDL and
approximately 55% higher in the presence of LDLox (Figure 3b).

In the third set of experiments with lactate as the readout of glucose metabolism, cells incubated with
FDM showed approximately 35% higher lactate production than cells incubated with FDG (Figure 3c).
In the fourth set, we measured the HK activity in extracts from macrophages maintained under hypoxic
and normoxic conditions and assayed in the presence of FDM and FDG or their phosphorylated end
products FDM-6-phosphate (FDM6P) and FDG-6-phosphate (FDG6P). There was significantly lower
inhibition of HK activity by FDM compared to FDG and by FDM6P when compared to FDG6EP. In the
normoxic and hypoxic conditions, HK activity was approximately 20% higher in presence of FDM than in
the presence of FDG. In normoxic and hypoxic conditions, HK activity was approximately 60% higher in
presence of FDM6P than in the presence of FDG6P (Figure 3d).

As mannose and glucose are isomers (Figure 1b) that enter the cell through the glucose transporter,
we had expected that the inhibitory effect of FDM on “C-CDG uptake would be similar to that of FDG
in these competition studies or, in other words, that ¥F-FDG and ®F-FDM uptake in macrophages
would be identical. However, the lower inhibitory effect of FDM on sugar incorporation, which was also
confirmed by higher lactate production, was explained by lower inhibition of HK activity. This suggested
relatively more efficient metabolism of FDM to downstream metabolites, resulting in lower inhibition
of HK activity, which allows uninhibited entry of six-carbon sugars into the cell.

This became more evident after the fifth set of experiments, where we incubated macrophage extracts
with FDM6P and FDG6P. We observed a time-dependent decrease in the inhibition of HK by FDMG6P,
whereas FDG6P-based inhibition remained constant (Figure 3e). As HK activity is the force driving
cellular FDG and FDM uptake, the lower HK inhibition by FDM supports a higher ¥F-FDM uptake when
compared to ®F-FDG uptake. Based on the experiments described above that consistently favor FDM
(versus FDG) transport (by 35 — 90%, depending on the conditions), we estimate at least 35% higher
BF-FDM uptake by macrophages, if all *®F-containing *¥F-FDM metabolites remain intracellular.

In addition to metabolic uptake of FDM, we also evaluated FDM accumulation through MRs on
macrophages in the sixth set of experiments. By titrating the binding of an antibody specific for the MR
(CD206), we evaluated the relative interaction with MR by FDG, FDM and mannan, a mannose polymer
known to bind the MR (Figure 3f). FDM and mannan both reduced antibody binding by approximately
35%. Mannan and FDM together reduced the antibody binding even further, by approximately 60%.
This demonstrates that FDM binds to the MR. On the other hand, as expected, FDG did not reduce
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binding of the anti-MR antibody and thus does not bind the receptor (Figure 3f). Specific binding of
BE-FDM to the MR may provide another clinically relevant avenue for ¥F-FDM uptake in high-risk

atherosclerotic plaques.
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Figure 3: Characterization of FDM and FDG uptake by cultured macrophages. (a) Effect of unlabeled FDM versus
unlabeled FDG on **C-CDG accumulation in volunteer-derived macrophages maintained under normoxia or hypoxia.
(b) Effect of non-radioactive 2-deoxy-2-fluoro-D-mannose versus non-radioactive 2-deoxy-2-fluoro-D-glucose on
14C-CDG uptake in THP-1 macrophages maintained with human LDL or LDLox. (c) Effect of co-incubation with FDM
versus on lactate release from THP-1 macrophages. (d) Effect of versus FDG and FDM6P versus FDG6P on HK activity
of volunteer-derived macrophages in hypoxic and normoxic conditions. (e) Inhibitory effect of FDM6P versus FDG6P
on HK activity of volunteer-derived macrophages over time. (f) Effect of co-incubation with FDG, FDM, mannan and
FDM + mannan on binding of anti-CD206 antibody to CD206 (MR) on THP-1 macrophages.Data presented are means
+ SD of at least 3 experiments. * =P <0.05, ** = P < 0.01; "C-CDG = **C-2-deoxy-2-carbon-D-glucose; AU = arbitrary
units; FDG = 2-fluoro-2-deoxy-D-glucose, FDM = 2-fluoro-2-deoxy-D-mannose ; FDG6P = FDG-6-phosphate; FDM6P
= FDM-6-phosphate.
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18F-FDM imaging, quantification, autoradiography and pharmacokinetics

We produced *#F-FDM using a radiolabeling protocol similar to that used for *¥F-FDG (Figure 1a); thin-
layer chromatography confirmed radiochemical purity of over 95% (Figure 1c). We evaluated the
feasibility of PET imaging with F-FDM in a rabbit model of atherosclerosis (Figure 4) produced by high-
cholesterol diet and subdiaphragmatic aorta denudation (n = 8); unmanipulated animals were used
as disease controls (n = 3). We performed ®F-FDG PET imaging to provide the positive-control group
in separate sets of atherosclerotic (n = 8) and control (n = 3) animals for comparison with ¥F-FDM.
Blood-pool images obtained 0 — 10 min after intravenous injection showed the aorta similarly in both
atherosclerotic and control animals (Figure 4a). Atherosclerotic lesions were best visualized by ¥F-FDM
at 120 — 150 min after the radiotracer injection. By this time, the blood activity had subsided, and we
observed marked radiotracer uptake in the aortas of atherosclerotic animals (Figure 4a) and only scant
uptake in the control animals. SUV evaluation revealed significantly higher uptake in atherosclerotic
abdominal aortas when compared to relatively normal thoracic aortic aortas (1.69 + 0.26 versus 0.35 +
0.21, P <0.05) (Figure 4b).

After in vivo imaging and euthanasia, we obtained ex vivo PET images of aortas. These paralleled in
vivo images, as the aortas of atherosclerotic animals revealed intense ¥F-FDM uptake; we observed
maximum uptake in the abdominal parts and aortic arches corresponding to the gross distribution of
atherosclerotic lesions (Figure 4c). No atherosclerotic plaques or specific radiotracer accumulation was
present in aortas of control animals.

After ex vivo imaging, we cut aortas at 1-cm intervals and quantified radiotracer uptake by y-counting,
which confirmed the imaging data (Figure 4d). **F-FDM uptake (%ID/g) in atherosclerotic regions was
higher than in relatively normal regions (0.04 + 0.01 versus 0.018 + 0.006, P < 0.05) and higher than the
maximum detected in the control animals (0.016 + 0.003, P < 0.05).

Aftery-counting, we further characterized *¥F-FDM uptake in the aorta of one animal by autoradiography.
Autoradiographic uptake was higher in regions with grossly visible atherosclerotic plague than in normal
areas (Figure 4e), and quantitative analysis revealed maximal **F-FDM uptake to be almost 100-fold

higher than minimal uptake (Figure 4f).
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Figure 4: In vivo and ex vivo radionuclide imaging and uptake quantification in atherosclerotic rabbit aorta. (a)
Representative coronal views of in vivo **F-FDM PET imaging (n = 8, top) and ®F-FDG PET imaging (n = 8, bottom)
in atherosclerotic animals. Early (blood-pool) acquired at 0 — 10 min after radiotracer administration (left) and late
images acquired at 120 — 150 min (right) show uptake of both radiotracers in the arterial wall. (b) SUV analysis of in
vivo ¥F-FDM (n = 4) and '®F-FDG PET (n = 3) images of atherosclerotic rabbits. (c) Representative examples of ex
vivo ®F-FDM and *8F-FDG PET imaging in atherosclerotic (n = 8 for each tracer) and control animals (n = 3 for each
tracer). Beforeimaging, aortas were cut in half; halves were imaged alongside each other. White lines indicate the point
of division. (d) y-counting results of ®F-FDM and '#F-FDG uptake in atherosclerotic and relatively normal aorta regions
of atherosclerotic and control animals. (e) Photo and *#F-FDM autoradiography images of 0.5-cm aorta specimens
from an atherosclerotic rabbit. (f) Results of quantification of autoradiography image (expressed as DLU/mm);
comparison of uptake in atherosclerotic versus relatively normal region. * = P <0.05. SUV = standardized uptake value.
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Biodistribution and pharmacokinetic studies revealed maximum radiation burden to the kidneys (Figure

5a), a low burden in all other organs and a median circulating tracer half-life of 74 min (Figure 5b).
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Figure 5. Pharmacokinetic studies. (a) Biodistribution of ®F-FDG and '#F-FDM. (b) Blood clearance studies of ®F-FDM
and 8F-FDG.

18F-FDM uptake: autoradiography and (immuno)histopathology

After y-counting, we histopathologically characterized aorta specimens with high, moderate and low
uptake (Figure 6). F-FDM uptake was highest in specimens with morphologically inflamed and lipid-
rich plagues (as shown by modified Movat’s pentachrome staining) and correlated with the extent of
macrophage infiltration (as shown by RAM-11 staining) (r = 0.45, P < 0.01) but not with the abundance

of smooth muscle cells (as shown by staining for a-smooth muscle actin, a-SMA).
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Figure 6: Histopathological characterization of ®F-FDM uptake in atherosclerotic rabbit aorta. Representative
photomicrographs of aortic tissue sections from atherosclerotic animals with high (column 1), moderate (column
2) and low (column 3) *F-FDM or **F-FDG uptake and aortic tissue sections from control animals after imaging
with ¥F-FDG or F-FDM (column 4) are shown. Rows show results of M5C staining (top), RAM-11 staining for
macrophages (middle) and a-sma for smooth muscle cells (bottom). We used specimens from 7 animals imaged
with 8F-FDG, 5 animals imaged with **F-FDM and 2 control rabbits for histopathological analysis. From each animal,
we selected 2 specimens in each uptake tertile. We stained adjacent sections from all selected specimens with all 3
stains, one section per stain. a-SMA = smooth muscle actin.

Comparison of *¥*F-FDM and ‘®F-FDG imaging

To evaluate whether ®F-FDM imaging was non-inferior to ¥F-FDG imaging, we performed ¥F-FDG
imaging in additional sets of atherosclerotic (n = 8) and control (n = 3) rabbits. Blood pool ¥F-FDM
and 8F-FDG images obtained from 0 — 10 min after IV injection show the aorta. /n vivo **F-FDM and

BF-FDG images obtained from 120 — 150 min after injection showed comparably high specific uptake of
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both tracers in the abdominal aortas and aortic arches of atherosclerotic animals (Figure 4a); this was
confirmed by ex vivo imaging. In vivo and ex vivo **F-FDM and *¥F-FDG images showed comparably high
specific uptake of both tracers in the abdominal aortas and aortic arches of atherosclerotic animals
(Figure 4c). No specific uptake of either radiotracer was observed in aortas of the control animals (Figure
4). SUV evaluation of *¥F-FDM (n = 4) and *¥F-FDG (n = 3) imaging in atherosclerotic animals revealed
similar uptake in atherosclerotic (1.69 + 0.26 versus 1.82 + 0.17, NS, and also in non-atherosclerotic
(0.35+0.21 versus 0.33 £+ 0.12, NS) regions (Figure 4b). y-counting confirmed that ®F-FDM and *®F-FDG
uptake (expressed as %ID/g) were similar in atherosclerotic (atherosclerotic region, 0.042 + 0.01 versus
0.048 + 0.01, NS; non-atherosclerotic regions, 0.018 + 0.005 versus 0.023 + 0.003, NS) and control
animals (maximal uptake, 0.016 + 0.005 versus 0.024 + 0.005, NS; minimal uptake, 0.009 + 0.003 versus
0.014 £ 0.005, NS) (Figure 4d).

The relationships between uptake of 8F-FDM and *®F-FDG and their respective histopathological plaque
characteristics were also comparable (Figure 6). Both tracers showed a direct correlation with the
extent of macrophage infiltration (**F-FDM, r = 0.45, P < 0.05 and *®F-FDG, r = 0.57, P = 0.0001). Also,
18F-FDM and F-FDG had similar biodistribution (Figure 5a) and circulating half-life data (74 min versus
115 min, NS, Mann-Whitney test) (Figure 5b).

Discussion

Although F-FDG has been extensively employed for the detection of plaque inflammation, we
evaluated the feasibility of 8F-FDM imaging in the present study. The use of ¥F-FDM was based on the
premise that mannose, being an isomer of glucose, should be similarly taken up by macrophages and
that expression of MRs by a subset macrophages should provide an additional target for macrophage
imaging. We observed increased expression of MR-bearing M2 macrophages in unstable plaques and
specific binding of FDM to the MR receptor. We propose that the overexpression of MRs in high-risk
plaques could provide an additional avenue for 8F-FDM uptake. Furthermore, although determining the
superiority of metabolic uptake of ¥F-FDM was not one of our study objectives, the in vitro macrophage
studies indicated at least 35% higher FDM uptake when compared to that of FDG, based on lower
inhibition of HK activity.

This study reports the feasibility of imaging of atherosclerotic lesions with ®F-FDM, radiolabeled
mannose, and demonstrates that *¥F-FDM uptake is non-inferior to *F-FDG uptake. Because cell
studies in human macrophages indicated higher metabolic FDM uptake and MRs are upregulated in
high-risk plaques in humans, we believe clinical **F-FDM imaging would demonstrate superior imaging

characteristics. To confirm this, clinical studies are required.
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Abstract

Background: studies in animal models of acute myocardial infarction have shown cardioprotection by
minocycline. In these studies, minocycline was administered before ischemia, which in clinical practice
is rarely possible. This study aims to determine whether minocycline, when administered at reperfusion,
reduces cardiac damage.

