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Many who live, deserve death,
some who die, deserve life.

Velen die leven, verdienen te sterven,
sommigen die sterven, verdienen te leven.

Gandalf, in: The Lord of the Rings,
Part I: The Fellowship of the Ring

To everything there is a season,
and a time to every purpose under heaven.
A time to be born, a time to die....

Ecclesiastes 3: 1-2a
(from the song Turn! Turn! Turn!
performed by The Byrds)

Alles heeft zijn uur, alle dingen onder
de hemel hebben hun tijd.

Er is een tijd om geboren te worden en
een tijd om te sterven....

Prediker 3:1-2a
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General Introduction: Past, present and future
of annexin A5: from protein discovery to clinical

applications.

Adapted from: H.H. Boersma, B.L.J.H. Kietselaer, L.M.L. Stolk, A. Bennaghmouch, L.
Hofstra, J. Narula, G.A.K. Heidendal, C.P.M. Reutelingsperger. Past, present and future of
Annexin AS5: from protein discovery to clinical applications. | Nuclear Medicine 2005; 46:

2035-50
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1.1 Introduction

The annexins are a multigene family of over 160 proteins which share the property of
Ca**-dependent binding to negatively charged phospholipid surfaces'. Annexin A5,
one of the family members, binds to phosphatidylserine (PS). The latter is one of the
“eat me” signals at the surface of the apoptotic cell. This characteristic has been the
driving force for the research of annexin A5 as a probe to measure apoptosis in vitro
and in vivo. A non-invasive imaging procedure using annexin A5 has been developed
and applied successfully to measure programmed cell death (PCD) in patients. This
chapter highlights the different aspects of this technique as a diagnostic tool and
discusses radiopharmaceutical aspects, biodistribution, clinical relevance, limitations
and future perspectives of this approach.
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1.2 Past

1.2.1 Discovery

At the end of the 1970s, annexin A5 was firstly isolated from the placenta and was
named placental protein 4 (PP4). A few years later, the protein was isolated from
human umbilical cord arteries and was given the name vascular anticoagulant protein
alpha (VAC-a) because of its inhibitory activity on blood coagulation®. Other groups
isolated the protein as well and gave it a variety of names. In 1990 the annexin
nomenclature was adopted by which the protein was named annexin V. None of the
previous names did justice to all the properties that these proteins exhibited*. During
the last decade more than 100 annexin family members have been discovered. The
annexin nomenclature was adapted further by the introduction of five major annexin
groups (A-E). In this system, human annexin V was renamed annexin A5.

Annexin A5 has been identified in a broad range of tissue types such as the placenta?,
spleen®®, liver®’, uterus’, skin, kidney, heart and skeletal muscle of human origin®.
After the discovery of annexin A5, the human recombinant form was produced by
the expression of its cDNA in E. Coli bacteria®'°. The cDNA was either isolated by
screening cDNA libraries from placental or blood lymphocyte origin®'*
cDNA screening using monoclonal or polyclonal antibodies'?.

as well as by

1.2.2 The structure of annexin A5

1.2.2.1 Primary structure and functional aspects

Cloning the cDNA of annexin A5 revealed that the protein consists of 319 amino
acids forming a single polypeptide chain. The molecular weight is 35.7 kDa'’. See
Figure 1.1. Like all annexins, annexin A5 is composed of two major domains: the
NH,-terminal tail, which is unique for each annexin, and the COOH-protein
terminal core domain, which is conserved among the annexins'. The core domain
consists of 4 homologous repeats, each of which contains 65-70 amino acids. This
canonical repeat organisation is shared by all annexins. The repeats are connected
by small linker peptides. Each repeat contains a consensus sequence of about 17
amino acids termed the endonexin loop and is presumed to be directly involved in
phospholipid binding'’.
The amino terminal of the molecule is unique for every annexin and is considered
as the fingerprint to discern itself from other annexins. It differs in amino acid
composition and in peptide chain length as well as in biological functionality®'*,
Other features, related to the primary structure of annexin A5 are:

+  The annexin A5 molecule contains 30.7 % charged amino acids, which is the

basis for an isoelectric point of 4.8. This is the result of combining 54 acidic
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(aspartic and glutamic acid) and 41 basic (lysine and arginine) amino acid
residues®.

Annexin A5 possesses three types of calcium binding sites, i.e. type II (high
affinity binding sites), type III and type B. These calcium binding sites consist
of 1-3 carbonyl oxygens from the protein backbone structure, and one carboxyl
group from an Asp or Glu residue'. The nature and properties of these binding
sites are described in section 1.2.2.2.

The polypeptide chain contains one cysteine residue, which allows for
dimerization under conditions of denaturation. It has also been reported that
about 2-4 % of natural annexin A5 migrates as a dimer under non-reducing
conditions on polyacrylamide gels. This suggests that the cysteine residue can
also be involved in some intermolecular disulphide bond formation under
physiological circumstances'?. The single cysteine can also be used for labeling

1617 a5 will be discussed later.

purposes
One single tryptophan residue is present in the third conserved domain on
position 187. It has been suggested that this single residue is responsible for
changing the conformation in an acidic environment (pH < 4.6) and in the
presence of low Ca?* concentrations (10-30 pM, pH> 5). In either circumstance
the annexin A5 molecule is able to bind most phospholipid bilayers. Under
acidic conditions annexin A5 most likely penetrates the phospholipid bilayer,

where it engages in interactions with the hydrophobic core of the membrane!'®

20 (see Chapter 2).

At pH > 5, annexin A5 binding to membrane is of an extrinsic nature and
depends on the presence of Ca**-ions.

Potential phosphorylation sites are present in the N-terminus of the annexin
A5 molecule by the presence of two threonine residues. However, to date no
phosphorylation of annexin A5 has been reported.

Annexin A5 lacks a signal sequence that is required for secretion via the
known classic secretory routes', The presence of annexin A5 is reported in
the extracellular space. Hence, other externalization pathways probably exist
for annexin A5. Internalization of the molecule is possible. Its mechanism will

be discussed in section 1.2.3.

1.2.2.2 Tertiary structure

The tertiary structure of annexin A5 was revealed by crystallisation of the molecule

and subsequent X-ray crystallography®?, The tertiary structure appears loyal to the

primary domain structure. Each of the four domain folds into a separate module in
space. The four modules show high homology in their spatial organization %, All
domains contain five stretches of a-helices each (7-15 amino acids per helix, see Figure
1). The five a—helices are wound into a right handed superhelix'**'. The modules are
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tightly packed giving the whole molecule a slightly curved shape with a convex and
a concave side. The convex side contains the type II high affinity Ca** binding sites,
as well as the membrane binding site”. The concave side of the molecule is apical to
the phospholipid-binding region and harbors the N-terminal tail of the protein. This
position makes the tail accessible for interaction with soluble ligands, if annexin A5
is bound to the membrane (Figure 1.1).

Figure 1.1: The tertiary structure of annexin A5 was revealed by X-ray analysis. The protein
consists of 319 amino acids. The molecule is arranged in a planar cyclic structure of four
domains, which are indicated by different colors in the structure. The structure shown here
depicts Ca* ions (green spheres) as well.

1.2.3 Biophysical properties

Annexin A5 behaves as a peripheral membrane binding protein interacting reversibly
with PS containing membranes®. This interaction is dependent on the presence of
Ca**-ions and PS. Ca®* induces a conformational change in annexin A5 creating a
binding pocket, which specifically interacts with the phosphoserine headgroup?. Once
bound to the surface, annexin A5 organizes in a two-dimensional crystal through
protein-protein interaction®', These interactions result in the formation of trimers,
that constitute the basic building block of the crystal®®. It appears unlikely that the
interaction between annexin A5 and a phospholipid membrane is stereospecific. Each
annexin A5 molecule covers ca. 5 nm>*, Binding of annexin A5 to the cell membrane
is said to be of an extrinsic nature. However, there is discussion about whether this is
true under all conditions.

Isas etal postulated thatannexin A5 builds ion channels in PS-containing membranes
at mildly acidic pH?**. Others suggest that the binding of annexin A5 to PS containing
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membranes is caused by simpler hydrophobic interactions, enabling penetration
of annexin A5 into the phospholipid bilayer". Utilizing paramagnetic beads, we
observed binding of annexin A5 to PS-containing membranes in the absence as well
as in the presence of Ca?* at pH 3 and 4*° (see Chapter 2).

Thus, we and others challenge the hypothesis that pH-dependent binding to
phospholipid membranes of annexin A5 in the absence of Ca** does not exist*®. The
Ca?" independent interaction between annexin A5 and phospholipid membranes was
measured in vitro experiments. It remains unknown whether such interaction occurs
in vivo.

The amount of PS available in the membrane and the physicochemical environment
determine the Ca**-concentration needed for annexin A5 binding®®. This is illustrated
by the fact that membranes containing predominantly phosphatidyl choline (PC)
require 10-100 mM Ca** to enable the binding of annexin A5. Adding PS and
cardiolipine to these membranes lowers the amount of Ca** necessary for the binding
of annexin A5 to 10-40 uM". The amount of Ca®* required for annexin A5 binding
increases when the amount of cholesterol is increased?®?%, Furthermore, it has been
shown that, using glass beads, coated with a phospholipid surface, the incorporation
of phosphatidyl ethanolamine (PE) in the presence of PS decreases the amount of
Ca** needed for the binding of annexin A5 to PS*°.

Crystal structures of annexin A5 have shown up to 10 bound calcium ions in three
different types of binding sites, but previous work concluded that only one of these
sites accounted for nearly all of the membrane binding affinity of the molecule. The
type II calcium binding site in domain I was thought to be predominantly responsible
for PS-binding **2. Although domains II-IV also exert PS binding properties, it
was shown that these properties are less efficient. This is likely to be due to steric
hindrance of the formation of the protein-Ca**-PS ternary complex™.

However, recently, mutants of annexin A5 were used to study the contribution of
the calcium binding sites to PS binding**. The calcium binding site types II, IIT and
B in domain I-IV were the subject of research. This study showed that all four type
IT binding sites were necessary for high affinity binding. The latter was also shown
for three of the four B sites (in domains I through III); the type III site in the first
domain contributed marginally to the affinity of binding. Furthermore, binding
experiments utilizing multi-site mutants showed that each domain contributed
additionally and independently to binding affinity. However, binding affinity of type
IT and type B sites within the same domain were demonstrated to be interdependent.
The number of functionally important binding sites identified correlated well with
the Hill coefficient determined in calcium titrations. This study reveals that a
previously unknown role exists for type B calcium binding sites in the membrane
binding of annexins and suggests that all four domains of the molecule are required
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for maximum membrane binding aflinity.

Most of the cellular PS in viable cells is not expressed at the cell surface. Consequently,
viable cells hardly bind annexin A5. In some processes the cell translocates PS to the
outer leaflet of the plasma membrane. Examples of such processes include platelet
activation, macrophage activation, erythrocyte aging, and programmed cell death.
The latter feature is utilized for the detection of apoptosis using annexin A5, as will
be discussed in section 1.2.6. Annexin A5 can also bind to oxidized PS**3¢, Oxidation
of PS may occur during apoptosis®?®, It was shown that the binding of annexin A5
to oxidized PS is still adequate and therefore, annexin A5 can still detect cell death

under oxidizing circumstances®.

1.2.4 Biochemical properties

In addition to the biophysical properties, a large number of biochemical activities
have been revealed for annexin A5. Almost all of these activities arise from the ability
of annexin A5 to bind phospholipids.

In spite of this wealth of data, the exact physiological significance of annexin A5
remains elusive (See 1.2.5). The most important biochemical activities are highlighted
below.

Inhibition of blood coagulation

One of the first biochemical properties discovered for annexin A5 was its ability to
inhibit blood coagulation®. The underlying mechanism of this activity is indeed based
on the phospholipid binding action of annexin A5. The molecule is very effective in
performing this particular action by inhibiting the prothrombinase complex (IC,,
= 16 + 12 nmol/L)”. Recently, pregnancy losses were observed in patients with
an antiphospholipid syndrome. Keeping in mind the anticoagulant properties of
annexin A5, these losses were subscribed to antibody-mediated inhibition of annexin
A5 anticoagulant activity"*®,

Inhibition of phospholipase A,

Phospholipase A, enzymes (PLA ) catalyze the hydrolysis of the sn-2 fatty acyl chainin
many phospholipids***°. PLA plays a key role in inflammatory processes because of its
ability to release arachidonic acid from the lipids in the cell membrane. Subsequently,
arachidonic acid is further metabolized by the cyclo-oxygenase-isoenzyme family and
other inflammatory enzymes in order to generate compounds such as prostaglandins
and leukotrienes*. Annexin A5 was shown to inhibit PLA_**** by preventing access
of the enzyme to its substrate, negatively charged phospholipids**3%%2,
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Inbibition of protein kinase C

The Protein kinase C isoenzymes form a family of serine-threonine kinases,
involved in signal transduction pathways, that catalyze numerous biochemical
reactions critical to cellular homeostasis, as well as under disease conditions®.
The enzyme activity is calcium activated and phospholipid dependent. Activation
of protein kinase C is triggered by, for instance, the G-protein coupled production
of diacylglycerol. This is the physiological stimulator of protein kinase C, and is
responsible for protein kinase C-mediated cell division.

It has been shown that annexin A5 inhibits protein kinase C in vitro, presumably
by preventing the binding of phospholipids to protein kinase C"**. Furthermore,
in intact MCF-7 cells, it was found that the effects, normally induced by treatment
of the cells with the protein kinase C-activating phorbol esters, were inhibited
by annexin A5. Hence, it is likely that this inhibition is mediated through
suppressing the protein kinase C activity"*!. An extended study’ performed with
annexin A5 mutants lacking one or more Ca**-binding sites, revealed that the lack
of binding site I (corresponding with mutant M1) resulted in a partial loss of the
ability of annexin A5 to inhibit the protein kinase C-o isoform. This effect tended
to be more pronounced when other Ca**-binding sites were also inactivated. The
authors hypothesized that the possible mechanism for protein kinase C-inhibition
is the sequestration of phospholipids by annexin A5,

Annexin AS interaction with integrins

Integrins are adhesion receptors, which are present in all multicellular organisms.
These heterodimeric transmembrane proteins are pivotal in the development
and survival of the organism®. They play an important role in the mediation of
adhesion between cells and the extracellular matrix. Andersen et al described how
annexin A5 was discovered to bind to the intracellular part of alpha(v)beta(3) and
alpha(v)beta(5) integrins. Interestingly, annexin A5 turned out to be an impurity
in the purification steps of the integrin. Annexin A5 binding to this type of integrin
was shown to be phospholipid dependent*.