Methods. To simulate acute myocardial infarction, myocardial ischemia and reperfusion were induced
in mice (n =13) and rabbits (n = 8), subgroups were randomized to receive minocycline treatment upon
reperfusion, or to remain untreated. Cell death was evaluated in all rabbits by planar ®™Tc-annexin A5
imaging of explanted heart followed by gamma counting and in mice by absolutely quantified *™Tc-
annexin A5 SPECT imaging and terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)
staining.

Results. In mice, in vivo SPECT imaging showed lower ®™Tc-annexin A5 uptake (expressed as percent
injected dose per gram of tissue, %ID/g) in treated than in control animals (1.31 + 0.32 versus 2.15
+ 0.52, P < 0.01). TUNEL staining confirmed a reduction of percentage of apoptotic cardiomyocytes
in minocycline-treated mice versus controls (0.16 + 0.10 versus 0.54 + 0.32, P = 0.034). In rabbits, ex
vivo planar imaging showed reduced radiotracer uptake in minocycline-treated animals. Ex vivo gamma
counting showed a trend of reduced radiotracer uptake (%ID/g) in the infarcted apex in minocycline-
treated animals versus control animals (0.29 + 0.14 versus 0.4 £ 0.16, P = 0.332).

Conclusions. The results of this study indicate cardioprotection by minocycline in a clinically translatable

protocol.
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Introduction

Myocardial ischemia results in myocardial apoptosis and necrosis. Early restoration of perfusion limits
myocardial damage. For this reason, mechanical and pharmacological revascularization remains the
mainstay of management of acute coronary events. Reperfusion, although highly beneficial on balance,
also has detrimental effects. It bathes cells in calcium, triggers a bout of oxidative stress, resulting in
substantial cell death, which is further enhanced by an exaggerated inflammatory response (182). This
process is called ischemia/reperfusion injury, and constitutes an attractive target for cardioprotective
strategies.

Minocycline is a semi-synthetic tetracycline antibiotic with anti-apoptotic, anti-inflammatory and
antioxidant properties. Extensive preclinical data (183) and initial clinical studies (184-187) suggest
that minocycline is neuroprotective in setting of cerebro-vascular accident (CVA). Similarly, several pre-
clinical studies in animal models of acute myocardial infarction have demonstrated cardioprotective
effects of minocycline (188-191). In these studies minocycline was administered before the induction
of ischemia. This does not mimic the clinical situation, in which therapy can be administered during or
after myocardial ischemia.

“mTc-annexin A5 has been successfully employed as a tracer for identification of cell death by the
apoptotic process. Annexin A5 binds to apoptotic cells because it has specific affinity for phosphatidyl
serine (PS), which is specifically expressed on the cell surface of apoptotic cells (192). **"Tc-annexin A5
imaging has been used in animal models and patients with myocardial ischemia to visualize apoptosis
(121,125,126). The present study evaluated the efficacy of acute minocycline administration in animal
models of acute myocardial infarction. Minocycline was administered at the time of reperfusion to

simulate the clinical situation. For evaluation of apoptosis, ®™Tc-annexin A5 imaging was employed.

Materials and Methods

9%mTc-labeling protocol of annexin A5

100 pg of human recombinant hynic-annexin A5 (Theseus Imaging Corp, Cambridge MA ) was thawed
after storage (at -20°C) and mixed with ca. 740 MBq pertechnetate (1 ml). Subsequently, 0.1 ml stannous
tricine buffer was added to the vial for pertechnetate reduction. This mixture was allowed to incubate
for 30 min at room temperature. The pH was measured (limits pH 5-7) and radiochemical purity (RCP)
was assessed by TLC on silica impregnated paper (Gelman Sciences, Ann Arbor, MI) using ACD buffer as
the eluent. This method showed that the radiolabeling protocol yielded a radiochemical purity of 91.3
1+ 4.3%.

Induction of acute myocardial infarction and minocycline treatment in mice
All mouse experiments were conducted according to the NIH guidelines and were approved by the
Institutional Laboratory Animal Care and Use Committees at the University of Groningen. Thirteen

C57BL/6 mice were anesthetized with pentobarbital (100 mg/kg IP), intubated and ventilated on room
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air (MiniVent HSE-HA, Harvard Apparatus, Holliston, Massachusetts). Subsequently, the mice were
placed on a heating bed and body temperature was maintained at 36.5°C during surgery and imaging.
After exposure of the heart through left thoracotomy, the left coronary artery was ligated after its main
branching point with 6-0 polypropylene suture.

The suture was tied over a 1-mm polyethylene tube. After 30 min of ischemia, reperfusion was
instituted through removal of the coronary suture. The occurrence of reperfusion was confirmed by
the observation of blood flow in epicardial coronary arteries through the operation microscope. The
mice were randomized to either receive a single dose of minocycline (30 mg/kg, LV. n = 7) immediately
after onset of reperfusion or to remain untreated (n = 6). When correcting for the first pass effect, this
dosage was consistent with previous studies, in which minocycline dosages of approximately 50 mg/kg/

day were administered intraperitoneally (188-191).

Induction of acute myocardial infarction and minocycline treatment in rabbits

All rabbit experiments were conducted according to the NIH guidelines and were approved by the
Institutional Laboratory Animal Care and Use Committees at the University of California, Irvine. Eight
male New Zealand White Rabbits weighing 3.0 — 3.5 kg were anesthetised with 2.0 — 3.0% isoflurane.
Surgical tracheostomy was performed, animals were intubated and mechanically ventilated on room air
(MiniVent HSE-HA, Harvard Apparatus, Holliston, Massachusetts). The heart was exposed by parasternal
thoracotomy, and the pericardium was removed. The region of the left anterior descending coronary
artery was identified between the aortic root and the left auricle, and a monofilament suture was
placed to occlude the artery. After 40 min of occlusion, the suture was removed to induce reperfusion.
The animals were randomized to either receive a single dose of minocycline (30 mg/kg, IV n = 4)

immediately after onset of reperfusion or to remain untreated (n = 4).

Ex vivo SPECT imaging of rabbit heart

After 30 min of reperfusion, ®™Tc-annexin A5 (370 £ 29 MBq, containing 100 ug annexin A5 protein),
was administered through the marginal ear vein. At three hours after radiotracer administration, the
rabbits were sacrificed using an overdose of sodium pentobarbital (120 mg/kg), hearts were carefully
removed and placed in a two-head micro-SPECT gamma (X-SPECT, Gamma Medica, Inc; Northridge,
CA). Planar imaging was performed in a 128 x128 scaffold using a low-energy 1mm pinhole collimator.
Thereafter, hearts were cut into 4 equidistant short-axis; slices were photographed and cut into a total
of 32 pieces. Each piece was weighed and radiotracer uptake was quantified by y-counting using an
automated well-type gamma scintillation counter (1480 Wizard 3”, Wallac Oy Finland). To correct for
the radioactive decay and permit calculation of the radioactivity in pieces as percent injected dose per

gram of tissue (%ID/g), aliquots of the injected dose were counted simultaneously.

In vivo SPECT imaging in mice
Two min after onset of reperfusion, *™Tc-annexin A5 (13+ 3.5MBq) and !T| (10 + 2.5 MBq) were
injected through the penile vein. Thereafter the mice were positioned on a half open cylindrical bed in

a small-animal SPECT equipped with a 75-pinhole collimator, three Nal gamma-cameras positioned in a
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triangle and three optical cameras (USPECT Il, MILabs, the Netherlands)(193). Photographs acquired by
the optical cameras were used to define the volume of interest with the heart in the center. SPECT images
were acquired for 30 min. Thereafter, the mice were euthanized through cervical dislocation. *™Tc-
annexin A5 and Tl imaging results were reconstructed separately. Reconstruction of *™Tc-annexin A5
images was performed using a fully 3D pixel-based ordered subset expectation maximization (POSEM)
(194) algorithm with six iterations, sixteen subsets and a 0.1875 mm voxel size. A triple-energy-window
method was applied for scatter correction during the reconstruction process. The projections of scatter
photons within the range of photopeak window (140 keV, 20% width) were estimated by using photons
in two background windows (115 keV, 10% width, and 163 keV, 7% width), and were incorporated in the
POSEM reconstruction according to the Bowsher method (195). An attenuation map was drawn using
optical photographs, which were taken for VOI selection. The attenuation coefficient p was considered
homogeneous within the animal and was set as the value for 140 keV photon travelling in water (0.151/
cm).

For reconstruction of 21Tl images, the same protocol was used with a different photopeak window (72
KeV, 27% width) and background windows (56 KeV, 11% width and 94 KeV, 10%) applied. Thereafter,
®mTc-annexin A5 SPECT images were absolutely quantified as described by Wu et al (196). Briefly,
voxel values were multiplied by a calibration factor (the known ratio between voxel values and the
corresponding activity concentrations). Due to high scatter from ®™Tc, the heart region was only visible
in the 2Tl images of 3 animals. The best 2Tl image was selected and a region of interest (ROI) was
drawn around the heart. The 21Tl image was co-registered with the ®™Tc-annexin A5 image of the same
mouse and *™Tc-annexin A5 uptake within the ROl was absolutely quantified. The **"Tc-annexin A5
image of this mouse was co-registered with the *™Tc-annexin A5 images of the remaining mice based
on liver uptake and myocardial ®*"Tc-annexin A5 uptake in the ROIs. Next, the %ID/g in the hearts was
obtained by dividing the average activity per mL in the ROl by the injected dose, assuming a heart

density of 1g/cm?3. For image analysis, Inveon Research Workplace software (Siemens) was used.

Immunohistopathological measurement of cardiac apoptosis in mice

After harvesting, mid-ventricular slices (2 —3 mm) were cut, fixed for 48 hours in 4% paraformaldehyde
at 4°C, and paraffin-embedded. To measure the rate of apoptosis in the specimens, terminal
deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick-end labeling (TUNEL) staining
was performed on 4-um slices using a commercially available kit (In Situ Cell Death Detection
Kit, Fluorescein; Roche Diagnostics Nederland B.V, Almere, the Netherlands). The protocol of the
manufacturer was followed. After deparaffinization and rehydration, the sections were permeabilized
with Proteinase K (20 ul/mL in Tris/HCI, Roche Diagnostics Nederland B.V, Almere, the Netherlands)
for 30 min and rinsed with phosphate-buffered saline (PBS) three times. Samples were incubated with
TUNEL reaction mixture consisting of nucleotides and TdT for 1 hour at 37°C in the dark. Then, the
slides were rinsed with PBS three times. Thereafter, nuclei were counterstained by mounting with
medium containing 4,6-diamino-2-phenylindole (DAPI) (Vectashield Mounting Medium with DAPI,
Vector Laboratories Ltd. United Kingdom, Peterborough, United Kingdom). Slides were stored in a light

tight container at 4°C until analysis. Overview photographs were taken at 20x magnification with an
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automatic photomicroscope (TissueFaxs, TissueGnostics GmbH, Vienna, Austria). The number of cells
was determined automatically based on DAPI staining by a specialized software program (TissueQuest,
TissueGnostics GmbH, Vienna, Austria). Next, the number of TUNEL positive cells was determined by

eye by a blinded operator.

Statistical analysis
Unless otherwise indicated, data are expressed as expressed as mean + standard deviation. For pairwise
comparisons, the Student’s T-test was used. P values of < 0.05 were considered significant. All statistical

analyses were performed using IBM SPSS Statistics (IBM corporation, Chicago, IL).

Results

9%mTc-annexin A5 imaging in mice and rabbits.

In C57BL/6 mice, apoptosis was visualized by in vivo SPECT imaging after administration of *"Tc-annexin
AS5. Figure 1 a shows representative examples of **"Tc-annexin A5 SPECT images of minocycline-
treated and untreated animals. Uptake of ®™Tc-annexin A5 is markedly lower in treated animals than
in untreated animals. Absolute quantification of the myocardial uptake of ®™Tc-annexin A5 (Figure 1b)
revealed lower **™Tc-annexin A5 uptake (expressed %ID/g) in minocycline-treated animals than in non-
treated animals (1.31 £ 0.32 versus 2.15 + 0.52, P < 0.01).

Anneixin A5
Uptake (%ID/g)

F - 0
Control Minocycline

Figure 1. Quantified ®™Tc-annexin SPECT imaging in mice with experimental acute myocardial infarction. /n vivo SPECT
images (a) and absolute quantification (b) revealed marked reduction of cardiac annexin A5 uptake in minocycline-
treated versus untreated control mice. * = P < 0.05; SPECT = single photon emission computed tomography

To measure apoptosis in rabbits, ex vivo *™Tc-annexin A5 SPECT/CT imaging was performed at 3.5 hours
after intravenous administration of *™Tc-annexin A5 (Figure 2a). Comparison between the two groups
shows lower uptake of ®™Tc-annexin A5 in the minocycline-treated rabbits. Quantification of radiotracer

uptake by gamma counting revealed a trend of lower radiotracer uptake (%ID/g) in the infarcted apical
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slice of minocycline treated animals versus non-treated animals (0.29 + 0.14 versus 0.4 + 0.16, P = 0.33,
Figure 2b).

In slices 2 and 3, uptake was similar in treated and non-treated animals (Slice 2: 0.19 + 0.07 versus 0.21
+0.10, P =0.86, slice 3: 0.14 + 0.05 versus 0.16 + 0.07, P = 0.70).
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Figure 2. ®"Tc-annexin A5 uptake in rabbits with experimental acute myocardial infarction. Ex vivo planar imaging
(a) and gamma counting (b) show a trend of lower uptake in the infarcted apical slice in minocycline-treated than in
untreated control animals. NS = statistically not significant

Immunohistopathological measurement of cardiac apoptosis in mice

Figure 3a shows representative examples of TUNEL-stained myocardial tissue sections. The percentage
of TUNEL positive cells was markedly lower in minocycline treated mice than in non-treated mice (0.16
+0.10 versus 0.54 + 0.32, P = 0.034, Figure 3b).
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Figure 3. TUNEL staining in mice with experimental acute myocardial infarction. Representative examples of TUNEL
staining (a) and their quantification (b) demonstrate a marked reduction of apoptotic cells among minocycline-
treated versus untreated control mice. Arrows: TUNEL-positive cells. * = P < 0.05. TUNEL = terminal deoxynucleotidy!
transferase-mediated deoxyuridine triphosphate nick-end labeling
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Discussion

Here were report initial evidence of reduction of (apoptotic) cell death by minocycline administration
upon reperfusion in mice and rabbits with experimental acute myocardial infarction. For optimal
assessment of cardiac apoptosis, in and ex vivo *™Tc-annexin A5 imaging was employed.

Considerable experience with minocycline therapy in cerebrovascular event, the pathology of which
is similar to that of myocardial infarction, has been obtained. Extensive pre-clinical work suggests that
minocycline therapy after CVA, reviewed in (183) Initial clinical studies indicate that minocycline therapy
after CVA is well tolerated in intravenous doses of up to 10mg/kg (184), may reduce hemorrhagic
transformation (197) and improve neurologic functional outcome (185-187).

Moreover, several studies have demonstrated cardioprotection by minocycline in animal models
of acute myocardial infarction. Employing a Langendorff set-up, Scarabelli and co-workers reported
the first evidence of minocycline’s protective effects in cardiac ischemia and reperfusion (8). They
demonstrated that minocycline reduces apoptosis, and infarct size, and decline in heart function.
They moreover demonstrated that the anti-apoptotic effect is multifaceted and encompasses direct
inhibition of the caspase cascade, and reduction of mitochondrial leakage of pro-apoptotic mediators
(189). Next, Romero-Perez and colleagues confirmed in a rats with experimental cardiac ischemia and
reperfusion that minocycline treatment reduces infarct size by approximately 33% (188). Moreover,
they demonstrated that minocycline specifically accumulates in the infarct area, reduces Matrix
Metalloproteinase-9 (MMP-9) activity and oxidative stress. Thereafter, Hu offered further support
for reduction of apoptosis and infarct size by minocycline, and added that this may in part be due to
reduced release of the inflammatory mediator high mobility group box 1 protein release (190). Finally, a
second study by Hu et al demonstrated minocycline-induced reduction of ventricular arrhythmias after
myocardial ischemia and reperfusion (191).

In the studies evaluating cardio protective effects of minocycline, time of administration was before
induction of ischemia. This challenges translation to clinical practice, where treatment can only be
administered after onset of ischemia. The current study adds to the previous studies, as it is the first
study evaluating cardioprotection by minocycline administration upon reperfusion.

The current study has several limitations. Gamma counting demonstrated a trend of reduced *™Tc-
annexin A5 uptake in the infarcted apical slice of rabbit hearts. However, due to unexpectedly high
mortality rates, sample size (4 in each group) was too small to obtain statistically significant results.
Moreover, although reduction of cardiac apoptosis in mice was demonstrated in a robust manner by
TUNEL staining, ®™Tc-annexin SPECT image analysis was sub-optimal due to technical difficulties with
dual tracer image reconstruction. Thus, the current results indicating cardioprotection by minocycline
administration upon reperfusion in mouse and rabbit models of acute myocardial infarction may best

be seen as exploratory rather than definitive.
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Abstract

Acute insult to the myocardium is associated with substantial loss of cardiomyocytes during the
process of myocardial infarction. In this setting, apoptosis (programmed cell death) and necrosis may
operate on a continuum. Because the latter is characterized by the loss of sarcolemmal integrity, we
propose that an appropriately labeled tracer directed at a ubiquitously present intracellular moiety
would allow non-invasive definition of cardiomyocyte necrosis. A trivalent arsenic peptide, GSAO
(4-(N-(S-glutathionylacetyl)amino)phenylarsonous acid), is capable of binding to intracellular dithiol
molecules such as heat shock protein 90 (HSP90) and filamin-A. Since GSAO is membrane impermeable
and dithiol molecules are abundantly present intracellularly, we propose that myocardial localization
would represent sarcolemmal disruption or necrotic cell death. In rabbit and mouse models of acute
myocardial infarction and a mouse model of chronic myocardial infarction, we employed *In-labelled
GSAO for noninvasive radionuclide molecular imaging. '!In-GSAO uptake was observed within the
regions of apoptosis seeking agent *"Tc-annexin A5 uptake, suggesting the co-localization of apoptotic

and necrotic cell death processes.
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Introduction

Cell death plays a central role in various cardiovascular diseases. Two morphologically distinct modes
of cell death - apoptosis (a programmed process characterized by enzymatic degradation and clean
removal of the cell) and necrosis (an uncontrolled process characterized by cell swelling, membrane
rupture and spill of its contents) have been reported to contribute to the myocardial tissue loss. It is
being increasingly realized that apoptosis and necrosis, rather than being entirely independent, may
operate on a continuum, at least in response to noxious stimuli (198-200).

Numerous strategies have been proposed for the detection of cell death early after onset of ischemia
within the time window amenable to intervention. Most experience for the recognition of apoptosis
has been obtained with single photon emission computed tomography (SPECT) using *"Tc-annexin
A5. ®MTc-annexin A5 targets externalized phosphatidylserine (PS) on membranes of cells with active
apoptotic signaling (201) and the clinical feasibility of ®*™Tc-annexin A5 imaging has been demonstrated
in the setting of myocardial infarction (121,202), transplant rejection (203) and heart failure(122). On
the other hand, several radiotracers targeting necrotic cells through membrane disruption have been
developed (116,204,205). Notably, antimyosin antibody imaging has been successfully employed for
the detection of myocardial necrosis associated with myocardial infarction (204), myocarditis (204),
heart failure (206) and cardiac allograft rejection (206). However due to technical disadvantages, the
necrosis-avid radiotracers have not become popular.

4-(N-(S-glutathionylacetyl)amino)phenylarsonous acid (GSAO) labelled with fluorophores and
radionuclides has been used for targeting of cell death in culture, in tumor-bearing mice, and in mice
with experimental brain trauma (207-209). The principle behind GSAO cell death targeting is displayed
in Figure 1. GSAO is a tripeptide with a trivalent arsenic moiety. The arsenic group binds to dithiols,
which are abundantly present in intracellular milieu and virtually absent from the extracellular space
(210). GSAO cannot reach its intracellular target molecules in intact cells, because it is not able to
negotiate across the cell membrane (211). Cell membrane y-glutamyl transferase (GGT) is upregulated
during ischemic stress and other situations, splices off GSAQ’s glutamyl residue and allows cellular
entrance of GSAQO’s metabolite GCAO (4-(N-(S-cysteinylglycylacetyl)amino) phenylarsonous acid) (211).
However, when radioactive or fluorescent reporter molecules are attached to glutamyl residue of GSAO
it is not able to bind to GGT, rendering the molecule membrane impermeable(207). After the necrotic
process sets in and the sarcolemmal integritiy is lost; and GSAQO gains free entry to the intracellular
microenvironment. Of numerous dithiol-bearing intracellular targets including filamin A, eukaryotic
translation elongation factor 2, and protein disulfide isomerase (PDI), HSP90 is most widely present
(207). HSP90 comprises approximately 2% of the intracellular protein content and increases by two-

threefold in response to acute stress including ischemia (212).
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Intact GSAO is Membrane-bound GGT (on Binding of fluorescent or

membrane impermeable  proliferating and stressed cells) radioactive reporter molecules to
splices off glutamyl residue and GSAO prevents binding to GGT
allows cell entrance of metabolite and thereby prevents all access
GCAO over intact membrane

b
I Legend
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I '. 4 Glutamyl residue on GSAO
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Membrane disruption in necrotic cells allows . GGT, y-glutamyl transferase
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GSAOQ and binding to intracellular dithiol . Nucleus

molecules
£~ Fluorescent or radiolabel

Figure 1. Targeting mechanism of GSAO. GSAO binds to dithiol molecules, which are abundantin the intracellular space
andvirtually absentin the extracellular space. When labelled with radioactive or fluorescent reporter molecules, GSAO
cannot negotiate across the cell membrane of healthy cells (a) but gains free access through disrupted membranes
of dying cells (b). Thus, labeled GSAO accumulates in dying cells. GGT = y-glutamyl transferase; GSAO = 4-(N-(S-
glutathionylacetyl)amino)phenylarsonous acid; GSCA = (4-(N-(S-cysteinylglycylacetyl)amino) phenylarsonous acid)

In this study we evaluated feasibility of cell death imaging using '"'In-GSAO in mouse and rabbit models
of acute myocardial infarction and a mouse model of chronic myocardial infarction. In a subgroup of
animals, serial SPECT and computed tomography (CT) imaging using **Tc-annexin A5 and *'In-GSAQO
was performed to determine the relationship between the two modes of cell death in the setting of
myocardial ischemia and reperfusion. Fluorescent GSAO and annexin A5 were employed in another

subgroup of animals for pathological characterization of the modes of cell death.
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Methods

Production of *!In-GSAO

GSAO was labeled with In as described previously (207). Briefly, 9.2 pg GSAO coupled with
diethylenetriaminepentaacetic acid (DTPA-GSAQ) or DTPA-GSCA (kind gift of Covidien Imaging Solutions,
Hazelwood, Missouri) was dissolved in 95 uL of 0.9% sterile saline and then added to buffer (36 uL; 0.5
mmol/L sodium acetate, trihydrate and 0.25 mmol/L ascorbic acid) and 200 pl of ***InCl,. The mixture
was incubated at room temperature for 15 min. Radio-chemical purity of more than 99% was confirmed

by instant chromatography.

Ethical statement

The experimental protocols followed the NIH Guidelines and were approved by the Institutional
Laboratory Animal Care and Use Committees at the University of California, Irvine and University of
Maastricht, Maastricht, The Netherlands.

Induction of acute and chronic myocardial infarction in mice

For fluorescence experiments, C57BI6/j (Age: 3 months, weight: ~ 50 g, Jackson Laboratories,
Sacramento, CA) and for radionuclide studies Swiss-Webster mice (Age: 3 months, weight ~ 50 g,
Charles River, Wilmington, MA) were used. To simulate acute myocardial infarction followed by
reperfusion therapy, ischemia and subsequent reperfusion were induced under isoflurane anesthesia
(2 — 3%) using a stereomicroscope (Leica MZ FL Ill, Leica, Switzerland) as described previously (143).
Animals were placed on a heating pad in the supine position, intubated under direct laryngoscopy, and
mechanically ventilated using a small animal respirator (tidal volume, 1.0 ml; rate, 120 breaths/min,
Harvard Apparatus, Holliston, MA). After a minimum thoracotomy, the anterior descending branch of
the left coronary artery was ligated with a 6.0-silk suture 3 to 4 mm below the tip of the left atrium,
to institute cardiac ischemia. Successful ligation was verified by visual inspection of the LV apex for
myocardial blanching, indicating interruption in coronary flow. To allow reperfusion, the suture was
removed after 30 min to induce reperfusion. The acute myocardial infarction animals remained under
anesthesia for ensuing radionuclide imaging or fluorescence experiments. The sham operation was
identical, except for the fact that the ligation was not tied.

For induction of chronic myocardial infarction, the ligation was not released. In these animals, the chest
cavity was closed in layers with 6.0-silk and the skin was closed with 4.0-silk sutures. Thereafter, animals

were gradually weaned from the respirator and put back into their cages until imaging procedure.

Induction of acute myocardial infarction in rabbits

To simulate reperfused acute myocardial infarction, ischemia and reperfusion were induced by
temporary occlusion of left anterior descending coronary artery (LAD) in New Zealand White male
rabbits (weight, 3.0-3.5 kg) as described previously (126,213). All rabbits were anesthetized with a

mixture of ketamine and xylazine (100 mg/ml, 10:1 vol/vol; 2.0 to 3.0 ml subcutaneously). Surgical
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tracheostomy was performed, and ventilation was maintained with a volume-cycled rodent respirator
(Harvard Apparatus, Holliston, MA) provided positive pressure ventilation at 50 ml/cycle and a
respiratory rate of 50 cycles/min. After the surgical procedure, anesthesia was maintained on 3 — 4%
isoflurane Briefly, the heart was exposed through parasternal thoracotomy, and the pericardium was
fenestrated. The LAD was identified and a monofilament suture was placed at the site. The LAD was
occluded by tightening the snare created by passing suture through a polyethylene tube. The snare was
removed after 40 min of occlusion to induce reperfusion. Lead Il or Il of the electrocardiogram was
continuously monitored during the experiments to confirm myocardial ischemia. Animals remained

anesthetized for ensuing radionuclide imaging experiments.

Ex vivo cardiac fluorescence microscopy in mice

Mice with acute myocardial infarction and sham-operated mice were injected with Cy5.5-labelled
GSAO (a kind gift of Covidien Imaging Solutions (Hazelwood, Missouri, United States) at 5 min before
ischemia and 1 hour before sacrifice, respectively. All mice received Oregon Green-labeled annexin A5
10 min before sacrifice. Of each fluorescent probe, a dosage of 2.5 mg/kg was used. Animals with acute
myocardial infarction were sacrificed after 30 min after reperfusion, sham mice at 1 hour after surgery.
Hearts were snap-frozen in liquid nitrogen, 7-um frozen sections were obtained, dried and mounted in
4,6-diamino-2-phenylindole (DAPI) containing medium and examined with a confocal scanning laser

microscope (Bio-Rad) equipped with a krypton/argon mixed gas laser (lon Laser Technology).