Activation of pinocytosis by annexin AS and subsequent internalisation of the
molecule in cells expressing PS at their cell surface.

The transportation of fluids across the external cell membrane is called
pinocytosis. The mechanisms related to this process depend on the cell type and
the connected biochemical pathways at a particular location in the cell. During
apoptosis in macrophages macropinocytosis is induced by PS*. Upon expression
of PS by the apoptotic cell, a hypothetical PS-receptor on the phagocyte is
stimulated. This results in membrane ruffling and the formation of large fluid
filled membrane particles. This process occurs when apoptotic cells are removed
from its environment by macrophages®’.
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Very recently, it was shown that annexin A5 activates a novel pinocytic pathway*.
The 2D-crystallisation of annexin A5 on the PS expressing membrane patch is the
driving force for invagination and budding. The 2D protein network of annexin
A5 at the surface prevents apoptotic body formation without interfering with the
progression of apoptosis as demonstrated by activation of caspase-3, PS exposure
and DNA fragmentation. The annexin A5 protein network bends the membrane
patch nanomechanically into the cell and elicits budding, endocytic vesicle formation
and cytoskeleton dependent trafficking of the endocytic vesicle. Internalisation of
annexin A5 has been described in vitro for a muscle cell line undergoing transient
PS-expression®. Upon expression of PS, the cell line was incubated with fluorescently
labelled annexin A5. Firstly, annexin A5 was shown to bind to the outer PS-
containing cell membrane. Secondly, the cell gradually took up annexin A5. When
the cells are depleted from Ca?*, there was only a partial loss of fluorescence intensity.
It was observed with fluorescence microscopy that annexin A5 appeared to be taken
up by the cells. Moreover, it was shown that annexin A5 did not bind in the presence
of Ca®* to the outer cell membrane of PS-negative muscle cells, which had been PS-
positive before. This novel pinocytic pathway differs from macropinocytosis, which is
preceded by membrane ruffling and actin polymerization. It has been clearly shown
that actin polymerization is not involved in budding and endocytic vesicle formation,
but is required for intracellular trafficking. The phosphatidylserine-annexin A5
mediated pinocytic pathway is not restricted to cells in apoptosis. It has also been
demonstrated that living tumor cells can take up substances through this novel portal
of cell entry. This opens new avenues for targeted drug delivery and cell entry*.

Calcium channel formation

Generally, the annexins possess the ability to form calcium channels. For annexin
A5, the latter was shown in B-lymphocytes at neutral pH*. The formation process
of the ion channels is likely to be enhanced by exposure of these cells to physiological
concentrations of peroxide. Other evidence for a role of annexin A5 as a Ca**-channel
is revealed by experiments using mineralizing chondrocytes®'. Bone formation is
mediated by PS-enriched matrix vesicles, which can entrap Ca** in order to be able
to form calcium phosphate crystals. The observed Ca**-channel activity shows many
features in common with the annexin A5 Ca?*-channel observed in vitro. For instance,
they are blocked by Zn?*, activated by ATP and inhibited by GTP. Furthermore,
maximal Ca®*-influx is observed when annexin A5 is associated independently with
the vesicles®. Also, the annexin A5-Ca®*-channel antagonist benzothiazepine K201
was shown to protect the rodent myocardium under I/R conditions™. The latter
suggests that annexin A5 islikely to play a Ca®*-channel role in the pathophysiological
mechanisms of this group of diseases. Intracellularly, annexin A5 is thought to bind
predominantly the cytosolic leaflets of the plasma membrane and several organelle
membranes'.
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1.2.5 The role of annexin A5 in physiology and disease

The role of annexin A5 in physiology is uncertain. As in vitro experiments and
expression studies suggested a potential role for annexin A5 during calcification
processes in vivo, new insights into the relevance of annexin A5 in this process
were gained. To study these aspects, an annexin A5-knock out mouse mutant was
generated®*. Mice lacking annexin A5 appeared to be viable and fertile, without any
significant alterations in the biochemical parameters characteristic for metabolic
or functional defects. Neither the development of skeletal elements nor the in vitro
calcification properties of isolated chondrocytes is significantly impaired by the
absence of annexin A5. Therefore, annexin A5 seems to be dispensable for basic
homeostatic mechanisms and the formation and maintenance of skeletal elements
in the mouse®*,

In spite of a set of data about the correlation between annexin A5 and diseases, the
role of annexin A5 in pathological circumstances is not evident to date. For instance,
in both myocardial infarction®*® (See also Chapter 3) as well as during end-stage
heart failure®’, annexin A5 plasma levels have been seen to rise. Interestingly, another
group reported a similar rise of annexin A5 levels during heart failure, but this was
restricted to non-muscle cells®®. To date, no explanation has been found for these
annexin A5 plasma level fluctuations.

Insummary,itisevident thatannexin A5 interferes with a greatvariety of physiological
and pathophysiological processes. In particular, it is believed that annexin A5 is likely
to interfere with the calcium and phospholipid signaling pathway**, However, it is
not yet understood whether all in vitro observed effects take place in a similar way
and extend within the organism.

1.2.6 Development of annexin A5 as a diagnostic tool

In 1992, Fadok and co-workers revealed that PS is expressed on the outer leaflet of the
plasma membrane of apoptotic cells, instead of staying on the inner cell membrane,
which is usual in normal cells*®. Based on this experience, Koopman and others were the
first to describe the use of fluorescently (FITC) labelled annexin A5 for the detection
of programmed cell death®. To be able to discern between apoptotic cells and necrotic
cells, the plasma membranes of which are no longer intact, propidium iodide (PI) must
be added. By this means, viable, apoptotic and dead cells can be discriminated using
either fluorescence microscopy of flow cytometry (see Figure 1.2).

This assay has been developed further by labeling annexin A5 with biotin to enable
histochemical staining, Labeling with fluorescent (FITC, Oregon Green and
Alexa568) and radioactive labels ("), '**I, ®T¢, ¥F) can be applied to perform in
vitro and in vivo experiments, respectively®®>, Furthermore, GMP-produced *™Tc-
annexin A5 was used to measure apoptosis in humans *>%72, The latter subjects will
be discussed further in section 1.4,
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A B C

Figure 1.2: annexin A5 is able to bind cells in all stages of the cell death program. The pictures
show FAS-ligand stimulated Jurkat cells. The situation in (A) illustrates the early stage of
cell death. Fluorescent annexin A5 (green) binds to the outer cell membrane. (B) depicts
a later phase showing binding of propidium iodide (PI, red) which intercallates with the
DNA and annexin A5, respectively. Binding of PI is indicative of the disintegration of the cell
membrane. Also, the formation of apoptotic bodies is visible. The final stage of programmed
cell death is shown in (C). Here, only annexin A5 binding to cellular membrane residues can

be observed. Adapted from”.
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1.3 Intermezzo: basic principles of cell death

Apoptosis, which is one of the major forms of programmed cell death (PCD)™ plays
an important role in the development, homeostasis and disease of an organism. In
pathology two opposing situations can arise concerning apoptosis: one situation in
which there is abundant apoptosis, as in cases of transplanted organ rejections, AIDS,
septic shock and cardiovascular and neurodegenerative diseases and one in which
there is insuflicient apoptosis, as in some cases of cancer (Table 1.1)”. Although, on
the contrary, some tumor types, appear to have a high apoptotic index. During the
past few years, evidence has been gathered that this feature correlates positively with
the tumor malignancy™.

Table 1.1: Examples of abandonment and shortage of apoptosis, respectively

Too much apoptosis Too little apoptosis
Myocardial/ Brain infarction Leukemia

Multiple sclerosis Lymphoma
Parkinson’s disease Colorectal cancer
Sarcoidosis Breast cancer
Transplant rejection Neuroblastoma

Apoptosis is characterized by a cascade of defined morphological and biochemical
events. Morphologically, apoptosis results in cell shrinkage, mitochondrial swelling,
condensation of the cells nucleus and membrane blebbing, Finally, the cell disintegrates
into smaller apoptotic bodies, which are removed by phagocytosis 77, One biochemical
hallmark is the activation of caspases (cystein aspartate specific proteases). Caspase 3 is
considered to be the executioner caspase, the activation of which marks the point of no
return’, Intrinsic and extrinsic pathways can activate the caspase cascade. The intrinsic
pathway can be activated by various stimuli including radiation, DNA-damaging
cytotoxic agents, serum starvation and reactive oxygen species. These stimuli lead to the
release of the mitochondrial cytochrome C, which together with Apaf-1 and caspase 9
forms the apoptosome that activates caspase 3 (Figure 1.3).

The extrinsic pathway is activated by external signals such as Fas ligand and TNF, which
bind to the so-called death receptors and thereby activate the caspase cascade (Figure
1.3).

The extrinsic pathway can either directly activate caspase 3 or converge with the
intrinsic pathway at the mitochondrion culminating in the activation of caspase 3
(Figure 1.3). Activation of caspase 3 underlies many of the apoptotic morphological
features as well as the phenomenon of cell surface expression of PS*%,
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Other forms of PCD appear to exist which are caspase-independent™. Leist and
Jaattela proposed, on the basis of existing data, 4 distinguishable forms of PCD™.
The current understanding is a sliding scale from apoptosis to a caspase-independent
necrosis-like cell death type on the basis of morphology and biochemistry. Cell
surface expression of PS appears to be the remarkable common denominator of the
various forms of PCD™,

During apoptosis PS expression occurs downstream of cytochrome C release from
the mitochondria®. It happens eatly after the onset of apoptosis and it persists until
the cell death program is fully completed *°. Cell surface expression of PS acts as an
“eat me” signal for the phagocyte which removes the dying cell from the tissue before
it causes an inflammatory response *>#2, The proposed mechanism postulates a model
of “tethering and tickling” in which PS causes the tickling through interaction with
a receptor on the phagocyte* . Recently, cell surface expression of PS in the absence
of execution of the apoptosis has been observed by ourselves and others**®. This
process has been termed “apoptosis interruptus” or “escapoptosis”. The latter event
has been found to take place in murine B-lymphocytes***
cardiomyocyte cells, exposed to a shorter time (5 min instead of 30 min) of ischemia,
followed by reperfusion. It has been found that after short, transient PS-exposure,
annexin A5 was internalized in the cardiomyocytes. Thus, annexin A5 is believed to

, as well as in vivo in mouse

be taken up by viable cells after short, transient PS-expression **. However, this does
not so far imply that the longer lasting form of PS expression would be less indicative
of the execution of the cell death program.
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1.4 Radiolabeled derivatives of annexin A5

This section describes the state of the art of research with annexin A5 as a diagnostic
tool. Firstly, the radioisotopes, their conjugation methods as well as the quality
control of the radiopharmaceuticals are described. All main features, advantages
and disadvantages of the isotopes used and corresponding radiopharmaceuticals are
presented in Table 1.2.

1.4.1 Technetium-labeled annexin A5

#™T¢ is a radionuclide with good properties for diagnostic purposes. It has a short
physical half-life (see Table 1.2), its radiation dose is low due to the absence of a
and P emission, and it provides images of good quality. The latter is a result of the
favorable energy of its gamma radiation (Table 1.2), which enables good detection
by the regular gamma camera equipment®*. The complicated radiochemistry of **"Tc
can be regarded as one of its disadvantages. Unlike halogens, such as '*I and °F, it is
not possible to replace a hydrogen atom with a technetium ion, neither can it serve as
a substitute for the commonly available carbon, nitrogen or oxygen atoms®*.

Because of its more complicated radiochemistry, technetium requires a more complex
conjugation principle to attach the isotope to bioactive molecules than, for instance,
most halogens. Predominantly, the latter has been achieved by the use of bifunctional
chelating agents. Several methods were utilized to label annexin A5: ester bonds
(MAGS3, dithiolate), amide bonds (HYNIC), and thiolate bonds (iminothiolane)®.
Some preliminary data are available on the use of another isotope of technetium,
*"T¢, as a PET-probe for the labeling of HYNIC-annexin A5. Because of its half-
life and favorable positron energy (Table 1.2), its use as a PET radiopharmaceutical
seems very attractive®. Labeling methods for technetium are well-established. A
major problem with this PET-technetium in clinical studies may be the quality of the
images as compared to the SPECT images. The rather poor biodistribution and the
long biological half-life of " Tc-HYNIC-annexin A5 could be even worse for *™Tc-
HYNIC-annexin A5, because of the shorter halflife of this isotope. Maybe other
labeling methods using **"Tc will give better results in clinical practice.
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Past, present and future
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1.4.1.1 ***Tc-(n-1-imino-4-mercaptobutyl)-annexin A5

Firstly, we started to perform the radioactive labeling of annexin A5 utilizing *™Tc-
(n-1-imino-4-mercaptobutyl)-annexin A5 (Imino-annexin A5). This conjugation
method was developed at the R&D department of Mallinckrodt and commercially
used to label human immunoglobulin for the detection of inflammation®. Using
iminothiolane, a radiolabeling kit was prepared for annexin A5, and was used for the
first published studies in humans®®. Iminothiolane converts aminogroups in the
annexin A5 molecule into free sulfthydrylgroups. These can bind technetium in the
presence of stannous ions. To achieve labeling of acceptable quality, a long incubation

time (2 h) is necessary (Table 1.2, see Chapter 3)*.

1.4.1.2 ***Tc-BTAP-annexin A5

We investigated the use of the dithiolate conjugation method to prepare (4,5-bis(thi
oacetamido)pentanoyl)-annexin A5 (***Tc-BTAP-annexin A5, BTAP-annexin A5).
This was a more accurate way to obtain **"Tc-annexin A5, but the labeling procedure
was quite laborious (See Chapter 3and 4). The entire preparation procedure took about
75 minutes. Another disadvantage was the rather fluctuating and low radiochemical
yield (10-25 %), which depended predominantly on the specific radioactivity of the
eluate used (H.H. Boersma, C.P.M. Reutelingsperger, G.A.K. Heidendal, 2002,
unpublished results). The method to label technetium to annexin A5 was previously
developed as the Onco Trac method to label Fab’fragments for tumor detection®,

1.4.1.3 #°Tc-EC-annexin A5

A method similar to the labeling of BTAP-annexin A5 is the use of ethylenedicysteine
as a linker"”, Like the BTAP method, conjugation of ethylenedicysteine was done
at room temperature under basic conditions. However, the conjugate was purified
by dialysis and then freeze dried in order to use it after a particular time to label
technetium with this prefabricated kit. Labeling of EC-annexin A5 (50 pg) with **T¢
was achieved in the presence of 100 pg stannous chloride. Using this labeling method,
a RCP of ca. 100 % was achieved. This method seems an adequate and eflicient way
to label annexin A5 with technetium. It seems worthwhile to perform additional
investigations with this labeling method.