In vivo and ex vivo radionuclide imaging in mice and rabbits

For mice and rabbits, the same imaging procedure was followed. /n vivo SPECT imaging was performed
at 3 hours after radiotracer administration using a dual-head micro-SPECT y-camera combined with
micro-CT (X-SPECT, Gamma Medica, Inc., Northridge, CA) under isoflurane anesthesia. SPECT images
of the heart were acquired in a 64 x 64 matrix at 32 steps at 60 seconds per step with a 247 keV
photo peak of *!In with 15% windows using a medium energy parallel-hole collimator. In the animals
also undergoing **™Tc-sestamibi or **"Tc-annexin A5 imaging, this was followed by imaging using the
same protocol, at a 140 keV photo peak of ®™Tc with 15% windows using a low-energy, high-resolution
parallel-hole collimator. Gating was not performed. After SPECT imaging acquisition, a CT scan was
acquired using an X-ray tube operating at 50 kVp and 0.6 mA. Images were acquired for 2.5 seconds
per view for 256 views in a 360° rotation. After transferring to 256 x 256 matrix, the SPECT images
and CT studies were fused. After imaging, anesthetized animals were terminated by heart excision. Ex
vivo SPECT/CT of excised hearts was performed using the same protocols but at 45 seconds per step for
SPECT. Thereafter, planar **1In-GSAQ imaging of the hearts was performed for 15 min, followed by *™Tc-
sestamibi or ®*™Tc-annexin A5 planar imaging in GSAO-sestamibi and GSAO-annexin A5 animals. After ex
vivo imaging, rabbit hearts were cut into 4 short axis slices and further divided into 31 — 32 pieces.
Mouse hearts were cut in 3 short-axis slices. All sections were weighed, and y-counted in an automatic
well-type y-counter (Perkin EImer Wallac Inc., Gaithersburg, MD) for calculation of the percent injected
dose per gram of tissue (%ID/g) uptake. Tissue samples of the main organs were used for calculation

of the %ID/g uptake to evaluate the bio distribution. To correct for the radioactive decay and permit
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calculation of the concentration of radioactivity as a fraction of the administered dose, aliquots of the
injected dose were counted simultaneously. For evaluation of infarct *!In-GSAO uptake in rabbits,
the section with the highest ™In-GSAO uptake in the infarct area was used of each animal, and for
evaluation of remote !In-GSAO uptake, the section with the lowest **In-GSAO uptake in the remote
area was selected. In all mice, the apical slice was used for evaluation of infarct uptake, the middle slice

for uptake in the border zone and the basal slice for remote uptake.

Pharmacokinetic studies in rabbits

The pharmacokinetic parameters were derived using the KINFIT module of the MW/PHARM computer
program package (Version 3.60, MediWare, Groningen, The Netherlands) (214). The data, consisting
of the blood concentration of *!In radioactivity or GSAO versus time, were analyzed by non-linear
regression analysis using a least-squares weighted simplex algorithm, with data weighted with the

reciprocal of the observed value.

(Immuno)histopathologial evaluation of cardiac cell death

After y-counting of In-GSAO uptake, myocardial pieces of seven rabbits were processed for
histopathologic characterization. Of each animal, two pieces from each region (infarct, border zone,
remote) were selected.

The myocardial pieces were fixed overnight 4% paraformaldehyde in phosphate-buffered saline (PBS)
(pH 7.4 at 4°C), and stored in PBS with 0.02% sodium azide at 4°C until used. The specimens were
further processed by dehydration in a graded series of ethanol for paraffin-embedding. The blocks were
cut in 5-um thick sections, floated on a water bath containing deionized water (43°C), and transferred to
vectabond (Vector Laboratories Burlingame, California) reagent-treated slides (Vector SP-1800, Vector
Laboratories), dried overnight, and stored until ready for use. Sections were deparaffinized by heating
(25 min at 56°C) and dehydration using xylene and graded series of ethanol. Tissue sections were
stained with standard Haematoxylin & Eosin and Masson’s trichrome staining. For immunohistochemical
characterization, adjacent sections were incubated with primary antibodies against Caspase-3. After
washing with PBS, sections were incubated with a biotinylated secondary antibody. The presence
of apoptotic cells was further evaluated using terminal deoxynucleotidyl transferase-mediated
deoxyuridine triphosphate nick-end labeling (TUNEL) staining as described previously. Briefly: exposed
DNA fragments were labeled with biotinylated nucleotides and terminal deoxynucleotidyl transferase
for 1 h at 37°C after blocking of endogenous peroxidase activity using 0.3% hydrogen peroxide and
incubation with proteinase K (46). For color reactions, sections were incubated with diaminobenzidine.
For the assessment of the immunopositive area, stained tissue sections were observed under
appropriate magnification (Carl Zeiss, Thornwood, New York), and the images were captured with a
high-resolution digital camera (Axiocam, 1,300 x 1,030 pixels, Carl Zeiss) using Axiovision 3.1 software.

Digital images were analyzed using Image-Pro Plus 5.0 (Media Cybernetics, Bethesda, Maryland).
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Statistical analysis

All results are presented as the mean + SD In most cases, the data did not meet the assumptions of
parametric tests. For consistency, non-parametric tests were used for all comparisons. Related samples
were compared using Wilcoxon Signed Rank test (two groups) or Friedman’s Two Way analysis of
variance (ANOVA) followed by post-hoc Wilcoxon Signed-Rank tests and Bonferroni correction for pair-
wise significance (more than two groups). Unrelated samples were compared using Mann Whitney
U tests (two groups) or Kruskal-Wallis ANOVA followed by Mann-Whitney U tests and Bonferroni
Correction for pair-wise significance (more than two groups). When the Kruskal-Wallis test revealed
no significant differences among groups, no post-hoc tests were performed and P = NS was reported.
Bonferroni correction was also applied to results of multiple Wilcoxon signed rank tests regarding the
uptake of radiotracers in infarct versus remote areas in rabbits. To assess the correlation between *!In-
GSAO uptake and ®™Tc-annexin A5 uptake, *™Tc-sestamibi uptake and histological findings (caspase-3

and TUNEL), Spearman’s ps were calculated. P values < 0.05 were considered statistically significant.

Results

Fluorescence microscopic characterization of GSAO uptake

Uptake characteristics of GSAO were evaluated and compared with annexin A5 in mice with acute
myocardial infarction and sham-operated mice. Experimental acute myocardial infarction was induced
by 30-min coronary ligation followed by 30 min of reperfusion. Sham procedure was identical, except that
coronary ligation was not performed. Mice with acute myocardial infarction (n = 3) and sham-operated
mice (n = 3) were injected Cy5.5-labelled GSAO and Oregon Green-labeled annexin A5. Qualitative
fluorescent microscopic analysis of heart sections showed that cardiomyocytes of sham-operated mice
were positive neither for GSAO nor for annexin A5. In contrast, in hearts of mice with experimental
acute myocardial infarction, cardiomyocytes positive for GSAO and annexin A5 were observed (Figure
2a—c). Interestingly, all GSAO-positive cardiomyocytes bound annexin A5 (Figure 2a—c), suggesting that
necrosis in the reperfused myocardium coexists with apoptotic signaling. Not all annexin A5-positive

cardiomyocytes had taken up GSAO (Figure 2c).
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Figure 2: Characterization of target binding of GSAO in mice with experimental acute myocardial infarction. Heart
sections of mice with experimental acute myocardial infarction, injected with fluorescently labeled GSAO and
annexin AS5. (a, b) GSAO accumulation (red) was only observed in cells with annexin A5-positive cell membranes
(green). (c) Not all annexin A5-positive cells were not GSAO-positive.

11n-GSAO imaging in rabbits and mice with acute myocardial infarction

Acute myocardial infarction was induced in rabbits and mice by coronary ligation for 40 and 30 min,
respectively. Reperfusion was achieved by removal of the suture and ***In-GSAO was administered thirty
min later. Three hours thereafter, in vivo SPECT/CT imaging was performed, animals were sacrificed
and hearts were explanted. Next, ex vivo SPECT/CT and planar cardiac imaging were performed. Then,
rabbit hearts were cut into ca. 32 small pieces and mice hearts were sectioned in three short axis slices:
basal (remote area), middle (border zone) and apical (infarct). Radiotracer uptake was quantified by
y-counting, and myocardial pieces were histopathologically characterized.

In vivo SPECT/CT imaging in rabbits with acute myocardial infarction (n = 10) revealed intense uptake
of 1n-GSAQ in the apical area (Figure 3a). Ex vivo SPECT/CT (not shown) and planar imaging (Figure 3b)
of explanted hearts confirmed intense apical radiotracer uptake. y-counting confirmed that the In-
GSAO uptake (%ID/g) in the myocardial infarct was markedly higher than the **In-GSAO uptake in the
remote region (1.10 + 0.45 versus 0.03 + 0.01, P = 0.005, Figure 3c).
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Figure 3: ""In-GSAO imaging, quantification and comparison with **"Tc-annexin A5 and *"Tc-sestamibi in rabbits
with experimental acute myocardial infarction. (a) In vivo SPECT (left panels), and fused SPECT/CT images (right
panels) in rabbits with acute myocardial infarction revealed intense '!In-GSAO uptake (top) and only modest uptake
of radiotracer control compound In-GSCA (bottom). (b) Ex vivo planar images confirmed intense '"'In-GSAO uptake
(top) and modest 'n-GSCA (bottom) uptake. (c) y-counting of myocardial sections confirmed 'In-GSAO uptake
in infarct was higher than in remote area and higher than *'In-GSCA uptake in infarct. Although low, *In-GSCA
uptake in infarct was higher than remote. Difference Between 'In-GSAO and **"Tc-annexin A5 uptake did not reach
significant uptake. Black horizontal lines denote Kruskal-Wallis ANOVAs + Bonferroni correction, and red lines denote
Wilcoxon signed rank tests + Bonferroni correction. (d) Serial imaging revealed that ''!In-GSAO uptake (top) was
predominantly localized in the region of the *"Tc-sestamibi perfusion defect (bottom). (e) y-counting of myocardial
sections showed high *'In-GSAO uptake in sections with low *™Tc-sestamibi uptake and vice versa. (f) A significant
inverse Spearman’s correlation between uptake of *!In-GSAO and **"Tc-sestamibi was observed. (g) Serial planar
imaging in acute myocardial infarction rabbit demonstrates similar uptake region and higher uptake of "'In-GSAO
(top) when compared with *™Tc-annexin A5 (bottom). (h) y-counting of myocardial sections showed high **In-GSAO
uptake in sections with high ®™Tc-annexin A5 uptake and vice versa (i). A significant Spearman’s correlation between
uptake of In-GSAO and **"Tc-annexin A5 was observed. %ID/g = percent injected dose per gram of tissue; AAS =
®mTec-annexin 5; MIBI = **"Tc-sestamibi.
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To study the specificity of ***In-GSAO, the myocardial uptake of negative control compound GSCA was
evaluated in rabbits with acute myocardial infarction (n = 5). In vivo (Figure 3a) and ex vivo SPECT/CT
imaging and planar (Figure 3b) imaging revealed very low cardiac uptake of GSCA; only slightly increased
infarct uptake was observed. This was confirmed by y-counting (Figure 3c); when compared with *!in-
GSAOQ, *In-GSCA uptake (%ID/g) in the infarct area was significantly lower (0.07 £ 0.03 ID/g, P = 0.002).
Although low, '"'In-GSCA uptake in the infarct area was higher than in the remote area (0.03 £ 0.01, P
=0.043, Figure 3c). This demonstrated that the trivalent arsenical group was necessary for targeting of
dying cells. Moreover, myocardial ***In-GSAO uptake in an unmanipulated control animal was similar
to "™In-GSAO uptake in the spared myocardium of rabbits with myocardial infarction (0.01 versus 0.03
+0.01, data not shown), further supporting specificity of GSAO.

To evaluate localization of cardiac *'In-GSAO uptake, three of ten animals receiving *In-GSAO also
received the myocardial perfusion tracer ®™Tc-sestamibi, immediately after coronary ligation. Serial in
vivo SPECT/CT imaging confirmed that In-GSAQO uptake was localized in the infarct zone as identified
by %"Tc-sestamibi perfusion defect (not shown). Similarly, ex vivo serial SPECT/CT imaging and serial
planar imaging (Figure 3d) revealed uptake of ™'In-GSAQ in the infarct zone as shown by #"Tc-sestamibi
perfusion defect. In each animal, y-counting of *™Tc-sestamibi and **In-GSAO in myocardial sections
confirmed increased uptake of **In-GSAO in the perfusion defects as sections with low **"Tc-sestamibi
uptake showed increased '''In-GSAO uptake and vice versa (Figure 3e). y-counting of all myocardial
sections from the animals receiving both 1*!In-GSAO and *™Tc-sestamibi revealed an inverse correlation
between In-GSAO uptake and *™Tc-sestamibi uptake (p = -0.70, P < 0.01, Figure 3f).

Of ten animals receiving In-GSAO, three also received *™Tc-annexin AS5. Serial in vivo SPECT/CT
imaging with In-GSAO and *™Tc-annexin A5 revealed similar area of increased uptake; *'In-GSAO
uptake was more intense than *™Tc-annexin A5 uptake. This was confirmed by ex vivo serial SPECT/CT
imaging and ex vivo serial planar imaging (Figure 3g). Quantitative tracer uptake paralleled the imaging
data. In each animal, in sections with increased *™Tc-annexin A5 uptake, **In-GSAO uptake was also
increased (Figure 3h). Using all myocardial sections in all animals receiving *!In-GSAO and **"Tc-annexin
A5, a strong correlation between uptake of the radiotracers was observed (p = 0.82, P < 0.01, Figure
3i). Like the fluorescence experiments, this supports that secondary necrosis after apoptotic signaling
may be the dominant mode of cell death in (reperfused) myocardial infarction. The ***In-GSAO uptake
(%ID/g) in the infarct zone was higher than *™Tc-annexin A5 uptake, although the results did not reach
statistical significance, due to the small sample size (1.10 + 0.45 versus 0.47 £ 0.23, P = 0.47). Uptake in
the remote area was low for both tracers (0.03 + 0.01% versus 0.04 + 0.02, P = NS).

(Immuno)histopathological evaluation of cardiac damage in rabbits

After y-counting myocardial pieces from infarct, border and remote zones were histologically
characterized. Representative examples of the stainings are given in Figure 4a. H&E staining revealed
hypereosinophilic change and contraction band necrosis in the myocardial sections from the infarct
area; the morphological changes were less frequent in the border zone. The remote area was
morphologically normal. The rate of apoptosis as shown by TUNEL staining (expressed as percent area
positive) was higher in the infarct (2.83 + 1.42) and border zone (2.55 + 1.84) than in the remote zone
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(0.02 £ 0.0, P < 0.001 for both). Caspase staining (expressed as percent area positive) revealed similar
results: the percentage of the are positively stained was higher in the infarct than in the remote zone
(1.04 £0.48 versus 0.46 + 0.48, P = 0.054). ""'In-GSAOQ uptake in the myocardial sections showed a direct
correlation with TUNEL (p: 0.743, P < 0.001, Figure 4b) and Caspase-3 (p = 0.533, P < 0.001, Figure 4c)
stains, further supporting that necrosis as shown by GSAQ is secondary after apoptotic signaling.
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Figure 4: Histopathological characterization and relationship with of 1*!In-GSAO uptake in rabbits with experimental
acute myocardial infarction. H&E staining demonstrates clear signs of tissue damage in infarct and border zone,
whereas the remote zone is morphologically normal. TUNEL and Caspase-3 stains demonstrate substantial apoptosis
in the infarct zone, whereas positive cells are rarely seen in the remote area. Significant Spearman’s rank correlations
between "'In-GSAO uptake and apoptotic signaling as shown by TUNEL (b) and Caspase-3 (c) stains were observed.
H&E = haematoxylin and eosin; TUNEL = terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate

nick-end labeling.

Pharmacokinetic and biodistribution studies in rabbits

The non-target organ distribution of **In-GSAO and In-GSCA demonstrated kidney to be the major
organ of radiation burden and urine major route of excretion; all other organs revealed minimum
burden for both radiotracers (Figure 5a). Serial blood samples from six animals revealed bi-exponential
blood clearance with an initial fast component T, ,a of 5.3 min followed by a slower component T, B of

9.7 h; the plateau phase was approached at 15 min (Figure 5b).
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Figure 5. Blood clearance and biodistribution studies. (a) Serial blood sampling revealed rapid clearance of In-
GSAO from the blood. (b) Biodistribution studies revealed mostly renal clearance and low background uptake in the
other organs.

In vivo SPECT/CT imaging in mice after acute myocardial infarction (n = 6) demonstrated high "'In-
GSAO uptake (Figure 6a); the use of CT allowed precise localization of the radioactivity in the infarcted
region of the heart (Figure 6b). Specific apical uptake was confirmed by ex vivo SPECT/CT (not shown)
and planar imaging (Figure 6c¢). Imaging experiments revealed absence of specific '"'In-GSAO uptake
in control animals. *In-GSAO uptake (%ID/g) in the infarct area was markedly higher than in remote
myocardium (2.56 + 2.75 versus 0.48 £ 0.22, P = 0.028, Figure 6d) and 20-fold higher than apical uptake
in non-manipulated control animals (n =5, 0.13 + 0.02; P = 0.004, Figure 6d).
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Figure 6. In vivo and ex vivo In-GSAO imaging and quantification in mice with acute myocardial infarction. In
vivo SPECT (a), and fused SPECT/CT images (b) in rabbits with acute myocardial infarction revealed intense cardiac *!In-
GSAO uptake. (c) Ex vivo planar images confirmed intense 'In-GSAO uptake. (d) y-counting of myocardial sections
confirmed In-GSAO uptake in infarct (apex) was higher manyfold higher than in remote area and higher than
apical *'In-GSAO uptake in non-manipulated control animals. Black horizontal lines denote Mann-Whitney U tests
and red lines denote Wilcoxon signed rank tests. AMI = acute myocardial infarction; CT = computed tomography; ctl
= control; NS = statistically not significant; SPECT = single photon emission computed tomography.

11]n-GSAO imaging in mice with chronic myocardial infarction

H1n-GSAO uptake was also evaluated in a mouse model of chronic myocardial infarction, in which the
LCA territory was not reperfused. Subgroups underwent imaging experiments at different time points.
Also, a disease control group consisting of animals that did not undergo infarction surgery before **!In-
GSAO imaging, and a radiotracer control group consisting of animals receiving negative control
compound *!In-GSCA imaging at 2 weeks after myocardial infarction were used. Results of radiotracer
uptake quantification are shown in Figure 7. *!In-GSAO uptake in mice with chronic myocardial infarction
was markedly lower than in those with acute myocardial infarction, and could not be detected by in
vivo SPECT/CT imaging. Quantification of radionuclide uptake in short axis slices confirmed that infarct
uptake of "'In-GSAO (%ID/g) in mice at 2 weeks after myocardial infarction (n = 6) was higher than
in the five disease control animals that did not undergo infarction surgery (0.42 + 0.17 versus 0.13 +
0.02, P = 0.025); remote uptake was not statistically different (0.25 + 0.12 versus 0.14 + 0.04, P = 1.0).
Moreover, "In-GSAO uptake at 2 weeks after myocardial infarction was significantly higher than uptake
of the negative control compound *!In-GSCA in the infarct and remote area (0.04 + 0.02, P < 0.001 and
0.04 £ 0.03, P = 0.004, respectively).
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Figure 7. Quantification of **!In-GSAO uptake in mice with chronic myocardial infarction. y-counting revealed **In-
GSAO uptake in the infarct area at 2 weeks; uptake was significantly higher than 'In-GSAO uptake in non-manipulated
control animals and uptake of negative control compound 'In-GSCA at 2w after myocardial infarction. A trend of
declining In-GSAQ uptake over time was observed, but did not reach statistical significance. **In-GSAO uptake in
remote area was higher than ''In-GSCA uptake at 2w after myocardial infarction. Results of Kruskal-Wallis ANOVAs
+ Bonferroni correction are shown.

Discussion

Here we demonstrate cell death imaging using 'In-GSAO in animal models of acute and chronic
myocardial infarction. The specificity of the radiotracer was confirmed by the localization of *!In-GSAO
in the infarct zone as shown by **"Tc-sestamibi. This was further supported by the lack of uptake of
fluorescently labeled GSAO in sham-operated animals outside of the regions directly damaged by the
suture. The lack of GSCA uptake in our radionuclide studies confirmed that the trivalent arsenic group
on GSAO is responsible for its targeting characteristics (209,215,216). The radiotracer showed favorable
pharmacokinetic profile with rapid blood clearance and low background uptake in most organs.

In the 1990’s evidence of apoptotic signaling in myocardial infarction accumulated (217-220) sparking
the discussion over the relative importance of the apoptotic and necrotic forms of cell death. In
2000, *®mTc-annexin A5 SPECT in patients with acute myocardial infarction revealed intense uptake
in the entire region of the perfusion defect (121). This observation was provocative as **"Tc-annexin
A5 was believed to identify apoptotic cell death but the infarct area was traditionally expected to
be necrotic. It was subsequently proposed that the ischemic insult may be initiated as apoptosis but
conclude with secondary necrosis. Ischemic loss of adenosine triphosphate (ATP) production during
myocardial infarction would preclude completion of the energy-dependent apoptosis program (123).
Restoration of blood flow by reperfusion may either interrupt the apoptotic process to allow cell salvage
(126,202) or resume the process of apoptosis in critically damaged cells (218,220). The latter may even

be augmented further by production of radical oxygen species (221), or intracellular calcium overload
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(222). These changes may also contribute to secondary necrosis by opening of the mitochondrial
permeability transition pore (182,215,216,223). It is conceivable that the apoptotic process initiated
by noxious stimuli may not follow classical picture of physiologic apoptosis observed during normal
turnover of skin or mucosal cells.

The feasibility of cell death imaging using fluorescently labeled and radiolabelled GSAO has recently
been demonstrated in tumor-bearing mice and mice with experimental brain trauma (207-209). GSAO
accumulation was characterized by fluorescent microscopy in various cell models of apoptotic and in
explanted brains and tumors after in vivo GSAO administration. GSAO was observed intracellularly and
co-localized with propidium iodide and Sytox blue, standard markers of membrane disruption, which
supported GSAQ uptake in secondarily necrotic cells. Similarly, our fluorescent experiments showed that
GSAO accumulated intracellularly and only occurred in annexin A5-positive cells, thereby supported the
notion that necrosis follows apoptotic signaling in the setting of acute myocardial infarction.

In vivo and ex vivo **In-GSAQ imaging in rabbits and mice with acute myocardial infarction injury showed
intense dual serial imaging with *™Tc-annexin A5 and *!In-GSAO in rabbits after acute myocardial
ischemia and reperfusion revealed the same area of uptake. At a segment level, 'In-GSAO uptake
showed the same pattern as ®™Tc-annexin A5 and a strong correlation between uptakes of the two
tracers was shown. In addition, *!In-GSAO correlated with presence of Caspase-3 and TUNEL staining,
classic markers of apoptosis. This shows that not only does secondary necrosis after apoptotic signaling
occur in myocardial ischemia and reperfusion, it may play a dominant role. As in rabbits, high **In-GSAO
uptake was seen in mice with acute myocardial infarction. However, ***In-GSAO uptake in mice with
chronic myocardial infarction was too low to be detected by SPECT/CT imaging. The most important
explanation for this is the lower rate of necrotic cell death at later stages after myocardial infarction and
during heart failure (224-226). It is tempting to speculate that the more benign circumstances such as
lesser energy depletion and radical oxygen species cause lower transition from apoptosis to necrosis in
this setting. In fact, the apoptotic process may remain suspended in chronic heart failure (227).

A number of imaging tracers for myocardial necrosis have been clinically evaluated. Like *'In-GSAO,
most tracers exploited membrane disruption, the hallmark of necrosis as a target. ''!In-labeled
antimyosin antibody was the most widely studied necrosis tracer. Antimyosin antibody imaging has been
successfully employed for the detection of myocardial necrosis associated with myocardial infarction
(204), myocarditis (204), heart failure (206) and cardiac allograft rejection (206). However, because
of long circulation time of the radiolabelled antibody, imaging was not feasible for up to 6-12 hours
after administration of the agent. *™Tc-pyrophosphate on the other hand, showed maximal myocardial
uptake at 24 — 72 hours after injection, although necrosis imaging at 3 hours after administration was
feasible, maximum myocardial uptake was at 24 — 72 h. Also, this tracer required residual blood flow,
which precluded uptake in the infarct center (228). *™Tc-glucarate can be used to necrotic cells in
myocardial infarction (116,213), and has good imaging characteristics but in the setting of myocardial
infarction, use is limited to a clinical window of > 9 hours after onset as its target, histone bodies, quickly
wash out of the tissue (116). Late gadolinium-enhanced MRI has also been used to assess cardiac cell
death; the contrast medium accumulates in necrotic cells through the disrupted membranes. However,

its specificity is limited, as gadolinium accumulates in all instances of increased extracellular space
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such as cardiac edema, fibrosis, sarcoidosis and amyloidosis (229-231). *'In-GSAO appears to have
advantages over the previously evaluated cell death imaging techniques. First, *!In-GSAO requires
membrane disruption, the hallmark of necrotic or late-apoptotic cell death, for reaching its intracellular
targets. Therefore it does not suffer from the lack of specificity of late-gadolinium enhanced MRI.
Moreover, its rapid blood clearance results in feasibility of early imaging of cell death using *'!In-
GSAO. This gives ™In-GSAO an advantage over ®™Tc-antimyosin and *"Tc-pyrophosphate. HSP90, the
main target of GSAO, functions in complexes. This may allow for targeting over a longer time period,
giving 1*!In-GSAO an edge over *™Tc-glucarate. However, this has to be evaluated in follow-up studies.

SPECT/CT imaging using "'In-GSAO can be used to visualize necrotic cell death in animals with
experimental acute myocardial infarction. The uptake in the chronic myocardial infarction model was
too low to allow imaging. Because the GSAO uptake reflects membrane permeabilization, and occurs
predominantly in annexin A5-positive cells, we propose that secondary necrosis is a dominant mode of

cell death in the setting of myocardial ischemia and reperfusion.
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Abstract

Background: Preclinical studies indicate that minocycline protects against acute myocardial infarction. In
these studies, minocycline was administered before ischemia, which can rarely occur in clinical practice.
The current study aimed to evaluate cardioprotection by minocycline treatment upon reperfusion.
Methods: To simulate reperfused acute myocardial infarction, rabbits were subjected to myocardial
ischemia and reperfusion and received either intravenous minocycline (30mg/kg, n = 8) or saline (n =
8) upon reperfusion.