1.4.1.4 ***Tc-HYNIC-annexin A5

Another possibility for labeling annexin A5 is the hydrazino-nicotinamide (HYNIC)
conjugation method to connect technetium to the protein®. Until now, technetium-
labeled HYNIC-annexin A5 has been proven to be the mainstay annexin A5
radiopharmaceutical. It is a preformulated radiolabeling kit with a long shelf-life. In the
presence of stannous ions, and tricine as a co‘ligand, it results in HYNIC-annexin A5
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with a radiochemical purity of about 90 % without requiring additional purification®>®

(see also Chapter 2 and 5). Performance of the labeling is a one-step reaction with 30
min incubation at ambient temperature as the largest time consuming step. Hence, it is
accurate and fast. It requires about 1 GBq **™ Tk, which is about 25% of the radioactivity
needed for the preparation of BTAP-annexin A5. Furthermore, it became available for
clinical trials and was approved by the FDA as a New Investigational Drug,

Using ethylenediamine diacetic acid (EDDA) as a co-ligand, it should be possible to
label technetium to HYNIC-annexin A5. However, this labeling is more complicated
due to practical reasons (e.g. incubation of the reaction mixture at 37 °C) and the
radiochemical purity is too low (35 % after 60 min incubation) for administration
without further purification®.

1.4.1.5 Novel labeling methods using **"Tc-annexin A5 mutant proteins

To simplify the preparation and labeling of annexin A5 for imaging purposes, the
addition of peptide sequences that will directly form endogenous chelation sites for
#™T¢ were investigated. Three annexin A5 mutants, named annexin V-116, -117, and
-118, were constructed with N-terminal extensions of seven amino acids containing
either one or two cysteine residues and expressed in Escherichia coli. The biopotency
of these annexin A5 mutants was shown to be conserved. Using stannous chloride
as the reducing agent and glucoheptonate as the exchange agent, all three proteins
could be labeled with *"Tc. Membrane binding activity of the labeled proteins was
shown to be comparable to wild type annexin A5. The labeling reaction was rapid,
reaching a maximum of approximately 93 % RCP after 40 min at room temperature.
Biodistribution of radioactivity was determined at 60 min after injection. Uptake of
radioactivity was highest in kidney and liver, consistent with previous results obtained
with wild-type annexin A5°°%2, The authors show that annexin A5 can be modified
near its N-terminus to incorporate sequences that form specific chelation sites for
#"T¢ without altering its high affinity for cell membranes®..

Similarly, the same group investigated whether the novel ***Tc-carbonyllabeling method
would be suitable for annexin A5. Two mutant molecules of annexin A5, annexin V-122
and annexin V-123, were constructed with N-terminal extensions containing either
three or six histidine residues. These molecules were expressed in E. Coli. Both mutant
proteins retained full binding affinity for cell membranes with exposed PS. Using the
#mTec-carbonyl reagent, both proteins could be labeled with **™Tc to specific activities
of at least 3,7-7,4 MBq/ug with full retention of bioactivity. The radiolabeled proteins
were stable when incubated with phosphate-buffered saline or serum in vitro, and there
was no transchelation of label to serum proteins during in vitro incubation®”. More
research is necessary to establish the use of these annexin A5 mutants in humans.

1.4.2 Annexin A5 labelled with halogen radioisotopes



38

Most halogens used in radiolabeling are suitable for conjugation with annexin A5.
Labeling of rh annexin A5 with ', '**], and '°F has been described. This extends the
possibilities for the use of radiolabeled annexin A5 further towards PET as well as to

other SPECT applications.

1.4.2.1 2]/ 1241 / 1%°T -annexin A5

Actually, the first method described to label annexin A5 radioactively, was iodination
using '*I and later 'I. By then annexin A5 was being investigated as a thrombus
identifying agent, as the occurrence of PS-expression on apoptotic cells had not yet
been revealed”.

Several types of iodination of annexin A5 using '*I and '*°I were described. The
efficiency of iodo-beads iodination was just below 30%; with the Bolton-Hunter
protocol 40% efficiency was achieved. It was found that the iodo-beads method of
labeling resulted in a protein that was rapidly deiodinated in vivo. In contrast, when
annexin A5 was labeled using the Bolton-Hunter protocol, there was no evidence of
unbound '*T activity accumulating in the thyroid®.

Recently, Lahorte and co-workers have developed a slightly modified Iodogen
method®*° and achieved the synthesis of '*I-annexin A5 with good radiochemical
yield (87.0 £ 6.5 %) and accurate labeling (radiochemical purity > 98%). But, much
like the BTAP-annexin A5 labeling method, it involves elaborate preparation.
However, because of its apparently rather favorable biodistribution properties for
some applications, as will be discussed later, (see section 1.7.1) this type of labeled
annexin A5 seems of interest, especially for imaging the kidneys®.

For PET-purposes, the use of *I-annexin A5 is currently under investigation.
Because of its long halflife (Table 1.2), **T is likely to be an excellent radioisotope for
animal studies. The long halflife is a problem however for studies in humans, because
the irradiation received might be too high. Several labeling methods for '**I have been
described. Until now, only one method was published as a full paper. Glaser et al.
used two different methods for the labeling of '**I. The authors compared the direct
and common Chloramine T method with the indirect '**I-m-SIB-labeling method.
For the latter method a '**I -ligand was produced which in turn is incubated with
annexin A5. The authors showed that the '**I-m-SIB-labeling method yielded better
results than the chloramine T method. The '**I-m-SIB-labeling method resulted in
better binding properties for the labeled annexin A5 molecule in vitro®.

1.4.2.2 ®F-labelled annexin A5
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'8F is a radioisotope with a favorable half-life (Table 1.2) for PET-imaging in humans.
To conjugate annexin A5 with F, Zijlstra et al developed an indirect labeling
method””. They used N-succimidyl-4-[**F]fluorobenzoate to label annexin A5. In
vitro binding studies revealed that '"*F-annexin A5 shows equivalent results compared
to unlabeled annexin A5. The disadvantage of an indirect labeling method using '*F
is the short life of the isotopes which required high initial amounts of radioactivity to
start the production of the compound in order to obtain enough activity for imaging
purposes®.

1.4.3 MIn-PEG-annexin A5

Recently, a method was developed to conjugate "'In to annexin A5. '"In has the
advantage of a longer physical half-life as compared to **Tc. Furthermore, the
investigators made an attempt to extend the biological half-life of annexin A5 by
addinga polyethyleneglycol (PEG, MW ca. 3400) moiety to the molecule. They firstly
prepared a thiocyanate-PEG-DTPA ligand, which was subsequently conjugated, to
annexin A5. The latter was purified and thereafter used for labeling with '''In*®. No
human studies have been performed up till now.

1.4.4 Conclusion

Until now, the most experience has been gained with technetium labeled annexin
A5. Generally, the disadvantage of most conjugation methods for this radioisotope
is its poor biodistribution. So far, the best candidate for SPECT imaging using
technetium would be #"Tc-HYNIC-annexin A5. However, other agents are also

»I-annexin A5. Much more experience needs to be gained in the

promising, such as
field of PET annexin A5 imaging, because of its better resolution. Here, '®*F-annexin

A5 could become a good tracer.
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1.5 Quality control of radiolabeled annexin A5

Quality control of radiolabeled annexin A5 in a clinical setting is in general performed
using thin layer chromatography (ITLC) or column chromatography. These methods
however are only able to determine whether the labeling procedure was accurate
and do not provide information about the biological properties of labeled annexin
A5. We have therefore developed a rapid and simple QC-method using PS-coated
paramagnetic beads. We dubbed this assay the ApoCorrect™ assay*’(see Chapter 2).
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1.6 Imaging applications for annexin A5 in animal studies

The concept that annexin A5 binds to apoptotic cells in the presence of Ca**, was
first proven in immortalized cell lines. These results were obtained in apoptotic
Jurkat cells®. The question remained, however, what would happen to cells during
programmed cell death in the complexity of the living organism. To test this concept,
several animal models were developed to prove the assumption that annexin A5 is
able to bind any cell within an organism undergoing programmed cell death.

1.6.1 Embryonic development

Firstly,amouse embryo model was used. Because programmed cell death plays a pivotal
role in the development of an organism, experiments focused on the disappearance
of the interdigital webs during paw-development. This event takes place at a certain
stage (E13). At this stage animals were first injected with biotinylated annexin A5
and then sacrificed. With the use of immunohistochemistry, annexin A5 was shown
to be present in the interdigital webs, which is indicative for the presence of cells
undergoing programmed cell death” (see Figure 1.4).

Figure 1.4: Paw of a mouse embryo at stage E13 of the animal’s development. Biotinylated
annexin A5 can be observed in the interdigit space. Adapted from”.
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1.6.2 Myocardial ischemia and reperfusion

Another mouse model has been developed to mimick myocardial ischaemia and
subsequent reperfusion. In this pathological model, the left anterior descending
artery (LAD) was ligated (15-40 min). To obtain reperfusion, the ligation was
removed®>'%(see also Chapter 4 & 5). Prior to or just after the end of the ischemia,
either biotin labeled, fluorescently labeled (Oregon green) or ***Tc-annexin A5 were
injected into the mice. The ligation of the LAD initiates cell death distal from the site
of ligation, thus mimicking the situation of myocardial infarction and its abolition is
similar to reperfusion strategies in humans. Dumont et al. showed that this model
can indeed be used for the detection of cell death using either biotinylated (Figure
1.5A) or Oregon green labeled annexin A5°*'%(Figure 1.5B and C).

Similar results were also shown by Taki et al!™

, using ™ Tc-annexin A5. Moreover,
they were able to demonstrate how the time course of the cell death process evolves
from 30 minutes after restoration of the blood flow until 4 days and over. They studied
groups of rats after a 20-min interval of coronary occlusion and reperfusion. At the
time of the study, the rats were injected with *™Tc-annexin A5. One hour later, to
verify the area at risk, *°'T1 was injected just after the left coronary artery reocclusion
and the rats were sacrificed. Dual-tracer autoradiography was performed to assess
#mTc-annexin A5 uptake and the area at risk. High *™Tc-annexin A5 uptake was
observed in the mid myocardium after 0.5-1.5 h of reperfusion. The area of annexin
A5 uptake had expanded througout the myocardium until 6 h after reperfusion and
then gradually lessened over 3 d. Similar to the data of Dumont et al.** in mice and

1.8 in humans, these data indicate that annexin

also demonstrated by Thimister et a
binding commences soon after ischemia and reperfusion in the myocardium within
the area at risk and expands subsequently. The largest amount of radioactivity in
the rat myocardium was observed at 6 h after reperfusion, followed by a decrease in

activity over 3 days.

A B C

Figure 1.5: (A) Transverse section of a murine heart after 30 min of ischemia and 90 min
of reperfusion (I/R 30/90). The cells were stained for the presence of biotinylated annexin
A5, Fluorescent, in vivo whole heart imaging at I/R 30/1 (B) and I/R 30/8 (C) using Oregon
Green labeled annexin A5. It is clearly shown that PS is expressed rapidly upon reperfusion.
Figure 1.5 (A) was adapted from!®°, whereas Figure 1.5 (B+C) was adapted from®.
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1.6.3 Evaluation of cancer therapy

Cytostatic drugs and radiation therapy are widely used to treat cancer. As apoptosis
is likely to be caused by these treatment types, the use of annexin A5 could be an
option for treatment evaluation.

In animals, it was demonstrated that radiolabeled annexin A5 can be used for the
evaluation of chemotherapy. Cyclophosphamide-induced apoptosis in vivo could
be imaged with *™Tc-annexin V-117 (see 1.4.1.5). The group of Blankenberg and
Strauss showed that **Tc-HYNIC-annexin A5 is able to detect programmed
cell death after administration of cyclophosphamide in lymphoma bearing mice®.
External radionuclide imaging showed a three to fourfold increase in the uptake of
radiolabeled annexin A5 at sites of tumor apoptosis.

Mochizuki et al recently published a study in which they introduced hepatoma cells
into the calf of rats'®. Tumor cells were allowed to grow 11 days. Then, a single dose
of chemotherapy was infused in one group, the controls received normal saline. After
this, *™Tc labeled annexin A5 was administered. With the use of scintigraphy, the
treatment group showed significant increase in annexin A5 uptake, when compared
to controls. The results of increased apoptosis were confirmed by histological analysis,
performing standard H&E staining and terminal deoxynucleotidyl transferase
deoxyuridine triphosphate nick-end labeling (TUNEL) staining'®®. This finding
could point to the fact that annexin A5 imaging after a single dose of chemotherapy
can evaluate effectiveness of the therapy.

Recently, it was also shown that it is possible to administer *™Tc-annexin A5 to tumor
bearing rats repeatedly without any significant change in the biodistribution of the
radiopharmaceuticals. So, it is likely that it is possible to follow the development of
tumors and other apoptosis-related processes in a rather narrow time frame without
affecting the imaging quality'®.

As previously suggested, '"'In-PEG-annexin A5 might be an option to enable long-
term imaging of tumors. Recently, the imaging properties of an '"'In-labeled, long-
circulating annexin A5 were evaluated in a mouse study. For this purpose, '"'In-
DTPA-PEG-annexin A5 was prepared®. Imaging studies were performed in mice
bearing subcutaneously inoculated human mammary tumors. The mice were treated
with poly(L-glutamic acid)-paclitaxel, monoclonal antibody C225 (cetuximab), or a
combination of poly(L-glutamic acid)-paclitaxel and C225, followed by intravenous
injection of "'In-DTPA-PEG-annexin A5. Images were acquired 48 h after the
injection of the radiotracer. The imaging properties of unPEGylated annexin A5 and
PEGylated ovalbumin were compared with those of '''In-DTPA-PEG-annexin A5.
Tumor uptake of PEGylated "'In-DTPA-PEG-annexin A5 4 d after treatment was
significantly higher in tumors treated with poly(L-glutamic acid)-paclitaxel and with
combined poly(L-glutamic acid)-paclitaxel and C225 than in nontreated tumors,
resulting in enhanced visualization of the treated tumors. "' In-DTPA-PEG-annexin
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A5 dispersed into the central zone of tumors, whereas ' In-DTPA-annexin A5 tumor
uptake was restricted to the tumor periphery. Furthermore, uptake of ''In-DTPA-
PEG-annexin A5 by tumors correlated significantly with the apoptotic index'*. A
pitfall in the performed imaging is the high uptake of the radiopharmaceutical in
liver and spleen. A similar problem was described for ***Tc-BTAP-annexin A5 in
humans'® (see section 1.7.1 and chapter 3). In conclusion, increased uptake of and
improved visualization with "In-DTPA-PEG-annexin A5 in solid tumors after
chemotherapy are mediated through both specific binding to apoptotic cells and
nonspecific retention of macromolecular contrast agents in the tumors.