Cardiac cell death was assessed by in vivo single photon emission computed tomography (SPECT)
and computed tomography (CT) after injection of !n-labeled 4-(N-(S-glutathionylacetyl)amino)
phenylarsonous acid (**!In-GSAO). Thereafter, hearts were explanted for ex vivo imaging, y-counting
and histopathological characterization.

Results: Myocardial damage was visualized by SPECT/CT imaging. Quantitative GSAO uptake (expressed
as percent injected dose per gram of tissue) in the area at risk was lower in minocycline-treated
animals than in saline-treated control animals (0.32 + 0.13 versus 0.48 + 0.15, P = 0.04). Terminal
deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick-end labeling (TUNEL) staining
confirmed the reduction of cell death in minocycline-treated animals.

Conclusions: This study demonstrates cardioprotection by minocycline in a clinically translatable

protocol.
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Introduction

In acute myocardial infarction, timely reperfusion therapy can salvage part of the ischemic myocardium.
However, a subset of cells suffers from ischemia/reperfusion injury and is lost through accelerated
apoptosis or (secondary) necrosis (123). Additional cardioprotective strategies could probably salvage
this subset.

Preclinical and clinical studies have demonstrated significant neuroprotection by minocycline therapy
after ischemic stroke (183). Similarly, several preclinical studies have shown protective effects of
minocycline against myocardial inschemia/reperfusion injury through inhibition of apoptosis (188),
inflammation (188,190) and oxidative stress (188), but pre-ischemic administration of minocycline in
these studies precludes comparison to clinical practice.

Imaging probes based on 4-(N-(S-glutathionylacetyl)amino) phenylarsonous acid (GSAQ), have been
used to detect cell death in animal models of tumors (207), traumatic brain injury (209), and myocardial
ischemia (232). GSAO consists of the trivalent arsenical molecule phenylarsenoxide connected to a
glutathione molecule in the reduced state. The arsenic group binds to dithiol moieties, the presence
of which is virtually limited to the intracellular space (210). Of various dithiol-bearing molecules, heat
shock protein 90 is GSAO’s most abundant target (207). When reporter molecules are connected to
the gamma-glutamyl residue of its glutathione pendant, GSAO is membrane impermeable. Thus, to
reach their intracellular target molecules, GSAO-based imaging probes exploit sarcolemmal disruption,
a hallmark of irreversible cell death.

The present study evaluated the efficacy of acute minocycline administration in a rabbit model of acute
myocardial infarction. Minocycline was administered at the time of reperfusion to simulate the clinical
situation. For detection of irreversible cardiac damage, ™'In-GSAO Single Photon Emission Computed

Tomography (SPECT) imaging was performed.

Methods

Induction of acute myocardial infarction in rabbits and '*!In-GSAO administration.

The protocol followed the NIH guidelines and was approved by the Institutional Laboratory Animal Care
and Use Committee at the University of California, Irvine.

To simulate reperfused acute myocardial infarction, cardiac ischemia and reperfusion were induced
in 16 New Zealand White rabbits (2.5 to 3.0 kg, Western Oregon Breeding laboratories, Philomath,
OR) according to an established protocol (213,232). Briefly, anesthetized and mechanically ventilated
rabbits underwent parasternal thoracotomy. After removal of the pericardium, the lateral branch of
the left coronary artery was occluded by tightening a suture through a polyethylene tube. Forty min
thereafter, the suture was loosened but left in place to institute reperfusion. Immediately before onset
of reperfusion, rabbits randomly received either minocycline hydrochloride (Sigma-Aldrich, St. Louis,
MO, 30 mg/kg, IV, n = 8) or 0.9% saline (IV, n = 8). Assuming a correction factor of 30% for the first pass

effect, this dosage is consistent with previously published studies, in which intraperitoneal dosages of
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~ 50 mg/kg/day were used (188-190). Thirty min after onset of reperfusion, 18.3 + 2.5 MBq of *!In-
GSAO was administered intravenously to all animals. GSAO coupled with diethylenetriaminepentaacetic
acid (DTPA) (kind gift of Covidien Imaging Solutions, Hazelwood, Missouri) was labeled with ™In as

described in chapter 4 and in (207). Figure 1 depicts the study design.

Coronary
occlusion  Reperfusion Sacrifice

In Vivo imaging Ex Vivo imaging
f / SPECT.CT SPECT/CT, Planar

1 ] 1
0 60 A 80 / / 240 300 360
min

Minocycline IV (n=8) "'In-GSAO
or v
Saline IV (n=8)

Figure 1. Study design. Schematic diagram illustrating the experimental procedures, the treatment and imaging
protocols. ™In-GSAO = ™In-labeled 4-(N-(S-glutathionylacetyl)amino) phenylarsonous acid; CT = computed
tomography; IV = intravenous; SPECT = single photon emission computed tomography.

In vivo and ex vivo *In-GSAO imaging
Radionuclide imaging (X-SPECT, Gamma Medica, Inc., Northridge, CA) was performed 3 hours after
administration of *In-GSAQ. This is consistent with our previous study (232), which based on *In-
GSAO clearance from the blood (Tl/za: 53 min, T

administration. SPECT images of the heart were acquired in a 64 x 64 matrix, with 32 stops at 30 seconds

1/2[3: 9.7 h), undertook imaging 3h after radionuclide
per stop. A medium energy parallel-hole collimator was used and a 15% energy window was set for the
247 keV photopeak of *!In. After the SPECT scan, a Computed Tomography (CT) scan was acquired
using an X-ray tube operating at 50 kVp and 0.8 mA. Images were captured for 2.5 seconds per view
for 256 views in 360° rotation. SPECT and CT images were transferred to a 256 x 256 matrix and fused.
To delineate the ischemic area at risk after imaging, the suture around the left coronary artery was re-
tied, the aortic arch was clamped and 1% Evans blue (Sigma-Aldrich, St Louis, MO) solution was injected
through a catheter into the ascending aorta.

The animals were sacrificed with an overdose of pentobarbital. Ex vivo SPECT/CT imaging of explanted
hearts was performed using the same imaging protocol, followed by planar imaging for 15 min
using a parallel-hole collimator. Next, hearts were cut into 4 equidistant short-axis slices; slices were
photographed and cut into a total of 32 pieces per heart. Each piece was weighed and radiotracer
uptake was quantified by y-counting (Perkin ElmerWallac, Inc., Gaithersburg, MA). To correct for the
radioactive decay and permit calculation of the radioactivity in pieces as percent injected dose per
gram of tissue (%1D/g), aliquots of the injected dose were counted simultaneously. After y-counting, the
myocardial pieces were formalin-fixed and paraffin-embedded for histopathological characterization.
Myocardial pieces from the area at risk were identified based on lack of Evans Blue staining. Radiotracer

uptake in the area at risk and the remote area were calculated in each animal for slices 1-3. Right
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ventricular pieces and the basal slice containing tissue damaged by the suture and remote tissue were

removed from analyses.

(Immuno)histopathological examinations

Based on Evan'’s blue staining, cardiac pieces from area at risk and from the remote area were selected
from minocycline-treated (n = 6) and saline-treated (n = 3) animals. For each animal, two pieces per
region were evaluated per animal and results were averaged.

For morphological evaluation, deparaffinized 4-um thick sections were stained with Hematoxylin &
Eosin, and Masson’s trichrome; the rate of apoptosis was evaluated by terminal deoxyribonucleotide
transferase TdT-mediated nick-end label (TUNEL) staining using a commercially available kit (TACS,
Trevigen, Inc., Gaithersburg, MD) as described previously (49). For quantification of % TUNEL positive
area (%area positive), stained tissue sections were observed under appropriate magnification (Zeiss
Axivert-200 microscope, Carl Zeiss, Inc., Thornwood, NY), and images were captured with a high

resolution digital camera (Axiocam, 1,300 x 1,030 pixels, Carl Zeiss) using Axivision 3.1 software.

Statistical analyses

The sample size was based on a sample size table for two-sided t-tests (233) and the following parameters:
effect size (d) of 1.5, significance level (a) of 0.05, power (B) of 0.8. For pairwise comparisons of normally
distributed data (expressed as mean + SD), the Student’s T-test was used. For pairwise comparisons of
non-normally distributed data (expressed as median (interquartile range)), the Mann-Whitney U test
was used. P values < 0.05 were considered significant. All statistical analyses were performed using IBM
SPSS Statistics (IBM corporation, Chicago, IL).

77




Chapter 5

Results

In vivo and ex vivo ''In-GSAO imaging

In vivo SPECT/CT with In-GSAO allowed visualization of irreversible myocardial damage (Figure 2a).
Myocardial GSAO uptake was observed in the infarcted apical area in all animals. The area and intensity
of GSAO uptake was markedly lower in minocycline-treated animals than in saline-treated animals. Ex
vivo SPECT/CT (not shown) and ex vivo planar (Figure 2b) imaging confirmed the minocycline-induced

reduction of intensity and area of uptake.

a SPECT/CT b Planar imaging

Minocycline Minocycline
c d
104 B Saline ] .Sgline _

' B Minocycline = [ Minocycline
— —
L2 -1 a -
a 8 _x 3 8 .
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0= =

2
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Area at risk  Remote region

Figure 2. ""In-GSAO imaging and quantification, and TUNEL staining. (a) /n vivo "'In-GSAO SPECT/CT images and
(b) ex vivo planar images reveal lower 'In-GSAO uptake in minocycline-treated versus saline-treated animals. (c)
Quantification of *In-GSAO uptake confirms lower uptake in area at risk of minocycline-treated animals versus
saline-treated animals. Uptake in remote region is similar among minocycline- and saline-treated animals. (d)
Quantitative **In-GSAO uptake in area at risk; comparison at heart slice level. In apical slices 1 and slice 2, *'In-GSAO
uptake is lower in minocycline-treated animals than in saline treated-animals. * = P < 0.05; NS = not statistically
significant; %ID/g = percent injected dose.

Quantification of !In-GSAO uptake
Figure 3a shows photographs of heart slices after Evans Blue staining. Generally, slice 1 (apex) contained
mainly area at risk, slices 2 and 3 contained a mixture of area at risk and remote tissue. There was no

significant difference in size of the area at risk (expressed of percentage of left ventricular weight)
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between minocycline-treated and saline-treated animals (32.01 + 5.89 versus 33.65 + 5.77, P = 0.58,

Figure 3b).
a 1 Area at risk b
[l Remote area
#1 (apex) #2

NS

#3 #4 (base)

Avrea at risk size
(% LV weight)

R NEN

Saline  Minocycline

Figure 3. Identification and quantification of area at risk. (a) Short axis slices of Evans blue-stained rabbits hearts.
Infarcted myocardium was identified by lack of blue coloration. (b) Quantification of area at risk size in minocycline-
treated versus control animals reveals similar area at risk size among minocycline- and saline-treated animals. LV,
left ventricle.

Figure 2c shows results of quantification of radiotracer uptake by y-counting in the area at risk and the
remote area. GSAO uptake (expressed as %ID/g) in the area at risk was significantly lower in minocycline-
treated animals than in saline-treated animals (0.32 + 0.13 versus 0.48 + 0.15, P = 0.04). Uptake in the
remote area was similar among minocycline-treated and saline-treated animals (0.05 + 0.01 versus
0.06 +0.01, P = 0.17). Radiotracer uptake in the area at risk was also compared at the heart slice level
in minocycline-treated animals versus saline treated animals (Figure 2d). Uptake in the area at risk of
the apical slice 1 was markedly lower in minocycline-treated than in saline-treated animals (0.30 +
0.18 versus 0.64 £ 0.27, P = 0.01). In slice 2, radiotracer uptake in the area at risk was also significantly
lower in minocycline-treated than in saline-treated animals (0.33 £ 0.13 versus 0.51 + 0.17, P = 0.04).
Radiotracer uptake in the area at risk of slice 3 was similar among minocycline- and saline-treated
animals (0.32 + 0.14% versus 0.31 + 0.11%, P = 0.94).

Histopathological and immunohistochemical evaluation of cardiac damage

Figure 4 shows representative examples and quantification of TUNEL staining. In the area at risk, the rate
of apoptosis as demonstrated by TUNEL staining (expressed as area percentage of positive staining) was
significantly lower in the minocycline group compared with the saline-treated group (0.16 (0.10-0.54)
versus 2.47(1.25-3.59), P=0.02). In the remote zones, TUNEL positivity was low in both the minocycline-
treated as well as in the saline-treated animals (0.03 (0.02-0.05) versus 0.02 (0.02-0.02), P = 0.17).
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Figure 4. Histopathological characterization of cardiac cell death. (a) Representative examples and (b) quantification
of TUNEL staining in area at risk and remote area. The rate of apoptosis in area at risk is lower in minocycline-treated
versus saline-treated rabbits. In remote area, rates of apoptosis are similar among minocycline- and saline-treated
rabbits. TUNEL = terminal deoxynucleotidyl transferase dUTP nick end labeling.

Similarly, qualitative evaluation of Hematoxylin & Eosin and Masson'’s trichrome staining revealed that
morphological signs of tissue damage including hypereosinophilic myocytes with ground glass character
and pyknotic nuclear change in the area at risk were more modest in minocycline-treated than in saline-

treated animals (Figure 5). No difference was observed in remote areas.

H&E

Masson’s
Trichrome.

Saline Minocycline Saline Minocycline
Area at risk Remote

Figure 5. Histopathology. H&E staining, and Masson’s trichrome staining in minocycline-treated and saline-treated
rabbits with experimental acute myocardial infarction in the area at risk and remote area. In the infarct area, but not
in the remote area, morphological signs of myocardial damage are less pronounced in minocycline-treated than in
saline-treated rabbits. H&E = hematoxylin & eosin.
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Discussion

Here we demonstrate that minocycline markedly reduces cardiac damage in a rabbit model of acute
myocardial infarction. To simulate the clinical scenario, minocycline was administered upon reperfusion.
For optimal assessment of cardiac damage and efficacy of minocycline, in vivo SPECT imaging of cell
death using *In-GSAO was used in addition to immunohistochemistry. In all previous preclinical studies
employing animal models of myocardial infarction, minocycline was administered before coronary
occlusion.

Over the past twenty years, the most widely studied imaging probe for detection of cell death was
®mTc-annexin A5 (201). This molecule targets apoptotic cells by binding to the membrane marker
phosphatidylserine (PS). As apoptosis is a programmed cell death process that can be halted or reversed,
®mTc-annexin A5 uptake does not show irreversible cell death (126). Indeed, in a clinical study, the area
of ®™Tc-annexin A5 uptake in the acute phase of myocardial infarction exceeded the infarct size by
perfusion imaging in a later stage (202). As "'In-GSAO targets irreversibly dead cells, it may be better
suited to assess the degree of cell death than *™Tc-annexin AS5.

Several imaging tracers which like GSAO target dead cells through sarcolemmal disruption have been
evaluated, including ®™Tc-pyrophosphate, *™Tc-glucarate and **In-Antimyosin (228). Most experience
has been obtained with *In-antimyosin, which obtained approval of the United States Food and Drug
Association (FDA) for diagnosis of myocardial infarction. However, this probe has been discontinued,
mostly because its long circulation half-life, necessitating imaging at long after the injection (228).
Here 1n-GSAO has an advantage over *!In-antimyosin: in the current and previous study (232), we
demonstrate feasibility of In-GSAO SPECT imaging at three hours after radiotracer administration.
Moreover, this suggests that labeling GSAO with radioisotopes with shorter half lives and more favorable
imaging characteristics such as *™Tc may be a viable approach.

The cardioprotective effect of minocycline results from the prevention of cytochrome c release from
the mitochondria and direct inhibition of apoptotic signaling cascade (189). We accordingly observed
a significant reduction in TUNEL positivity in the area at risk. Cell death of a necrotic phenotype
characterized by sarcolemmal disruption often follows initial apoptotic insult (123). Indeed, in our
previous study we reported that in hearts of mice receiving fluorescently labeled annexin A5 and GSAO
after cardiac ischemia and reperfusion, all GSAO-positive cardiomyocytes were annexin A5-positive
(232). Thus reduction of apoptotic signaling likely has contributed to the lower loss of cardiac tissue.
Further, direct reductions of oxidative stress (188), release of matrix metalloproteinase 9 (188) and

high-mobility group protein 1 may contribute to myocardial salvage (190).
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Conclusions

The present study shows that minocycline reduced the extent of myocardial damage in a rabbit
model of acute myocardial infarction, as assessed by *!In-labeled GSAO imaging and supported by
histopathologic characterization. As opposed to previous studies, a clinically translatable protocol
was used, with minocycline administration upon reperfusion. A clinically available and safe antibiotic,
minocycline holds strong promise as a cardioprotective agent in acute coronary syndromes. We support

initiation of further pre-clinical studies to evaluate its long-term cardioprotective efficacy.
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Summary, general discussion and future perspectives

General summary

Atherosclerotic cardiovascular disease is one of the main causes of mortality worldwide. Atherosclerosis
is an inflammatory disease, which is characterized by the formation of lipid plagues in the arterial wall.
Myocardial infarction is caused an acute coranary artery obstruction, usually resulting from a plaque
rupture and thrombotization. This gives rise to lack of blood flow and subsequent tissue loss through
programmed (apoptosis) and unprogrammed (necrosis) cell death. Primary percutaneous coronary
intervention (PCl) is the mainstay of treatment. This procedure reopens the coronary, restores the
blood flow and salvages part of the ischemic cardiac tissue. Additional therapies to reduce cardiac cell
death are required to further enhance outcomes after myocardial infarction.

Molecular imaging allows visualization of biological processes. For this, tracer molecules targeting
specific molecules or cells are administered to patients or laboratory animals. As these tracers are
labeled, their accumulation can be detected.

Clinical applications of molecular imaging include optimization of diagnosis and choice and monitoring
of therapeutic strategies. For instance, patients at high risk of myocardial infarction can be identified
through detection of high-risk atherosclerotic plaques by molecular imaging techniques. Moreover,
molecular imaging can be used to study pathology and develop novel therapies.

Chapter 1 provides a general overview of cardiovascular molecular imaging. The concept of molecular
imaging is defined, the various molecular imaging platforms are described, and the clinical and
academic usages are discussed. Additionally, an overview of the various molecular imaging strategies in
atherosclerosis, myocardial infarction and adverse remodeling explored so far is given.

In chapter 2 we report feasibility of atherosclerotic plaque imaging by positron emission tomography
(PET) using *®F-labeled mannose (2-fluoro-2-deoxy-D-mannose, **F-FDM).

We first performed histological studies on human coronary atherosclerotic plaques and demonstrated
substantial presence of mannose receptor-bearing macrophages in plaques with high-risk morphology,
establishing this cell type as a potential target for high-risk plague imaging.

Second, we performed extensive experiments in cultured macrophages and demonstrated that *¥F-FDM
is taken up by activated macrophages through the same mechanism as ®F-FDG, the gold standard for
molecular atherosclerosis imaging. Moreover, we observed that ¥F-FDM binds to mannose receptors
on cultured macrophages. This suggests that ¥F-FDM may accumulate in high-risk plaques through
targeting of the mannose receptor in addition to its metabolic targeting of macrophages.

Finally, we evaluated in vivo ¥F-FDM PET in animal experiments. As animal models of atherosclerotic
plagues containing mannose receptor-bearing macrophages are currently unavailable, we were unable
to determine whether ¥F-FDM uptake is higher than ®F-FDG uptake based on specific targeting of this
cell type. However, by comparing uptake of both radiotracers in atherosclerotic rabbits we demonstrated
non-inferiority of ¥F-FDM to F-FDG.

We thus conclude that for atherosclerotic plague imaging, *¥F-FDM PET is non-inferior to F-FDG
PET imaging and through targeting of mannose receptor-bearing macrophages may be superior for

detection of high risk plaques in patients.
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The next chapters focus on molecular imaging of cell death for the evaluation of the cardioprotective
effects of minocycline. Previous pre-clinical studies had demonstrated efficacy of minocycline
treatment before the onset of myocardial infarction, which can rarely occur in clinical practice. To
simulate reperfused acute myocardial infarction, we used animal models of myocardial ischemia and
reperfusion. We used clinically translatable therapeutic protocols with minocycline therapy upon onset
of reperfusion.

In chapter 3 we employed *™Tc-annexin A5 imaging to obtain initial data suggesting cardioprotection of
minocycline therapy. ®™Tc-annexin A5 binds to phosphatidyl Serine (PS), which translocates to the outer
leaflet of cells undergoing apoptosis, a form of programmed cell death.

Cardiac ischemia and subsequent reperfusion were induced in mice and rabbits by temporary coronary
ligation. Subgroups of animals were treated with minocycline upon onset of reperfusion. In rabbits, ex
vivo planar imaging showed lower uptake in minocycline-treated animals. Subsequent quantification of
radiotracer uptake by gamma counting revealed a trend of lower uptake in minocycline-treated rabbits,
although statistical significance was not reached in this small-sample study.

In mice, absolutely quantified in vivo ®™Tc-annexin A5 single photon emission computed tomography
(SPECT) imaging revealed lower uptake in minocycline-treated than in untreated animals. This was
confirmed by immunohistological evaluation of apoptosis by terminal deoxynucleotidyl transferase-
mediated deoxyuridine triphosphate nick-end labeling (TUNEL) staining.

For more definitive results, efficacy of minocycline was evaluated in the rabbit model of acute
myocardial infarction using !In-labeled 4-(N-(s-glutathionylacetyl) amino) phenylarsenoide (**!In-
GSAO). GSAO is an organoarsenical molecule that binds to intracellular molecules with dithiol moieties.
When labeled with radioactive or fluorescent reporter molecules, GSAO is membrane impermeable. As
the cell membrane of dying cells is compromised, GSAO gains access to its target molecules, allowing
its accumulation.

In chapter 4, we describe validation of cardiac cell death imaging using **In-GSAO in rabbit and mouse
models of myocardial infarction. First, we co-administered fluorescently labeled GSAO and Annexin
A5 to mice with experimental acute myocardial infarction. We demonstrated that GSAO accumulated
intracellularly, with low extracellular background, in annexin A5-positive cells, suggesting that GSAO
predominantly recognized secondary necrotic cell death following initial upregulation in apoptotic
signaling.

Next, we went on to in vivo nuclear imaging experiments in rabbits with experimental acute myocardial
infarction; subsets of animals underwent dual-tracer imaging protocols. We demonstrated high cardiac
H1n-GSAO uptake in the infarct area as demonstrated by perfusion tracer *™Tc-sestamibi. Moreover,
H1n-GSAO uptake colocalized and strongly correlated with **"Tc-annexin A5 uptake. Lack of uptake
of n-GSCA, (4-(N-(S-glutathionylacetyl)amino)benzoic acid), a control compound, demonstrated
specificity of 1**In-GSAOQ.

Next, experiments in mice with acute myocardial infarction confirmed high cardiac uptake *'In-GSAQO.
Imaging in mice with chronic myocardial infarction (persistent coronary occlusion followed by imaging
at 2, 4 or 12 weeks) revealed markedly lower cardiac *'In-GSAO uptake than in mice with acute

myocardial infarction. Our data demonstrate that *In-GSAO can be used to identify cell death in acute
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myocardial infarction. Low uptake of 1In-GSAO in mice with chronic myocardial infarction is probably
due to limited rates of cell death during remodeling after myocardial infarction.

In the study described in chapter 5, we employed In-GSAO imaging to evaluate minocycline therapy
in rabbits with experimental acute myocardial infarction. Rabbits with experimental acute myocardial
infarction were were divided into a minocycline-treated group and a control group. /In vivo and ex vivo
Mn-GSAO SPECT imaging and subsequent gamma counting revealed markedly lower 'In-GSAO uptake
in minocycline treated animals. (Immuno)histology confirmed lower rates of apoptosis and reduced

morphological signs of tissue damage in minocycline-treated animals.

General discussion and future perspectives

Imaging of atherosclerosis: focus on FDM

Currently, treatment of atherosclerosis is mainly guided by risk-factor-based risk scores. A drawback
of these scores is that the predictive value of applying epidemiologic data to individual patients is
limited. Molecular imaging has been extensively investigated as a tool to optimize risk stratification
of cardiovascular patients. Initially, the field of atherosclerosis imaging focused on identifying
atherosclerotic plaques at risk of rupture and thus would require aggressive (invasive) therapy. This
approach however, has not reached clinical acceptance as recent studies have shown that in most
cases, plagues with a “vulnerable” phenotype stabilize over time rather than cause events. Thus, the
field has shifted to evaluating disease activity over the global arterial bed, aiming to identify “vulnerable
patients”.

Given the drawbacks of molecular imaging including radiation burden and use of resources, large clinical
studies will have to demonstrate substantial added value compared with risk factor and biosoluble risk
scores in terms of improving cardiovascular outcomes.

In fact, the main purpose of molecular imaging may lie in (pre)clinical research. It is the penultimate
tool to investigate pathology in vivo, which can lead to novel therapeutic and preventative strategies.
Moreover, molecular imaging is increasingly being used to evaluate the efficacy of (targeted) therapies.
For atherosclerosis, various targets have been evaluated including matrix metallo proteinases, markers
of angiogenesis, vascular calcification and apoptosis.

The most widely studied molecular imaging technique is imaging vascular inflammation using ¥F-FDG
PET. Vascular ¥F-FDG uptake correlates with cardiovascular risk factors, cardiovascular outcomes and is
able to identify high-risk plagues at the individual plaque level. ¥F-FDG PET is also widely used measure
the effect of therapies in clinical studies.

We have demonstrated in chapter 2 that ®F-FDM PET is non-inferior to F-FDG PET in visualizing
atherosclerotic plagues and propose that it may be more sensitive to plaques with a high-risk phenotype
due to additional targeting of the mannose receptor on M2 macrophages. As these macrophages are
not present in animal models, we have been unable to definitively demonstrate superiority of ¥F-FDM
over ¥F-FDG. For this purpose, clinical studies are required. Moreover, the radiolabeling procedure

needs to be optimized, as the current low radiochemical yield would challenge clinical usage.
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Besides FDG and FDM, various other molecular imaging strategies targeting inflammatory cells are
emerging. A relevant example of this is magnetic resonance imaging (MRI) using ultra small particles of
iron oxide (USPIO), which are phagocytized by macrophages in the vascular wall. Another candidate is
PET imaging using '®F-Dotatate, which binds to the somatostatin receptor, present on M2 macrophages
in high-risk plaques. Although experience with these probes is limited compared to FDG, a major
advantage of both is that there is no physiological uptake of these tracers by cardiac muscle. This would

allow coronary imaging, which remains a major challenge for FDG and FDM PET.

Molecular imaging of cardiac injury and remodeling.

Cell death was one of the first molecular cardiovascular targets to be visualized by in vivo molecular
imaging. In the 1990’s, the necrosis tracer !In-antimyosin was even approved by the United States
Food and Drug Association (FDA) diagnosis of myocardial infarction. It never reached widespread usage,
largely because of its long circulating half life and the emergence of soluble biomarkers of cardiac
damage. Given the success of this diagnostic approach, the clinical role of cell death imaging in acute
coronary syndromes, even with superior imaging tracers, is limited. However, cardiac cell death imaging
could play a diagnostic role in assessing cardiac transplant rejection, which currently requires serial
endomyocardial biopsy, an invasive procedure associated with considerable patient discomfort, risk of
complications and cost.