For the imaging of tumor response, fluorescently labeled annexin A5 was tried as
well. In a study by Petrovsky et al'%, it was demonstrated that cyclophosphamide
treatment of CR8 variants of Lewis Lung Carcinoma in mice caused a significant
increase of the near infrared fluorescent Cy-annexin A5 in the tumor.

1.6.4 Other animal models

Animal models of the research group of Blankenberg and Strauss show that HYNIC-
annexin A5 is able to detect programmed cell death caused by acute transplant

107, 8 of rats as well as in cerebral ischemia in

rejection of the heart®, lungs'”’, liver'
rabbits'”. In the rejection models, HYNIC-annexin A5 imaging showed a two- to
sixfold increase in the uptake of radiolabeled annexin A5 at sites of programmed cell
death. Immunohistochemical staining of cardiac allografts for annexin A5 revealed
intense staining of numerous myocytes®. The increased annexin A5 uptake in the
lung transplant model was determined by a biodistribution assay (allograft uptake
was significantly higher statistically, as compared to isograft activity)'”’. In the model
of cerebral ischemia, annexin A5 images showed multifocal brain uptake in both
hemispheres of experimental but not in the sham operated control animals. Histology
of the brains from experimental animals demonstrated scattered pyknotic cortical
and hippocampal neurons. The absence of positive TUNEL staining is indicative of
a necrotic-like cell death pathway. Double staining with markers of the cell type and
exogenous annexin A5 showed that annexin A5 was localized in the cytoplasm of
scattered neurons and astrocytes in the animals which underwent brain ischemia'®.
Furthermore, the occurrence of programmed cell death was demonstrated inananimal
model of rheumatoid arthritis''’. The amount of PS-expression as a determination of
severity of PCD in the front and rear paws of DBA/1 mice with type II collagen-
induced rheumatoid arthritis was shown to be almost 3 times higher than in the
control group.

C3H mice, given 5-Gy whole-body irradiation, showed a significant induction of
apoptosis in the spleen, as measured by the TUNEL-assay, and a 4-fold increase
in %] activity (corresponding with the presence of '*I-annexin A5) in the spleens
relative to that of the control animals™,
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Programmed cell death imaging in inflammation was further evaluated in an animal
model of myocarditis, in which enhanced uptake of radiolabeled annexin A5 was shown
in the hearts of animals with an active myocarditis. This myocarditis was triggered
by an immunization of rats by infusing porcine cardiac myosin. The animals formed
antibodies against the myosin, and developed myocarditis, subsequently. Although
the imaging in this model was done ex-vivo, a correlation was shown between severity
of the myocarditis and the amount of annexin A5 uptake''.

Another example of *"Tc-annexin A5 uptake in a myocarditis model was
demonstrated by Peker et al''>. They compared the myocardial uptake of *"Tc-
annexin A5 (imaging and quantitative autoradiography) using a experimental
subacute myocarditis model in rats. The experimental model utilized an inbred
strain of Wistar (Bonn/Kobori) rats. These rats spontaneously develop myocardial
injury mimicking subacute catecholamine-induced myocarditis. Normal Wistar
rats were used as control animals. Using scintigraphy, immunohistochemistry and
autoradiography, this study showed that rats suffering from subacute myocarditis
showed enhanced *™Tc-annexin A5 myocardial uptake'?.

In conclusion, both imaging and monitoring of programmed cell death utilizing
labeled annexin A5 is likely to be feasible in animal models. When the concepts tested
in animals can be translated to humans, a more rational use of treatment options will
become available.
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1.7 Biodistribution and pharmacokinetics of radiolabelled

annexin A5 in humans

1.7.1 Technetium labeled annexin A5

To investigate and to compare the suitability of two types of *™Tc-annexin A5 for
in vivo scintigraphy of apoptotic cells, the pharmacokinetics and biodistribution of
two radiopharmaceuticals, *™Tc-(n-1-imino-4-mercaptobutyl)-annexin A5 (Imino-
annexin A5) and *™Tc-(4,5-bis(thioacetamido)pentanoyl)-annexin A5 (BTAP-
annexin A5), were studied®>*”'% (see chapters 3 and 4).

9mTe-hydrazinonicotinamido (HYNIC)-annexin A5 was also investigated to assess
safety, biodistribution and radiation dose®. Six healthy, male volunteers entered
the study. About 250 MBq of HYNIC-annexin A5 were injected intravenously.
Subsequently, whole-body scans were obtained 30 min-24 h after injection (Figure
1.6). Organ uptake was determined. It was shown that the kidneys accumulated ca 50
% of the injected dose at 3 h. after injection. Furthermore, the radiopharmaceutical
was taken up by the liver, the red marrow and the spleen, respectively. Almost all blood
activity was cleared with a half-life of about 24 min. The biological halflife of the
radiopharmaceutical was long (ca. 70 h). Excretion of the activity was predominantly
through the urine (ca 23 % at 24 h), and hardly any activity was seen in the bowel or
in the feces. No adverse effects were observed in the healthy volunteers. The authors
conclude that HYNIC-annexin A5 is a safe radiopharmaceutical, having a favorable
biodistribution, better than BTAP-annexin A5 and Imino-annexin A5, for the
imaging of apoptosis with an acceptable radiation dose.
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Figure 1.6: View of a whole-body scan of a male volunteer (22 y) taken after administration of
263 MBq HYNIC-annexin A5, respectively®. A: anterior view; P: posterior view. Adapted

from®°,
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1.7.2 TIodine labeled annexin

The '"I-annexin A5 biodistribution in human volunteers was investigated by
Lahorte and others. They administered the radiopharmaceutical to 6 human
volunteers. There seems to have been some initial imaging problems due to uptake
of the radiopharmaceutical in the heart abdominal region and thyroid®. However,
21 h after administration, a rather low overall uptake in most organs was obtained.
Theoretically, this is promising for the imaging of apoptotic processes in the kidney,
such as transplant rejection. Furthermore, the longer half-life (13 h) of '’ enables
imaging to be scheduled longer after administration when compared with **Tc. This
labelling method still needs more investigation.
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1.8 Current clinical nuclear medicine applications

In vivo imaging of cell death is an example of molecular imaging. This can be defined
as an in vivo characterization and measurement of biological processes at the
molecular level using imaging procedures. Molecular imaging of cell death tries to
visualize one of the key components of homeostasis and disease, i.e. the detection of
cells performing a cell death program.

We and others used the high affinity of labeled annexin A5 to cells expressing PS in
order to detect cell death on a macroscopic level in different types of diseases. Until
now, results in patients were obtained using ***Tc-annexin A5.

1.8.1 Cardiovascular diseases

Cell death in cardiovascular disease

An increased occurrence of PCD is common in cardiovascular diseases. Myocardial
infarction, heart failure and atherosclerosis are typical pathological processes in
which apoptosis plays a dominant role. There is a difference between cell death in
acute processes, like myocardial infarction and the chronic forms of programmed cell
death asin heart failure, for instance. Myocardial infarction is ultimately more likely
to cause necrosis rather than apoptosis. This is caused by intense energy exhaustion
from the initial apoptotic cascade, as it is postulated that terminally differentiated cells
are very sensitive to adenosine triphosphate depletion. However, when the infarction
ischemia is followed by reperfusion, the necrotic pathway is often remodulated into
apoptotic cell death'?,

Cell death in chronic cardiac disease is not a straightforward process as apoptosis may
occur without the execution phase leading to cell death. Apoptosis occurs in the latter
process through cytochrome c release, caspase 3 and caspase 8 activation (Figure 1.3).
However, the cell nucleus remains intact and the cell is kept alive. This cellular state
is called apoptosis interuptus. These cells may eventually die from necrosis, or they
continue their lives dysfunctionally, like zombie myocytes .

1.8.1.1 Myocardial infarction

We performed clinical studies in patients with myocardial infarction and with
subsequent reperfusion after undergoing percutaneous transluminal coronary
angioplasty (PTCA) %%, We were able to perform images of perfusion (using *"Tc-
sestamibi, **"Tc-tetrofosmin or ***Thallium) as well as cell death using **"Tc-annexin
A5. Under these circumstances, the infarcted area seen on a perfusion image strongly
correlates with the area of increased uptake of BTAP-annexin A5 (Figure 1.7)%,
Furthermore, we showed that the uptake of ***Tc-annexin A5 in the infarcted area
lasted up to four days after acute myocardial infarction®®. These areas of annexin
A5 uptake in myocardial infarction probably indicate preventable cell loss, as shown
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in the mice study of Dumont et al.'° Arguably “rescued” cardiomyocytes can again
regain their function and thereby provide a better outcome after acute myocardial
infarction. Whether or not this is true in the human situation and whether annexin
A5 can be used as an endpoint to measure cell loss is not yet known. Investigations
are ongoing in this area.

\) ’ J -

Acute MIBI Annexin-A5

Short Axis
A NT

{o

I R F

-

Vert LA
BASE

4z
~
pe

\

W

APEX

Horz LA
BASE

<%
S
=
fC
-
’
-

APEX

Figure 1.7: The left panel shows a MIBI scintigraphy in which the area of perfusion is
depicted®®. The latter gives an indication of the area at risk. Binding of *>*Tc-annexin A5 to
the reperfused myocardium is shown in the right panel; this is indicative for the presence of
programmed cell death. Adapted from'**.

1.8.1.2 Cardiac allograft rejection

Asecond application of molecular imaging of programmed cell death with radiolabeled
annexin A5 was first described in 2002 by Narula and et al®. This study focused on
cardiac allograft rejection in transplant patients. The diagnosis of rejection of the
donor heart poses a difficult clinical problem. Early diagnosis is important because
rejection can eventually be influenced by medication that suppresses the inflammatory
response to the donor heart. Re-operation could be another possible consequence.
On a cellular level, cardiac allograft rejection is histologically characterized by
infiltration of monocytes in perivascular and interstitial spaces. This in turn causes
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myocyte necrosis and apoptosis. The common way to monitor possible rejection of the
transplanted heart is to take myocardial biopsies, and scan for these morphological
features. This procedure is, however, an invasive diagnostic test, which is not without
risks. Since these processes have to be monitored over time, multiple biopsies have to
be taken, adding to the risk of complications. In addition, biopsy taking introduces
the risk of sampling error. SPECT imaging of programmed cell death with labeled
annexin A5 could possibly provide a non-invasive method for identifying patients
suffering from cardiac allograft rejection. As mentioned previously, Blankenberg et
al. had already proven the feasibility of this concept in an animal model of cardiac
allograft rejection®. In the study of Narula et al. all patients (n=18) underwent an
annexin A5 SPECT study, and biopsies were taken. When assessing the SPECT
images, two blinded observers were in perfect agreement about the uptake of
radiolabeled annexin A5 in the myocardium of 5 of these patients. In 3 cases focal
uptake, and in 2 cases general uptake of labeled annexin A5 was observed in the
left ventricle. Tissue sections of the myocardial biopsies were assessed by standard
H&E staining, TUNEL staining and staining for activated caspase 3. H&E staining
revealed no or only limited abnormalities in the patients that showed no uptake of the
radiolabeled annexin A5. Also, no activation of caspase 3 was observed. In those cases
showing focal uptake, more severe abnormalities were seen in the H&E staining,
when scoring according to the recommendations of the International Society of
Heart and Lung Transplantation (ISHLT'). Also, scattered cardiomyocytes showed
evidence of activation of caspase 3. The 2 patients that showed general uptake of the
labeled annexin A5 were scored as severe transplant rejection reaction according to
the ISHLT guidelines, and showed many cardiomyocytes with activated caspase 3.
TUNEL staining was positive in all but 2 patients. These data, together with the
previously reported data on cardiac allograft rejection in animals, provide a proof of
concept for the detection of programmed cell death in patients with cardiac allograft
rejection. This could provide the clinician with an important imaging modality to
identify patients at risk, to monitor therapy and to assess the efficacy of new treatment

modalities such as cell death blockers in graft rejection”'">,

1.8.1.3 Heart failure

Recently, we investigated the feasibility of ***Tc-annexin A5 imaging in patients
suffering from heart failure. This disease is defined by a decrease of myocardial
functionality, which leads to upregulation of compensatory mechanisms. These, in
16117 Eunctional cell death

and loss of heart muscle cell functionality are believed to be important pathological
118

turn, cause additional damage to the heart’s function

conditions in heart failure'®, Hence, PS expression is very likely to occur, so " Tc-

annexin A5 imaging has been evaluated as a diagnostic tool. In the study, nine patients
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with severe congestive heart failure were investigated (the left ventricular function
was less than 0.35). SPECT-images from five of the nine patients showed myocardial
uptake of ®Tc-annexin A5 (Figure 1.8). A recent worsening of the disease strongly
correlated with uptake of ™ Tc-annexin A5 in the myocardium, as all annexin A5-
negative patients had stable disease and all positive patients were progressive. So,
despite the difference in etiology of the congestive heart failure of the investigated
patients, it seems likely that ***Tc-annexin A5 imaging is able to discern patients
with accelerated myocardial cell loss. This kind of imaging may offer a new option for
intervention in order to be able to prevent the loss of cardiac function®,
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Figure 1.8: An example of *"Tc-annexin A5 uptake in a patient suffering from heart
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failure. The image shows multifocal annexin A5 uptake in a patient with idiopathic dilated
cardiomyopathy. Dual isotope scan. Top rows: ?*’Thallium images for orientation purposes.
Bottom rows: corresponding annexin A5 imaging showing multifocal uptake (arrowheads).

Adapted from™®,
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1.8.1.4 Atherosclerosis

It has been also shown that imaging of PS-expression is possible in unstable
artherosclerotic regions. Apoptotis was linked before to artherosclerosis''. Moreover,
using animal models, we proved the feasibility of **"Tc-annexin A5 uptake in
artherosclerotic plaques'®’. It would be clinically important to differentiate stable from
unstable plaques especially in the carotid artery. The ustable plaques, showing increased
apoptosis, could develop thrombosis with subsequent cerebrovascular accidents.

So, ¥ Tec-annexin A5 imaging in patients with atherosclerotic lesions in the carotid
artery could be of value for non-invasive examination of their apoptotic status. In our
#mTe-annexin A5 patient study for evaluation of artherosclerotic plaques, we imaged
four patients with a recent or remote history of transient ischemic attack. Imaging was
performed prior to removal of the patient’s carotid lesions. The images and histology
examination of removed artherosclerotic carotids of the patients (Figure 1.9) revealed
that annexin A5 uptake in the lesion correlates highly with plaque instability'*'. This
is illustrated by *"Tc-annexin A5-negative controls taken from the same patients. We
removed artherosclerotic lesions without evident **"Tc-annexin A5 uptake. Histology
of these lesions showed a stable plaque structure. Conclusion of this pilot study is that
imaging of artherosclerotic plaques using **"Tc-annexin A5 might help to identify plaque
instability'*!, Further research using more patients is ongoing to establish this method.
In conclusion, animal models and human studies provide evidence for the assumption
that molecular imaging of programmed cell death using radiolabeled annexin A5 might
provide useful information for diagnostic and therapeutic clues of disease states that
are characterized by an excess of cell death, such as graft rejection in other transplanted
organs and, as previously mentioned, myocardial infarction and other cardiovascular
diseases. In addition, this imaging modality might be useful in the evaluation of cell
death blocking drugs, such as caspase inhibitors, for use in a clinical situation.
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Figure 1.9: Annexin A5 imaging in patients with artherosclerosis. In panel A transverse and
coronal SPECT views are shown from a patient who had a transcient ischemic attack three
days before imaging. Although stenosis was clinically significant in both carotid arteries,
uptake of annexin A5 was only evident in the culprit lesion. Histopathological examination
(Panel B) of the tissues from this patient shows extensive binding of annexin A5 detected by
rabbit anti annexin antibodies. In another patient (Panel C), who had a transient ischemic
attack three months before imaging, the images do not show any uptake of annexin A5.
Similarly, the histopathological analysis did not show significant binding of annexin A5,
although a lesion within the carotis is evident’*. Adapted from'*.

1.8.2 Cancer

Homeostasis is also disturbed in cancer. Tumor development is caused either by
increased cell proliferation or decreased cell death or a combination of both. On
the contrary, cell death is increased. In some cancers, but apparently not sufficient
enough to prevent the growth of the tumor. **"Tc-annexin A5 is suitable for imaging
the status of PS-expression within a tumor.
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1.8.2.1 Intracardial tumors

During the last few years, we have gained some experience in the field of intracardiac
tumors. Clinical annexin A5 imaging in tumors was done in two rare cases of
endocardial tumors. Endocardial tumors have an incidence of 0.02 to 0.3 %, and most
endocardial tumors,about 70-90%, arebenign”'>>'**, However, they do posea difhicult
diagnostic problem for the clinician. “Classic” imaging modalities such as computer
tomography (CT), magnetic resonance imaging (MRI) and echocardiography
provide excellent data on localization, size, shape, hemodynamic consequences and
pericardial ingrowth of the tumor. These techniques are, however, unable to inform
the clinician about the benign of malignant nature of the tumor. Taking a biopsy
could aid in making the diagnosis in these tumors, but this carries a very high risk
of embolic complications. It is a well-known fact that in some malignant tumors,
such as sarcomas, high proliferation and cell death rates are found, in sharp contrast
to benign tumors. We tested the hypothesis of imaging these tumors with labeled
annexin A5 to differentiate between benign and malignant tumors in the heart. For
orientation purposes, a dual isotope imaging technique was used. **'T1 and *"Tec-
annexin A5 were infused, and imaged simultaneously. Combining the images of both
compounds allowed us to localize the possible annexin A5 uptake within the area of
the left ventricle. The first case was a patient presenting with collapse and progressive
dyspnea. An echocardiographic image of the tumor is shown in Figure 1.10. The dual
isotope imaging technique showed marked uptake of the labeled annexin A5 within
the area of the tumor (Figure 1.11). After surgery, the tumor was placed ex-vivo under
the gamma camera, showing again increased radioactive uptake. Histologically the
tumor turned out to be an undifferentiated sarcoma. Immunohistochemistry showed
binding of annexin A5 to the membranes of tumor cells, which had activated caspase
3 (Figure 1.12)%. This case report provides evidence that programmed cell death is
likely to be detected in a malignant tumor by imaging with radiolabeled annexin A5.
In the second case, a patient presented with similar symptoms. Again, a dual isotope
imaging technique was used, which showed no uptake of labeled annexin A5 within
the area of the tumor. The tumor ex vivo also showed hardly any radioactive uptake
when placed under the gamma camera. Histology revealed a myxoma, a benign
intracardiac tumor. No annexin A5 or activated caspase 3 was detected in tumor
tissue. These data are shown in figure 1.13. Taken together, these cases show that the
annexin A5 imaging protocol might be useful for studying the biology of tumors that
are difficult to access for biopsy.
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Figure 1.10: Echocardiograpic image of a malignant intracardial tumor. Adapted from®.
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Figure 1.11: Thallium perfusion scintigraphy of a maligant tumor shows the perfused
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myocardium of the left ventricle in a short-axis orientation (left panel). Increased uptake of
BTAP-annexin A5 can be seen within the contour of the left ventricle on short-axis SPECT,
using a similar orientation as the perfusion scintigram (right panel). Adapted from®.

Figure 1.12: Malignant intracardiac sarcoma (immunohistology) A : annexin A5 staining
B : CM-1 antibody staining, indicating caspase 3 activation. C: Double staining with both
CMI1 (red) and annexin A5 antibody staining. Adapted from®.
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Figure 1.13: Thallium perfusion scintigraphy of a benign tumor shows the perfused
myocardium of the left ventricle in a short-axis orientation (A). Here, no increased uptake of
BTAP-annexin A5 can be seen within the contour of the left ventricle on short-axis SPECT,
using a similar orientation as the perfusion scintigram (B). Upon histological examination,
it is demonstrated that the tissue has the features of a myxoma, with clustering of nuclei
and a large cellular matrices. No significant annexin A5 antibody uptake and no caspase 3
activation could be demonstrated (C). Adapted from.

Transverse
ANT
R L
I E
G F
H ay
POST
Sagittal
HEAD
P A
(1] N
S )
T
FEET
Coronal
HEAD
R (L
g E
G F
H AF

FEET |

4UPI
PRE CHEMO

Figure 1.14: SPECT image of a non small cell lung carcinoma. Increased uptake of HYNIC-

annexin A5 can be seen within the thorax of the patient (black arrows).
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1.8.2.2 Head and neck cancer

Van de Wiele et al have succeeded in imaging programmed cell death in head and
neck cancer. This study reports on the relationship between quantitative HYNIC-
annexin A5 tumor uptake, and the number of tumor apoptotic cells derived from
histologic analysis. All patients were examined by a CT scan, HYNIC-annexin A5
SPECT imaging, and then underwent surgical resection of the suspected primary
or recurrent tumor. Quantitative HYNIC annexin A5 tumor uptake correlated well
with the number of apoptotic cells, determined by TUNEL staining, only when

tumor samples with no or minimal amounts of necrosis were considered”.
p

1.8.2.3 Other tumor types

We were also able to image programmed cell death in patients suffering from sarcoma,
mamma carcinoma (See Chapter 3)*, and lung carcinoma (An example of the latter
is shown in Figure 1.14).

1.8.2.4 Cancer treatment efficacy evaluation using ***Tc-annexin A5

Theoretically, imaging of tumors using **"Tc-annexin A5 has even more practical
applications than in cardiac disease, because it is possible to evaluate the apoptotic
status of the tumor before and after therapy. The animal work of Mochizuki'®*
shows that effectiveness of chemotherapy can be evaluated after a single dose of
chemotherapy. Currently there is some evidence that the same principle can be applied
in clinical medicine. If this evidence is sustained by large clinical trials, this would
be an extremely valuable addition to conventional imaging techniques, because this
could lead to more accurate, individualized therapy, and ultimately better survival.
This may influence clinical decision making, and aid in timing surgery or guide the
use of chemotherapy. The first attempt in the direction of chemotherapy evaluation
was made by Belhocine and colleagues. They showed that responders who had a
positive ***Tc-annexin A5 scan after chemotherapy, had a better survival rate than
those who did not. In all cases, no tracer uptake was observed before treatment. Seven
patients showed *"Tc-annexin A5 uptake at tumor sites 24-48 h after the first course
of chemotherapy. These patients had either a complete (n = 4) or a partial response
(n = 3). Furthermore, 6 of the 8 patients who showed no significant post treatment
tumor uptake of **"Tc-annexin A5 had progressive disease. Two patients with
breast cancer had a partial response, despite the lack of tracer uptake after treatment.
Opverall survival and progression-free survival were related to tracer uptake in treated
lung cancers and lymphomas (P < 0.05)'*.

Recently, Haas et al have shown that the principle of therapy evaluation can also
be applied for HYNIC-annexin A5 in patients undergoing radiotherapy®. Eleven
patients with follicular lymphoma and recurrent disease underwent *™Tc-annexin
A5 imaging before and 24 hours after the last fraction of the 2 x 2 Gy involved field
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radiotherapy regimen. Cytology was performed to determine the optimal time
window for apoptosis detection and to confirm the apoptotic nature of the response.
The *"Tc-annexin A5 scintigraphy (total body studies and SPECT of the irradiated
sites) was performed 4 hours p.i. Tumor uptake was scored in a semiquantitative
manner. Response evaluation was performed after 1 week and 4 weeks both in terms
of completeness and speed of remission. Baseline ™ Tc-annexin A5 uptake was absent
in 6 and weak in 5 patients. Sequential cytology indicated that the optimal time
period for apoptosis assessment was between 24 and 48 hours after the last fraction
of the 2 x 2 Gy regimen. Baseline cytology correlated with baseline *™Tc-annexin
A5 in all patients. Apoptotic histology features after low-dose irradiation matched
the irradiation response in all patients. In all except one patient the posttreatment
#mTc-annexin A5 uptake matched the post treatment cytology. In these 10 patients
the cytology and *"Tc-annexin A5 results correlated well with the clinical response.
Therefore, the authors conclude that tumor ***Tc-annexin A5 uptake is likely to
increase after 2 x 2 Gy involved field radiotherapy. This increase was concordant with
the appearance of apoptotic morphology as determined by cytology, and correlated
with the clinical outcome. Hence apoptotic cell death can be observed on Day 4 of
this regimen and if so predicts a complete remission within 1 week®.

Furthermore, the same research group was able to identify the **"Tc-annexin A5
tumor uptake and relate these to treatment response. This study was performed in
patients suffering from malignantlymphoma, leukemia, non-small cell lung carcinoma
and head and neck squamous cell carcinoma. A statistically significant correlation
was found between changes in **"Tc-annexin A5 tumor uptake and clinical response.
Complete or partial tumor response was correlated with a marked increase of ™ Tc-
annexin A5 accumulation during early treatment compared to baseline values. In cases
of stable or progressive disease, pretreatment scans demonstrated predominantly low
#mTec-annexin A5 tumor uptake and no significant increase early after treatment'.
We imaged patients with non-Hodgkin’s lymphoma, non-small cell lung cancer and
advanced breast carcinoma before and after treatment. The results were inconclusive
so that further investigations are necessary.

Cancer is already an interesting disease for both tumor imaging and therapy
evaluation using labeled annexin A5. However, there is a lot of information to gain
on exact times between tumor therapy and tumor imaging. Furthermore, the latter is
likely to depend on the tumor characteristics as well as the kind of therapy used.
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1.9 Possible clinical pitfall: annexin A5 antibodies

Neutralizing antibodies against a protein-based pharmaceutical are defined as those
antibodies that interfere with its biochemical function. Neutralizing antibodies or
other factors that interfere with annexin binding to PS, if present in the circulation
of patients studied with *™Tc-annexin A5, could potentially result in incorrect
diagnoses. Administration of ***Tc-annexin A5 to a patient is theoretically able to
induce the generation of antibodies, although antibody induction is uncommon for
proteins administered IV. Therefore, regulatory authorities (FDA, EMEA) require
testing for neutralizing antibodies for protein based pharmaceuticals including
recombinant human proteins.

We developed an assay to meet this requirement. We named this assay the
AnnexNeutral assay. The ApoCorrect assay*’(see chapter 2) could be adapted and
used for the detection of anti-annexin A5 neutralizing antibodies or other factors
that block annexin binding to PS. When FITC-annexin A5 is incubated in presence
of PS-containing beads with antibody containing plasma, its bead bound fluorescence
will decrease (Figure 1.15). We validated the assay using the plasma of *"Tc-annexin
Ab5-naive healthy volunteers (n=28) as negative controls. As positive controls we used
WAC2a-monoclonal antibody and polyclonal rabbit antibodies against annexin A5.
Figure 1.15 illustrates that increasing antibody concentration causes a decrease of

FITC-annexin A5 bound to the beads.
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Figure 1.15: The concentration of the annexin A5 complexing antibody WAC-2a versus
FITC-annexin A5 fluorescence. Binding was measured by flow cytometry and expressed as
% of maximal Mean fluorescence intensity (% MFI).
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1.10 Future

The perspectives of the application of annexin A5 in diagnostic techniques, treatment

evaluation and therapy approaches in the future are, in our opinion, broad. The

following requirements need to be met to ensure further development of annexin A5

as a diagnostic and therapeutic tool:

+

The development for human use of new PET-annexin A5 probes in order

to enhance the resolution of the image. Good candidates are ®*Ga and °F-
annexin A5 conjugates®. As ®*Ga is not expensive and available through a
generator, the cyclotron-produced *F might be not as practicable as Ga.

As annexin A5’s biodistribution profile is not optimal, the development of
conjugates with a better biodistribution profile should be continued.

In order to be able to perform therapy evaluation using annexin A5, a lot of
information still needs to be gained in order to validate the use of annexin
A5 for (anti-)apoptotic treatment of disease in humans. The latter would be
of great interest for the prediction of treatment outcome in patients.

The development of annexin A5 containing pharmaceuticals for the targeting
of drug treatment in diseases like cancer would enhance the ability to

treat diseases more specifically. Targeted therapy presumably increases
treatment efficacy and similarly decreases the probability of adverse reactions
in patients. The property of annexin A5 to internalize within a cell is
certainly of interest regarding treatment options. The ability of the annexin
A5 molecule to serve as a carrier for therapeutics is the subject of further
research.