Moreover, cardiac cell death imaging could be a valuable research tool in the development of (novel)
cardioprotective therapies for myocardial infarction. The gold-standard endpoints for such studies are
major adverse cardiac events (such as death, or hospitalization for heart failure) or reduction of left
ventricular ejection fraction, which require large study populations. As a surrogate endpoint myocardial
salvage is often estimated as a ratio of infarct size as assessed by late gadolinium enhancement (LGE)-
MRI to area at risk (as assessed by T2 weighted MRI). However, the validity of this approach is disputed.
Molecular imaging of cell death could serve as an ideal direct endpoint in this setting.

In recent years the most widely studied radiotracer for cardiac cell death was apoptosis-targeting **™Tc-
annexin AS. Initial pilot studies have shown feasibility of imaging with this tracer in myocardial infarction,
transplant rejection, cardiomyopathy and other instances. However, as apoptosis is a reversible process,
annexin A5 uptake not necessarily reflects irreversible cardiac damage.

For this purpose, we evaluated '*!In-GSAO in chapter 4, and demonstrated feasibility of irreversible
cell death imaging in rabbits and mice with experimental acute myocardial infarction using this tracer.
Because of its short circulating half life, imaging with this tracer can be performed substantially earlier
after injection than with !In-antimyosin.

Moreover, given the fact that it is labeled with !In, dual tracer imaging with *™Tc-annexin A5 can be
performed, allowing simultaneous evaluation of apoptotic signaling and necrotic cell death.

In addition, we have employed molecular imaging techniques to evaluate cardioprotective effects of
minocycline. Preclinical and clinical studies had shown protective effects in stroke and shown that
high doses are well tolerated. Moreover, initial pre-clinical studies had shown protective effect of
minocycline in animal models of myocardial infarction, based on inhibition of apoptosis, oxidative stress

and inflammation. In all studies, minocycline was administered before induction of cardiac ischemia,
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which is rarely possible in clinical practice.

In chapter 3 we obtained initial data supporting cardioprotective effects of minocycline therapy upon
reperfusion in mouse and rabbit models of acute myocardial infarction. In this study, we used in vivo
and ex vivo ®™Tc-annexin A5 imaging for evaluation of cell death. Next, we corroborated cardiac efficacy
of minocycline therapy upon reperfusion in rabbits with experimental acute myocardial infarction,
applying in vivo 'In-GSAO imaging. These reductions of cell death in clinically translatable models
support continuation of research regarding of minocycline as a cardioprotective agent. As we have been
unable to study the long-term effects of minocycline therapy for myocardial infarction, this will be an
important next step. In the case of promising results, we support initiation of clinical trials regarding this

widely used, well-tolerated and affordable drug.

Conclusions

In this thesis, we describe novel imaging techniques to visualize inflammation in atherosclerotic vessels
and cardiac cell death. Moreover, we apply molecular imaging techniques to assess cardioprotective
effects of minocycline in animal models of myocardial infarction. These, and similar imaging techngiues
hold promise to optimize diagnosis, risk stratification, and thereby facilitate personalized cardiovascular
medicine. Moreover, we expect to see a growing contribution of molecular imaging in (pre)clinical

investigations into pathology and (novel) preventative and therapeutic strategies.

105




Chapter 6

Nederlandse samenvatting

Atherosclerotische cardiovasculaire ziekten behoren wereldwijd tot de belangrijkste doodsoorzaken.
Atherosclerose is een ontstekingsziekte, die leidt tot de vorming van vetrijke plaques in de slagaderwand.
Het scheuren van kransslagaderplaques kan leiden tot vaatafsluiting door thrombusvorming en vormt
de belangrijkste oorzaak van het myocardinfarct. Hierbij krijgt een deel van de hartspier onvoldoende
bloed (ischemie), hetgeen leidt tot geprogrammeerde (apoptose) en ongeprogrammeerde (necrose)
celdood en daarmee tot het afsterven van spierweefsel. Primaire percutane interventie (PCl, ofwel
dotterbehandeling) is de standaardbehandeling voor het myocardinfart. Hierbij wordt het bloedvat
heropend, de doorbloeding hersteld (reperfusie), en daarmee een deel van het ischemische
hartspiergebied gered. Aanvullende therapieén om celdood in de hartspier te verminderen zijn nodig
om de overleving en kwaliteit van leven van patiénten na een hartinfarct te verbeteren.

Bij moleculaire beeldvorming worden tracermoleculen toegediend aan mensen of proefdieren, om
biologische processen te visualiseren. Deze tracermoleculen binden aan moleculaire targets of worden
door specifieke cellen opgenomen. Doordat deze tracermoleculen gelabeld zijn, kan de opstapeling
ervan in het lichaam in beeld gebracht worden.

Klinische toepassingen van moleculaire beeldvorming zijn het optimaliseren van diagnostiek, en het
kiezen en evalueren van behandelingen. Door plaques op te sporen die een hoog risico hebben om in te
scheuren, kunnen bijvoorbeeld patiénten met een hoog risico op het hartinfarct worden geidentificeerd.
Daarnaast kan moleculaire beeldvorming worden gebruikt worden voor het onderzoeken van
ziektemechanismen, en de ontwikkeling van behandelingen.

In hoofdstuk 1 wordt een algemeen overzicht gegeven van cardiovasculaire moleculaire
beeldvorming. Het begrip moleculaire beeldvorming wordt gedefinieerd, de verschillende moleculaire
beeldvormingsmethoden worden beschreven en er wordt ingegaan op de klinische en academische
toepassingen ervan. Daarnaast wordt een overzicht gegeven van verschillende vormen van moleculaire
beeldvorming om atherosclerose, het hartinfarct en veranderingen van de hartspier na het hartinfarct
(remodeling) in beeld te brengen.

In hoofdstuk 2 worden de resultaten van een onderzoek naar beeldvorming van atherosclerotische
plagues middels positron emission tomography (PET) en de radiotracer 2-fluoro-2-deoxy-D-mannose
(*®F-FDM) beschreven.

Ten eerste hebben we met histologische experimenten laten zien dat de subpopulatie van macrofagen
die mannose receptoren op hun celmembranen presenteert, in substantiéle mate aanwezig is in hoog-
risico atherosclerotische plaques. Hierdoor vormen deze cellen een potentieel target voor moleculaire
beeldvorming om deze categorie atherosclerotische plaques te detecteren.

Ten tweede hebben we met uitgebreide celexperimenten zien dat *¥F-FDM in geactiveerde macrofagen
wordt opgenomen middels hetzelfde mechanisme als ®F-FDG, de meest onderzochte tracer voor
atherosclerose beeldvorming. Daarnaast hebben we middels cel-experimenten aangetoond dat *F-FDM
aan mannosereceptoren op macrofagen bindt. Dit suggereert dat ®F-FDM het koolhydraatmetabolisme

van macrofagen als beeldvormingstarget in atherosclerotische plaques deelt met *F-FDG en vanwege
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extra binding aan de mannose receptor een hogere opname in hoog-risicoplaques zou kunnen hebben.
Ten slotte hebben we #F-FDM PET onderzocht in proefdierexperimenten. Helaas waren
proefdiermodellen van atherosclerotische plaques waarin de macrofagen van het mannosereceptor-
presenterende subtype voorkomen niet beschikbaar. Derhalve was het niet mogelijk te onderzoeken
of ®F-FDM een hogere opname vertoont dan *¥F-FDG op basis binding aan deze receptor. Echter, door
de opname van beide tracers te vergelijken in een konijnmodel van atherosclerose, hebben we kunnen
aantonen dat de accumulatie van ¥F-FDM in atherosclerotische plaques vergelijkbaar is met die van
BE-FDG. We concluderen derhalve dat F-FDM PET non-inferieur is aan ®F-FDG PET, en vanwege
additionele binding aan de mannose receptor-presenterende macrofagen superieur zou kunnen zijn
voor de identificatie van hoog-risico atherosclerotische plaques in mensen.

In de hierop volgende hoofdstukken wordt ingegaan op moleculaire beeldvorming van celdood voor het
evalueren van minocycline als behandeling voor het hartinfarct. Voorgaande proefdierstudies hadden
laten zien dat minocyclinebehandeling voorafgaand aan het myocardinfarct effectief is. In patiénten
met een acuut myocardinfarct kan behandeling echter pas later worden toegepast. Om de klinische
situatie van het acute myocardinfarct gevolgd door behandeling met primaire percutane coronaire
interventie te simuleren, hebben wij proefdiermodellen van cardiale ischemie-reperfusie gebruikt,
waarbij een kransslagader tijdelijk werd gesloten middels een hechting. In de behandelde dieren werd
minocycline pas rond de start van reperfusie (het losmaken van de hechting) toegediend.

Voor het onderzoek dat wordt beschreven in hoofdstuk 3, hebben we *™Tc-annexine A5 beeldvorming
gebruikt om de effecten van minocycline te evalueren. ®™Tc-annexine A5 bindt aan cellen die apoptose
(een vorm van geprogrammeerde celdood), via phosphatidyl serine (PS) op de celmembraan van deze
cellen.

Voor dit onderzoek werden muizen en konijnen met een acuut hartinfarctinfarct gebruikt. Subgroepen
van de muizen en konijnen werden behandeld met minocycline aan het begin van de reperfusie. In
konijnen toonde ex vivo beeldvorming een beperktere stapeling van ®™Tc-annexine A5 in de harten van
met minocycline behandelde dieren aan, dan in die van onbehandelde controledieren. Kwantificatie van
de radiotracerstapeling middels gamma counting liet een trend van lagere opname in met minocycline
behandelde konijnen zien, hoewel statistische significantie niet werd bereikt in dit kleine experiment.
In muizen werd in vivo *"Tc-Annexine A5 SPECT beeldvorming uitgevoerd en gekwantificeerd. Hierbij
werd een lagere cardiale opname gezien in met minocycline behandelde muizen dan in onbehandelde
controlemuizen. De lagere mate van geprogrammeerde celdood werd vervolgens bevestigd met de
terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick-end labeling (TUNEL)
kleuring.

Voor verdere ondersteuning van bovenstaande resultaten werd de effectiviteit van minocycline in
konijnen nader onderzocht met *!In-4-(N-(s-glutathionylacetyl) amino) phenylarsenoide (***In-GSAO).
GSAO is een organoarsenicummolecuul dat aan intracellulaire moleculen met dithiol groepen bindt. Als
GSAO gelabeld is met een radioactief of fluorescent molecuul, kan het niet over intacte celmembranen
getransporteerd worden. In necrotische (stervende of dode) cellen vallen er gaten in de celmembraan,
waardoor GSAO toegang verkrijgt tot zijn targetmoleculen en kan accumuleren. Derhalve kan GSAO

gebruikt worden als tracermolecuul voor celdood.
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In hoofdstuk 4 wordt de validatie van beeldvorming van cardiale celdood middels **In-GSAQO beschreven.
Ten eerste hebben we fluorescent gelabeld GSAO en annexine A5 toegediend aan muizen met
experimentele acute myocardinfarcten. We laten GSAO accumulatie in annexine A5-positieve cellen
zien. Dit suggereert dat GSAO voornamelijk necrose volgend op apoptotische activiteit herkent.
Vervolgens hebben we uitgebreide in vivo moleculaire beeldvormingsexperimenten uitgevoerd in
konijnen met acuut myocardinfarct. In sommige subgroepen werden meerdere radiotracers tegelijk
toegediend om de relatie van *1In-GSAO opname en andere processen te onderzoeken. We lieten een
In konijnen die zowel *'In-GSAQ en de *™Tc-sestamibi toegediend kregen, lieten we zien dat **!In-GSAO
accumuleert in het door ®™Tc-sestamibi geidentificeerde infarctgebied. In een tweede groep konijnen
die zowel *™Tc-annexine als **In-GSAO toegediend kreeg, bleek opname van beide radiotracers sterk
met elkaar te correleren. Tenslotte werd de specificiteit van **In-GSAQO bevestigd door het uitblijven van
accumulatie van *In-GSCA, een negatieve controletracer.

Vervolgens werden experimenten uitgevoerd in muizen met acuut hartinfarct dat werd geinduceerd
zoals hierboven beschreven, en in muizen met chronisch hartinfarct, waarbij de coronairarterie
permanent werd afgebonden. Radiotracer kwantificatie liet zien dat **In-GSAO accumulatie in muizen
met acuut myocardinfarct significant hoger is dan in muizen met chronisch myocardinfarct op de
tijdstippen 2, 4 en 12 weken na afbinden van de coronairarterie.

Deze data laten zien dat **In-GSAO gebruikt kan worden om celdood in het acute myocardinfarct in
beeld te brengen. De lage opname van *In-GSAO in muizen met een chronisch hartinfarct wordt
waarschijnlijk verklaard door de beperkte mate van celdood op de langere termijn na start van het
myocardinfarct.

In het onderzoek dat we beschrijven in hoofdstuk 5, hebben we *'In-GSAO toegepast om de effectiviteit
van minocycline als behandeling voor het myocardinfarct te bevestigen. Konijnen met een acuut
hartinfarct werden verdeeld over een met minocycline behandelde groep en een controlegroep. In vivo
en ex vivo SPECT beeldvorming en gamma counting lieten een lagere accumulatie van **In-GSAO in de
met minocycline behandelde groep dan in onbehandelde controledieren. De verminderde mate van

celdood in de minocycline groep werd bevestigd middels (immuno)histologische kleuringen.
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