Simultaneous measurements of cell proliferation, cell death and cellular
oxygen consumption using radiopharmaceuticals, labeled with different
radionuclides, is the ultimate goal of radiotherapists in particular, in order to
individualize patient treatment. Nuclear Medicine could play an important
role in this fascinating approach.
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1.11 Conclusions

Annexin A5 was shown to exert various biological effects in vitro. However its exact
physiological function remains unknown. The ability of annexin A5 to bind PS
specifically in presence of calcium is widely used to detect apoptosis. Hence, annexin
A5 containing radiopharmaceuticals are an interesting development within the field
of nuclear medicine. These have demonstrated the ability to visualize PS-expression in
various diseases such as cancer and myocardial infarction. The use of annexin A5 can
be further extended by, for instance, the development of new pharmaceuticals, which
can target apoptotic cells more specifically using annexin A5 as a magic bullet.



64

1.12 Objectives of this thesis

The following aspects of the utilisation of radiolabeled annexin A5 for cell death
imaging were studied:

+

A novel method to measure the biological activity of radiolabeled or
fluorescent annexin A5 was developed and validated (see Chapter 2).
Pharmacokinetics and biodistribution in humans of two conjugation
methods for annexin A5 (See Chapter 3 and 4).

The influence of the used radiolabeling method on pharmacokinetics
and imaging properties of two types of *™Tc-annexin A5 in humans (see
Chapter 3).

The dosimetry of BTAP-annexin A5 (see Chapter 4).

The inhibition of cell death by minocycline in the myocardium after
ischemia and subsequent reperfusion was studied in I/R models of mice
and rabbits. Furthermore, the influence of treatment with minocycline
on *"Tc-annexin A5 biodistribution in rabbits undergoing myocardial
ischemia and subsequent reperfusion (I/R) was assessed (see Chapter 5).
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2

The ApoCorrect™ assay: a novel, rapid method
to determine the biological functionality of
radiolabeled and fluorescent Annexin A5.
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Adapted from: H.H. Boersma, L.M.L. Stolk, H. Kenis, N.M. Deckers, J-L Vanderbeyden, L.
Hofstra, G.A.K. Heidendal, C.P.M. Reutelingsperger. The ApoCorrect™ assay: a novel, rapid
method to determine the biological functionality of radiolabeled and fluorescent Annexin AS.
Analytical Biochemistry 2004; 327: 126-34
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2.1 Introduction

Programmed cell death plays an important role both in physiology and in
pathology™. Derailment of PCD is believed to be part of the etiology and pathology
of cardiovascular diseases'”’, neurodegeneration'”® and cancer'”. Instead of being
a cause of disease, PCD may also be a target for the treatment of diseases in the
clinic. For instance, many anti-cancer therapies such as chemo- and radiotherapy are
effective because they induce PCD of the tumor cells. Hence, the measurement of
PCD in vivo in patients can provide information about both the pathology and the
efficacy of therapy'®.

Recently, a procedure was developed to measure PCD in patients with radionuclide
imaging, This procedure is based on the finding that cells executing PCD expose PS at
their surface®. annexin A5,a36 kDa protein’, is able to bind specifically to phospholipids
such as PS in presence of Ca** 233!, This binding is reversible. The above mentioned
procedure of radionuclide imaging of PCD in vivo employs radiolabeled annexin A5.
After validation in animal models®'*?, the method was successfully applied in patients.
We and others used (**™Tc)-labeled annexin A5 to perform planar and SPECT imaging
for the detection of PCD in myocardial infarction, several tumor types and allograft
rejection after heart transplantation®¢¢%72,

The clinical procedure involves the radiolabeling of annexin A5 prior to injection into
the patient. Most of the clinically applicable radionuclides have a short half-life time
such as ®"Tc (¢, ,= + 6 h), F (¢, ,= # 1.8 h) and "C (t, ,= + 20 min). These short
half-life times set a narrow time-window (i.e. about 30 min) between radiolabeling
and injection into the patient for analysis of the radiolabeled annexin A5. To date it
is general practice to analyze only the labeling efficiency of the procedure in terms of
% of radiolabel associated with annexin A5. The results of this physical analysis do
not provide any information about the biological functionality, and consequently, the
PCD imaging capacity of the radiolabeled annexin A5. Hence, there is a great need
for a rapid and simple method to determine the biological activity of radiolabeled
annexin A5, which is prepared for clinical use.

This paper describes the development and initial validation of a rapid and simple
method to measure the percentage of biologically active *™Tc-annexin A5 within the
short time-window between preparation and injection of the radiopharmaceutical.
The original idea of the assay was the goal to obtain a PS surface to which the fluorescently
and radioactively labeled annexin A5 will bind in order to be able to separate the
functionally active Annexin A5 from the biologically inactive forms and other impurities
like the free radioisotope used for labeling of the protein. This was achieved by coating
iron oxide beads with a mixture of phospholipids, which also contains PS.

We hypothesized that, by measuring binding of annexin A5 to the beads in the
presence and in the absence of Ca?’, we should be able to determine the specific

binding of annexin A5 to the PS-PC-Chol beads.
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2.2 Materials and Methods

Reagents

All chemicals were obtained from Merck (Darmstadt, FRG), unless otherwise
specified. ~ The  phospholipids  1,2-dioleoyl-SN-glycero-3-phosphocholine
(Phosphatidyl choline, PC) and 1,2-dioleoyl-SN-glycero-3-[phospho-L-serine]
(Phosphatidyl serine, PS) were from Avanti Polar-lipids, Inc. Anti-Fas (anti-CD95,
7C11 clone) was from Beckman/Coulter, (Mijdrecht, the Netherlands);

M-PVA-12 Iron oxide beads (M-PVA-12 beads) were obtained from Chemagen
(Baesweiler, FRG). ACD-A buffer solution (Baxter, Utrecht, the Netherlands)
contains: citric acid monohydrate 8.0 g/, sodium citrate dihydrate 22.0 g/1, glucose
monohydrate 24.5 g/1 in water for injections.

Calcium buffer: 10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES) (ICN Biochem, Aurora, OH, USA), 0.15 M NaCl, 5 mM KCI, 1 mM
MgCl,, 2.5 mM CaCl,, 1 mg/ml Bovine serum albumine (Sigma), pH 7.4.
EDTA-buffer: HEPES 25 mM, 140 mM NaCl, 1 mM EDTA, 1 mg/ml Bovine serum
albumine (Sigma), pH=7.4. EGTA-buffer: HEPES 25 mM, 140 mM NaCl, 1 mM
EGTA, 1 mg/ml Bovine serum albumine (Sigma), pH=7.4. Human recombinant
Annexin A5 conjugated with hydrazinonicotinamide (HYNIC) (clinical grade) and
lyophilized Stannous tricine (700 pug Sn CL.2 H,O, 21 mg Tricine) were obtained
from Theseus Imaging corporation (Boston, MA, USA).

Lyophilized stannous tricine was reconstituted with 1 ml NaCl 0.9 % solution, prior
to preparation of the radiopharmaceutical.

Human recombinant annexin A5, conjugated with Fluorescein Isothiocyanate
(FITC) was provided by Nexins Research (Kattendijke, The Netherlands).

The annexin A5 mutant M1234, which does not bind to PS, was prepared as described
by Mira et al.’?, and subsequently conjugated with FITC.

For determination of the pH-effect on the stability of HYNIC-annexin A5 the
following buffers were used: For pH 3.0, 4.0, and 5.0: solutions containing 25 mM
Na-Acetate and 2.5 mM CaCl,.2H,O were adjusted to the respective pH-values. For
pH 6.0 and 7.0: solutions containing 25 mM HEPES, 140 mM NaCl, and 2.5 mM
CaCl,.2H,O were adjusted to the respective pH-values.

For pH 8.0 and 9.0: solutions containing 25 mM Tris 140 mM NaCl, and 2.5 mM
CaCl,.2H,O were adjusted to the respective pH-values. For all controls, similar
buffers were used except that they were Calcium free and 1 mM EDTA was added
to all buffers.
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Preparation of PS-PC-Chol beads and PC-Chol beads

M-PVA-12 beads were coated with PS-PC-Chol or PC-Chol as follows:

5 mg of M-PVA-12 beads were washed with EDTA-buffer and suspended in 1 ml of
this buffer. All lipids were dissolved in chloroform. 1 pmole PC, 1 umole PS and 1
pmole cholesterol, or 2 pmoles PC and 1 pmole cholesterol were added to a glass tube.
The chloroform was evaporated under nitrogen gas flow giving a dried lipid film on
the glass wall. 1 ml of the washed beads was added to the lipid film and the mixture
was vortexed vigorously, and subsequently submitted to ultrasonication on ice during
1 minute. The unbound lipids were removed by extensive washing with EDTA buffer.
The lipid coated beads were resuspended in EDTA-buffer and stored at 4 °C.

Preparation of HYNIC-annexin AS

For each experiment, a vial containing 250 pg of human recombinant annexin A5
conjugated with HYNIC® was thawed after storage (at -20 °C) and mixed with ca.
1.1 GBq pertechnetate (diluted to 1 ml). Specific activity of the used pertechnetate
solution was 3.5 + 0.8 GBq/ml. Subsequently, 0.1 ml stannous tricine buffer was
added to the vial for pertechnetate reduction. This mixture was allowed to incubate
(30 min, r.t.).

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®. HYNIC-annexin A5 remains at the position of application
(Rf= 0), whereas most radioactive impurities are at the solvent front (Rf= 1).

Induction of apoptosis in Jurkat cells and measurement of PS-expression using HYNIC-
annexin AS and FITC-annexin AS (positive control)

Jurkat cells (ATCC, Rockville, MD, USA) were grown in RPMI 1640 medium (Life
Technologies) supplemented with 10 % heat inactivated (30 min, 56 °C) fetal bovine
serum (Gibco). Viability was determined by trypan blue exclusion and exceeded
95%. Apoptosis induction was achieved by incubating 4 x 10° cells/ml with 20 ng/ml
Anti-fas in Medium 199 (Life Technologies) supplied with 0.5 mM Calcium chloride
for 3 hours.

HYNIC-annexin A5 binding to apoptotic cells was assessed by incubating 10 pl of
HYNIC-annexin A5 with 1 ml of apoptotic Jurkat cells during 15 min at r.t.. Cells
were then removed by centrifugation (30 min, 1000 g, r.t.). Cell-free supernatant and
cell pellet were counted on radioactivity to determine HYNIC-annexin A5 bound
to the cells.

FITC-annexin A5 and FITC-M1234 binding to apoptotic cells was assessed by
incubating a range 0-10 ng/ml of FITC-annexin A5 or FITC-M1234 with 50 x 10° of
apoptotic Jurkat cells during 5 min at r.t.. Flow cytometry was performed to measure

the binding of FITC-annexin A5 or FITC-M1234 to the apoptotic cells. The same
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experiments were performed in the presence of EDTA and EGTA.

Flow cytometric analysis of the beads, phase contrast microscopy and fluorescent
microscopy

FITC-annexin A5 was incubated with 4 pg/ml phospholipid beads in Calcium buffer
during 30 minutes at r.t. The amount of FITC-annexin A5 per bead was measured
using flow cytometry. The binding of FITC-annexin A5 to the beads was inspected
visually with fluorescence microscopy. The shape of the beads was inspected using
phase contrast microscopy. The competition between HYNIC-annexin A5 and
FITC-annexin A5 was assessed by incubating mixtures of these annexins with 4 pg/
ml phospholipid beads in Calcium buffers during 30 minutes at r.t. Competition of
unmodified wild type annexin A5 with FITC-annexin A5 served as a control. The
amount of FITC-annexin A5 bound was then measured by flow cytometry.

ApoCorrect™ assay

Phospholipid beads (ca. 17 mg/ml) in 180 ul Calcium buffer were incubated in a
microfuge vial of 1.5 ml (15 min, r.t.) with 10 pl of the HYNIC-annexin A5-
solution. Using a magnetic device, the beads were kept in situ when all supernatant
was removed. Radioactivity of supernatant and beads was measured separately. The

results of the two procedures are applied in the following equation to give the fraction
of biologically active HYNIC-annexin A5:

% biologically active *™Tc-annexin A5:

(B Ca** x 100%) (B Chelator x 100%)
(B Ca* + S Ca*) (B Chelator + S Chelator)

@)
B c32+= amount of radioactivity, bound to the beads in binding buffer.
S . **= amount of radioactivity, in supernatant (binding buffer).
B .., = amount of radioactivity, bound to the beads in EDTA or EGTA bufer.
S (b, = amount of radioactivity, in supernatant (EDTA or EGTA buffer).
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Repeatability, reproducibility and stability indicating properties of the ApoCorrect™ assay
In order to determine repeatability the ApoCorrect™ assay (n=6) was performed
on one day. To measure reproducibility, the assay was done six times on different
days. Repeatability and reproducibility were obtained by calculating the respective
intra- and interassay coefficients of variation. For these experiments, one single lot of
HYNIC-annexin A5 was used.

Stability indicating properties were also determined. Firstly two lots of different age
were compared. Secondly, the effects of pH (3 through 9) and temperature (60 °C)
on the stability of HYNIC-annexin A5 were measured. Under all circumstances,
controls with EDTA buffer were performed in order to determine nonspecific
binding to the beads. Also, controls with EGTA buffer and PC-Chol beads were

used for further validation of the assay.

Statistical evaluation

Data were statistically evaluated using Student’s t-test. A probability value < 0.05
was considered significant. Results are generally presented as mean + standard
deviation.
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2.3 Results and Discussion

Annexin A5 is a molecular imaging agent used to visualize apoptosis in vitro and
in vivo in animal models and patients. Annexin A5 imaging of apoptosis in patients
may serve as an aid to diagnosis and the evaluation of the efficacy of therapy. These
prospects are currently substantiated in preclinical and clinical studies®¢6"72123,
Biodistribution in humans and the first clinical application of HYNIC-annexin A5
were described recently’®”®, HYNIC-annexin A5 can be prepared faster, is more
stable and has higher yields than the other used labeling procedures (BTAP, n-1-
imino-mercaptobutyl)***° (See also Chapter 1). The HYNIC conjugation method
facilitates labeling of pertechnetate to primary aminogroups within the annexin
A5 molecule. A pitfall of the HYNIC-annexin A5 imaging procedure remains the
high uptake in kidney, liver, and spleen, thus hampering imaging of these organs.
Another disadvantage is the long biological half life of the radiopharmaceutical (69
h), resulting in a rather high absorbed radioactive dose in the individuals®.

In this perspective, it is important to optimize the specificity and sensitivity of
the annexin A5 imaging procedure. In vivo use of annexin A5 in patients involves
a procedure to label annexin A5 with *™Tc. Up to now determination of labeling
efficiency (RCP) was the only quality control available before the labeled annexin
A5 was injected into the patient. There was a lack of a rapid assay to determine the
biopotency of annexin A5 after the radiolabeling, The ability of annexin A5 to bind
to apoptotic cells fully depends on its ability to bind to phosphatidylserine (PS) in a
Ca?*- dependent manner *1%°,

Hence, an assay that accurately measures the phospholipid binding of annexin A5
would be a proper quality control method.

In the present study, we describe the development and initial validation of a fast,
simple and specific biopotency assay that can be used for quality control testing of
9mTc-annexin A5.

Characterization of the binding of Annexin A5 to phospholipid coated beads

Ourgoal wastohavearapid assay tomeasure thebiologically active fraction of HY NIC-
annexin A5. The short half life of **™Tc and other radioisotopes such as **F and *Ga
require rapid evaluation of binding and biopotency of the radiopharmaceutical.
Therefore we decided to develop a solid phase-assay on the basis of paramagnetic
beads, M-PVA-12 of Chemagen, which have a size distribution between 1-3 pm (for
further information see www.chemagen.de/de_uk/uk/firstset_features.html). The
beads can be visualized by light microscopy and measured by flow cytometry and
separated from the solution in a magnetic field.

In order to assess the biological activity of annexin A5, we coated the beads with

phospholipids containing PS. Firstly we visualized FITC-annexin A5 binding to
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the beads coated with a phospholipid mixture consisting of PC/PS/Chol (33/33/33,
moles %) using fluorescence microscopy (Figure 2.1A). Figure 2.1B shows a phase
contrast image, which gives an impression of the reproducible shape and size of the
beads.

We prepared 6 lots of the PS-PC-Chol beads, which were equally able to bind FITC-

annexin A5 in the presence of Ca®*, examined by flow cytometry.

B

Figure 2.1(A): Fluorescence microscopy and 2.1 (B): Phase-contrast microscopy of PS-PC-
Chol beads and FITC-Annexin A5 in calcium buffer.

An example of this finding is given in Figure 2.2A, which illustrates the binding of
FITC-annexin A5 to the phospholipid beads. This binding depends on the presence
of calcium ions and functional calcium/ phospholipid binding sites on the annexin A5
molecule since no binding is observed in the presence of EDTA or EGTA and with
the non binding annexin A5 mutant FITC-M1234%, respectively (Figure 2.2B). In
addition, no binding occurs if PS is omitted in the phospholipid coat (Figure 2.2B),
demonstrating the specificity of the interaction between FITC-annexin A5 and the

phospholipid coated beads.
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The phospholipid coated beads bound with FITC-annexin A5 give a typical scatter
pattern (Figure 2.2A) that is reproducible for the described coating procedure. Figure
2.2D illustrates dose-response curves for FITC-annexin A5 concentration and
Mean Fluorescence Intensity (MFI) of the phospholipid coated beads as measured
by flow cytometry at different bead concentrations. Binding of annexin-FITC to the
phospholipid coated beads can be measured quantitatively when expressed in MFI
of the histogram (Figure 2.2D). Assuming an average bead diameter of 2 pm it can
be calculated that 1 bead contains about 10" moles annexin A5 binding sites®.
Furthermore, 1 mg of beads comprises of approximately 10° beads. Hence, the dose-
response curve at 3.9 ug/ml beads is amenable to analysis with the Langmuir [FITC-
annexin A5]" versus MFI" plot. This analysis yields a Kd of less than 0.1 nM for
FITC-Annexin A5 binding to the beads which is in concordance with the reported
Kd estimation for annexin A5 binding to a planar phospholipid bilayer*.

The binding of HYNIC-annexin A5 to the phospholipid coated beads is assessed in
a competition experiment with FITC-annexin A5 and compared to the competition
between unlabeled Annexin A5 and FITC-annexin A5. Figure 2.2E shows HYNIC-
annexin A5 acting as a competitor similar to unlabeled annexin A5 demonstrating
that the HYNIC-derivatization does not alter the phospholipid binding properties
of annexin A5. In contrast, it was observed that using the red blood cell assay, a slight
difference has been determined between HYNIC-annexin A5 and the wild type®.
Also, we showed that the non-binding annexin A5 mutant M1234 was not able to
bind to the PS-PC-Chol beads in the presence of Ca**, which proves that the binding
is specific (Figure 2.2B). This fact was used in the further development of the assay
for radiopharmaceutical purposes.
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Figure 2.2A: Flow cytometry dot plot of side scatter (SS) versus forward scatter (ES)
parameters of FITC-annexin A5 bound to PS-PC-Chol beads. The area R1 indicates the size
distribution of the beads in the presence of Ca?*. SS and FS are expressed in arbitrary units.
2.2B: Calcium-dependent binding FITC-annexin A5 to lipid-coated beads. Concentration
response curves are shown for binding of FITC-Annexin A5 in the presence of Ca®* to
PS-PC-Chol beads (A), PC-Chol beads (0) and apoptotic Jurkat cells (M). Binding was
measured by flow cytometry and expressed as % of maximal Mean fluorescence intensity
(% MFI). No binding occurred if FITC-M1234 was used in the presence of Ca®* or FITC-
annexin A5 in the presence of EDTA or EGTA. 2.2C: Ca?*-dependent binding of FITC-
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Initial validation of the Apocorrect™ assay: phospholipid coated beads as a means to
determine the biologically active fraction of a **"Tc-HYNIC Annexin AS preparation.
The analyses so far demonstrate the specificity of FITC-annexin A5 binding to the
phospholipid coated beads. For the analysis of HYNIC-annexin A5 we designed
the Apocorrect™ assay (see Materials and methods section) in which the number of
binding sites provided by the beads is not limiting,

The effects of pH and temperature on the biological active fraction of Stability
indicating properties of the assay were assessed by measuring the effect of *"Tc-
HYNIC-annexin A5 were evaluated by exposing **"Tc-HYNIC-annexin A5 to pH
ranging from 3-9 and to 60 °C, respectively. The results are compiled in Figure 2.3
and Table 2.1, respectively

100 -
% - g_{,)——‘——i——-—-
i; 60 - \‘\\
; 40 - ~5.
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0 . ' . .
2 4 6 8 10
pH

Figure 2.3: Effect of pH 3-9 on *"Tc-HYNIC-annexin A5 biopotency. Both
percentages of **"Tc-HYNIC-annexin A5 bound to the beads in Calcium buffer (¢)
and in EDTA-buffer (M) are shown. It is observed that at low pH, annexin is able to
bind to the beads in absence of Ca** whereas this is not possible at pH> 5. All values
are the results of triplicate experiments + SD.
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Table 2.1: Effect of temperature on specific ***Tc-HYNIC-annexin A5 binding to PS-PC-
Chol beads using the Apocorrect™assay. Specific binding and radiochemical purity (RCP)

are expressed as a percentage. All values are the mean of triplicate experiments + SD.

Conditions ApoCorrect™assay, RCP (%) P-value (ApoCorrect™-assay
specific binding (%)  Mean + SD compared to control)!
Mean + SD

60 °C (15 min) 21+54% 95.2+1.8% P<0.005

60 °C (60 min) 11.2+35% 943 +11% P<0.005

Control (r.t.) 793+11% 95.6+1.1% N.A.

!A paired t-test was used for determination of statistical significance
N.A.: not applicable; r.t.: room temperature

Table 2.2: Specific binding of HYNIC-annexin A5 to PS-PC-Chol coated beads or PC-
Chol beads as measured using either EDTA or EGTA-buffer to determine the non-specific
binding at room temperature. Specific binding is expressed as a percentage. The RCP of the

HYNIC-annexin A5 was 92.3 £ 2.8 %. All values are the mean of triplicate experiments +
SD.

Conditions ApoCorrect™-assay, specific binding (%)
Mean *+ SD

PS-PC-Chol versus EDTA (control) 79.2+13 %

PS-PC-Chol versus EGTA 80.3+2.0%

PC-Chol versus EDTA -0.26 +1.1%

PC-Chol versus EGTA -0.74 £33 %

Measurements performed under different pH values revealed a statistically significant
effect (p< 0.05) between pH 3 and pH 6. Also, the binding to the beads at pH 3
and pH 4 did not differ between Calcium buffer and EDTA buffer indicating non-
specific binding when HYNIC-annexin A5 is exposed to low pH. Similar binding
properties of annexin A5 at pH 4 to PS-containing vesicles in the absence of Ca**
were described before by Kohler et al.'’. They showed that annexin A5 binding to
PS is calcium-independent due to a pH-dependent change in charge of the molecule.
Binding characteristics are markedly changed, because the hydrophobicity largely
increases at low pH, resulting in a penetration of the phospholipid bilayer. The Ca** -
dependent binding of annexin A5 at physiological pH was shown to be of an extrinsic
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nature without penetration of the protein into the membrane'. They also described
that the Ca®* dependent binding of annexin A5 at pH 4 could be restored after 10 min
by pH-elevation to 7.4". After 2 h of incubation using HYNIC-Annexin A5 at pH 4,
we were not able to reproduce this result. Thus, it seems likely that an incubation of
2 hat pH 4 results in an irreversible change in the conformation of HYNIC-annexin
A5,

We observed that HYNIC-annexin A5 precipitated at 60 °C within 15 min of
incubation, indicating protein denaturation. The TLC results were not affected by
the 60 °C incubation showing that this method is unable to discriminate between
native and denatured HYNIC-annexin A5.

To serve as a positive control of PS binding to HYNIC-annexin A5, apoptotic Jurkat
cells were used. They were resuspended in binding buffer, and 85.6 % of HYNIC-
annexin A5 was bound to the cell pellet, whereas 2.6 % of HYNIC-annexin A5 was
found to be bound to the cells when suspended in EDTA buffer.

Furthermore, the ApoCorrect™ assay was performed with PC-Chol beads, as well as
in presence of the Ca®* specific chelator EGTA and compared with EDTA. Results
of these experiments are shown in Table 2.2. It indicates that PC-Chol beads do
not bind HYNIC-annexin A5. As well, the Apocorrect™ assay was performed with
HYNIC-annexin A5 using a background of EGTA, showing no significant difference
with the regular assay (EDTA-background, Table 2.2).

Repeatability (Intra-assay variation), reproducibility (Inter-assay variation) and
comparison of two lots of HYNIC-annexin A5

Otherimportantcriteria ofaquality controlassay are repeatability and reproducibility.
Repeatability was performed using one single preparation on one day. Mean
percentage HYNIC-annexin A5 specifically bound to the beads was 754 + 3.1
(n=6).The coefhicient of variance (CV) was 4.1 %. Radiolabeling yielded HYNIC-
annexin A5 with a RCP of 91 % (n=1). The pH of the obtained solution was 6.0.
Reproducibility was determined using separate preparations. The mean percentage
9 Te-HYNIC-annexin A5 specifically bound to the beads was 69.6 + 7.1 % (n=6).
The CV was 10.2 %. The RCP was found to be 89.7 + 1.2 %. The CV was 1.4 %. The
pH of the obtained solutions was 6.0 + 0.5.

Two lots were compared by performing the Apocorrect™ assay. Each assay was
performed in triplicate. The oldest lot (15 months after production) yielded specific
binding 0f 73.8 + 1.4 % and an RCP of 84.7 + 1.8 % using TLC. For the newer lot (12
months after production) a specific binding of 72.4 + 1.4 % and an RCP 0of 95.1 £ 1.1
% were obtained, respectively. Only for RCP, a significant difference between the two
lots was found (p< 0.05). This suggests that the labeling with technetium is affected
more during its shelf-life than the ability of annexin A5 to bind PS. As well, it must
be stressed that the used preparation of clinical grade " Tc-HYNIC-annexin A5
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was already optimized before®. Verbeke and co-workers show that HYNIC-annexin
A5 conjugation results in a substantial amount of higher molecular weight aggregates
(8.7 %, shown by FPLC) when one molecule HYNIC per annexin A5 is introduced
into the reaction mixture. The optimal reaction stochiometry turned out to be 0.5
HYNIC per molecule annexin A5, yielding only 2.2 % higher molecular weight
aggregates. Conjugation of HYNIC to annexin A5 is likely to cause marginal loss of
biological activity. The primary aminogroups to which HYNIC binds are apparently
not involved in the PS binding property of annexin A5%,
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2.4 Conclusion

HYNIC-annexin A5 is under investigation to be licensed as a radiopharmaceutical
for the determination of programmed cell death in vivo in patients.

In this study, a novel specific and rapid assay for *"Tc-labeled annexin A5 and FITC-
annexin A5, used clinically, has been described. We show that this assay measures
the biological activity of annexin A5 that underlies its apoptotic cell binding property.
This in contrast with TLC, which only measures the actual binding of the isotope
to the protein. We furthermore demonstrate that the ApoCorrect™ assay is robust,
repeatable and reproducible to measure repeatably, reproducibly and quickly the
fraction of biologically active annexin A5. Its speed (ca. 25 min per analysis) makes it
suitable for use in a clinical setting,
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3

Comparison between human pharmacokinetics

and imaging properties of two conjugation
methods for *™Tc-Annexin A5.

Adapted from: H.H. Boersma, I.H. Liem, G,J. Kemerink, PW.L. Thimister, L. Hofstra, L.M.L.
Stolk, W.L. van Heerde, M-T. W. Pakbiers, D. Janssen, AJ. Beysens, C. P.M. Reutelingsperger,
G.A.K. Heidendal. Comparison between human pharmacokinetics and imaging properties of two
conjugation methods for **"Tc-Annexin AS. Br ] Radiol 2003; 76: 553-60.
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3.1 Introduction

Apoptosis or programmed cell death plays a pivotal role not only in normal physiology
but also in pathological processes. Many drugs, such as cytostatics, affect apoptosis'®.
Thus, the detection and quantification of apoptosis in vivo might provide insight into
the disease status and/ or treatment eflicacy of a patient.

The externalisation of PS at the cell membrane is one of the first events of apoptosis
and persists until the cell is destroyed®. A naturally occurring protein, annexin A5,
binds with high affinity to PS on apoptotic cells. For this reason, radioactively or
fluorescently labelled annexin A5 has been investigated in vitro as well as in vivo in
animal models as a tool to detect apoptosis®>#19%133, Recently, our group and others
demonstrated that " Tc-annexin A5 can be used successfully to image apoptosis in
patients®®¢”72, In this study, two preparations of ***Tc-annexin A5 have been used:
Imino-annexin A5 and BTAP-annexin A5.

We hypothesise that both compounds can be used for imaging of the head-neck region,
the thorax and extremities. Until now, published pharmacokinetic and imaging data
for Imino-annexin A5 and BTAP-annexin A5 are incomplete, because only their
biodistribution has been studied®'®. Biodistribution profiles alone are, however,
not sufficient to determine target organs for optimal ***Tc-annexin A5 imaging.
Moreover, it is useful to compare the initially used Imino-annexin A5 with the
second, improved preparation of **"Tc-annexin A5, BTAP-annexin A5. The purpose
of the present study therefore was to characterise and compare the pharmacokinetics
and imaging properties of Imino-annexin A5 and BTAP-annexin A5. The study
was performed in a group of patients with myocardial disease. A patient with acute
myocardial infarction and patients with different malignancies were studied in order
to evaluate the imaging properties of the agents.
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3.2 Materials and Methods

Patients

Imino-annexin A5 was administered to 7 patients (mean age 56 years; range 47-66
years) and one healthy volunteer (35 years). BTAP-annexin A5 was administered to
12 patients (mean age 58 years; range 35-85 years). Each radiopharmaceutical was
administered within 4 h of its preparation. All 19 patients had myocardial disease (12
patients had acute myocardial infarction, 4 patients suffered from heart failure, and
another three patients had other myocardial diseases (angina pectoris, an intracardial
tumor and myocardial contusion, respectively). For imaging purposes four patients
suffering from acute myocardial infarction, leg sarcoma, Non-Hodgkin lymphoma
and breast cancer were studied. All patients had a normal kidney and liver function.
The study was approved by the Medical Ethics Committee of the University Hospital
Maastricht.

Radiolabeling

Both radiolabeled compounds are experimental. An application as IND has been
filed for BTAP-annexin A5.

Imino-annexin A5 was prepared by incubating approximately 1000 MBq *"Tc-
pertechnetate with 1 mg freeze-dried, (n-l-imino-mercaptobutyl)-annexin A5
(Mallinckrodt, Petten, The Netherlands) in the presence of 10.8 ug Sn** as reducing
agent for 2 h at ambient temperature. Radiochemical purity was assessed by column
chromatography using a Sephadex PD-10 column (Pharmacia, Uppsala, Sweden)
and 0.9% NaCl (B. Braun, Uden, The Netherlands) containing 1% bovine albumin
(Sigma, St. Louis, MO) as eluent®. Imino-annexin A5 was eluted, whereas free
pertechnetate and TcO, remained on the column.

BTAP-annexin A5 (Apomate®, Theseus Imaging Corporation, Cambridge,
MA, USA) was prepared by synthesis of a phentioate ester ligand, followed by
coupling to 1 mg annexin A5 and subsequent purification of the obtained BTAP-
annexin A5 as previously described'®. The product was filter sterilised (0.2-um
pores) after preparation. Purification yield of the Annexin A5-protein was about
80% (~ 800 pg). The integrity of the filter was checked by a bubble point test. The
pH was measured (limit pH 6-8) and radiochemical purity was assessed by TLC
(ITLC, Gelman Sciences, Ann Arbor, MI) using 12% trichloroacetic acid (Merck,
Darmstadt, Germany) in water as eluent. BTAP-annexin A5 remains at the position
of application (Rf= 0), whereas most technetium-containing impurities are at the
solvent front (Rf= 1). Minor impurities (e.g. colloidal *>™Tc) were found in the middle
section of the TLC glass fiber sheets (Rf ~ 0.5).
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Administration of the radiopharmaceuticals
Imino-annexin A5 (about 2.5 ml) and BTAP-annexin A5 (about 7 ml) were given by
intravenous bolus injection. Patients received 555 + 89 (mean + SD) MBq Imino-

annexin A5 (1 mg) or 575 + 114 MBq BTAP-annexin A5 (about 800 pg).

Plasma, urine, and feces sampling

Blood samples were obtained before administration of the radiopharmaceutical, and
at 5, 10, 15, 20, 40, 60, 90, 120, 150, 180, 210, and 240 min afterwards. From eight
patients (BTAP-annexin A5 group) one to six additional blood samples were obtained
to monitor the clearance of BTAP-annexin A5 over 24 h. The radioactivity in the
plasma was measured using a universal gamma counter (1282 Compugamma CS,
LKB-Wallack, Turku, Finland) and corrected for background radiation and decay.
Urine excreted over 20 h was collected for BTAP-annexin A5 in two fractions (0-4 h
and 4-20 h; five patients). Patients were asked to empty their bladders before BTAP-
annexin A5 was injected. Feces were collected for BTAP-annexin A5 over the first
20 h.

Plasma annexin A5 concentrations were measured using a validated ELISA (Hyphen
Biomed, Andresy, France) according to the manufacturer’s protocol. Also, levels of
endogenous annexin A5 were measured in a control group of patients with acute
myocardial infarction, to detect whether endogenous annexin A5 levels interfere with
the measurement of administered Imino-annexin A5 or BTAP-annexin A5. These
levels were compared to measurements of endogenous concentrations of Annexin A5
in healthy volunteers.

Determination of the in vivo stability of BTAP-annexin AS

The in vivo stability of BTAP-annexin A5 was assessed between 1 and 20 h after
administration of the radiopharmaceutical. One to 2 millilitres of patient plasma
(pre-treated with 1 % Triton X-100; Sigma, St. Louis, MO, USA) was added to a
Sephadex PD-10 column (Pharmacia, Uppsala, Sweden), pre-eluted with 15 ml eluent
(saline containing 1% bovine albumin; Sigma, St. Louis, MO, USA). The sample was
eluted with 7 ml of eluent. The percentage of intact radiolabel was determined by

measuring BTAP-annexin A5 in the eluent and unbound pertechnetate retained on
the Sephadex PD-10 column.

Biodistribution and pharmacokinetics

Six (Imino-annexin A5) and five (BTAP-annexin A5) patients underwent imaging
with a dual-head gamma camera (Multispect2, Siemens Gammasonics, Hoffman
Estate, IL). The gamma camera was equipped with high-resolution collimators, and
a 15% energy window around the photo peak of **"Tc was used. On injection of the
radiopharmaceutical, a dynamic study of the thorax region was started, lasting 30-
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60 min. Subsequently, whole-body scans were performed with a scan speed of 10
cm/min, two to four scans for the Imino-annexin A5 group and three scans for the
BTAP-annexin A5 group. The whole-body acquisitions were typically performed at
2,4, and 20 h after radiopharmaceutical administration.

The pharmacokinetic parameters were derived using the KINFIT module of the
MW/ PHARM computer program package (Version 3.30, MediWare, Groningen,
The Netherlands)*. The data, consisting of the plasma concentration of *™Tc
radioactivity or annexin A5 versus time, were analysed by non-linear regression
analysis using a least-squares weighted simplex algorithm, with data weighted with
the reciprocal of the observed value. The following parameters were obtained: ¢, , ¢,
. fa, fB’ V., V., and CI. A similar analysis was performed for endogenous Annexin
A5 in plasma. Total body radioactivity and the uptake of radioactivity by organs were
calculated as previously described®”'®,

SPECT and/or planar imaging of patients

Patient with acute myocardial infarction

The diagnosis of acute myocardial infarction was made by electrocardiographic
criteria and confirmed by biochemical detection of cardiac enzyme release. Imino-
annexin A5 (638 MBq) was administered intravenously 2 h after reperfusion, which
was achieved by performing PTCA, resulting in thrombolysis in myocardial infarction
(TIMI) IIT flow. Images were obtained 22 h after injection. A 64 x 64 matrix was
used and 60 angle views, counting 45 s at each angle. Studies were reconstructed using
a filtered back-projection method, using a Butterworth filter with a cut-off frequency
of 0.55 and an order of 5. All SPECT studies were converted to transverse slices to
compare the reperfusion defect with the uptake of Imino-annexin A5. After 7 weeks,
sestamibi imaging was performed to evaluate the reperfusion defect®.

Sarcoma of the leg

A 58 year old woman was admitted for resection of a large tumor in the upper
right thigh (approx. 9x9x18 c¢m). Ten months eatlier surgical biopsy diagnosed the
tumor as a soft tissue sarcoma; of the epithelioid type. Further evaluation revealed
lung metastases. Chemotherapy (doxorubicine 3 times 75mg/m? 6 months before
operation), regional perfusion with melfalan and TNF-a. (3 months before operation)
and radiotherapy (3 times 6.0 Gy; 1 to 2% weeks before operation) were without
effect on tumor size and lung metastases (as evaluated by MRI). Because of local
tumor progression with ulceration, a hip-exarticulation of the right leg was planned
as a palliative procedure. One day prior to the operation 400 MBq of BTAP-annexin
A5 was administered i.v. followed by static images after 4 (including SPECT) and 16
hours.
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Breast carcinoma

A 37 year old female was diagnosed with mastitis carcinomatosa. Furthermore,
left axillary palpable lymph nodes were found. Further metastatic disease was
not detectable. Prior to chemotherapy, 603 MBq BTAP-annexin A5 was injected
intravenously to determine the apoptotic status of the disease. SPECT scintigraphy
was performed 5 h and 15 h after administration of the radiopharmaceutical.

Non-Hodgkin Lymphoma

A 63 year old male was diagnosed with a grade 1 small cell follicular Non-Hodgkin
Lymphoma. A CT scan of the thorax revealed a large mass in the neck region. Prior
to chemotherapy, 391 MBq of BTAP-annexin A5 was injected intravenously in order
to determine the apoptotic status of the disease in this patient. SPECT scintigraphy
was performed 4 and 8 h after administration of BTAP-annexin A5.

Data were statistically evaluated using Student’s t-test. A probability value < 0.05
was considered significant. Results are generally presented as means + SD.
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3.3 Results

Radiolabeling of annexin A5 yielded Imino-annexin A5 and BTAP-annexin A5
with a radiochemical purity of 79 + 3% and 96 + 2%, respectively. The radiolabeling
procedures did not affect the phosphatidylserine binding ability of Annexin A5 as
evaluated by ellipsometry®.

Both radiopharmaceuticals were stable for up to 4 h after their preparation. No side
effects were observed after the administration of the radiopharmaceuticals to the
patients.

After evaluation of the data for patients receiving Imino-annexin A5, it was decided
to collect additional information (urine and feces samples, stability in plasma) for
BTAP-annexin A5.

Figure 3.1 (top) shows the time courses of the radioactivity in plasma for Imino-
annexin A5 and BTAP-annexin A5. The annexin A5 antigen concentrations versus
time curves are shown in the bottom panel. The kinetics of both radiolabeled
annexin A5 and annexin A5 antigen in plasma could satisfactorily be described by
a two-compartment model. Curve fitting of the pharmacokinetic data with a three-
compartment model did not improve the fit as can be judged from the t* for both
the 2-compartment and 3—compartment model in Table 3.1. The latter table gives
the kinetic parameters for Imino-annexin A5 and BTAP-annexin A5 in plasma,
assuming a two-compartment model. The calculated clearance of BTAP-annexin A5
(2.8 + 1.21/h) was significantly higher than that of Imino-annexin A5 (1.2 + 0.4 1/h;
p<0.01). The fast o.-component of Imino-annexin A5 radioactivity in plasma (52 +
13 %) was significantly smaller than the corresponding component of BTAP-annexin

A5 (81 + 13 %); p < 0.001.
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Figure 3.1. Concentration-time curves of I- annexin A5 (#) and BTAP-annexin A5 () of
9mTe-radioactivity in plasma (upper panel) and annexin A5 concentration in plasma (lower
panel). For Imino-annexin A5, data for 8 individuals are presented, whereas for BTAP-
annexin A5 values for 10 (radioactivity) and 12 (plasma concentration annexin A5) patients
are given. Radioactivity data were normalised with the administered activity by dividing the
obtained plasma radioactivity levels by the administered dose in GBq. All values are depicted
as means + standard deviation.

Plasma levels of annexin A5 antigen ranged from 4 to 104 pg/l (> 1 h after
administration) in patientsinjected with BTAP-annexin A5. Because of the wide range
of data, median and ranges are given for the half-life and the volume of distribution of
the radiopharmaceuticals in the elimination phase. In the control group of patients
who did not receive the radiopharmaceutical, plasma levels of annexin A5 ranged
from 3-68 pg/l. In contrast, annexin A5 levels were much lower in healthy volunteers,
0-9 pg/1 (W.L. van Heerde, private communication, 2001) (Table 3.2 see next page).
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More than 75% of BTAP-annexin A5 present in plasma remained chemically stable
for at least 20 h after administration of the radiopharmaceutical (Table 3.3).

Table 3.2: Annexin A5 levels in patients with myocardial disease and in healthy volunteers

Type of individual Range (mean) of Number of
annexin A5-concentration individuals
(ng/L)

Myocardial disease, Imino-annexin A5 or 4-104 (10) N=17

BTAP-annexin A5, measured 1-24 h after

administration.

Myocardial infarction, no radiolabeled 3 -68(10) N=29

annexin A5, measured until 8 h after

diagnosis

Healthy volunteers 0-9(3) N=39

"W.L. van Heerde, University of Maastricht, private communication, 2001.

Representative whole-body scintigrams, obtained after administration of Imino-
annexin A5 and BTAP-annexin A5, are given in Figure 3.2 to illustrate the
biodistribution of the two radiopharmaceuticals. There was a high uptake of
radioactivity in the kidneys and the liver. The faster excretion of BTAP-annexin A5
radioactivity is shown by the eatlier presence of radioactivity in the gut in the images
to the right in Figure 3.2. Cardiac uptake of radiolabeled annexin A5 was seen in
patients with acute myocardial infarction (Figure 3.4, see page 101) and in a patient
with an intracardial tumor®. Cardiac tracer uptake was assessed visually, because it
was not possible to quantify the cardiac accumulation of radiolabeled annexin A5
due to its low radiation intensity compared to the radiation in adjacent organs such
as liver and kidneys.

Figure 3.3 depicts the clearance of Imino-annexin A5 (upper panel, n=6) and -BTAP-
annexin A5 (lower panel, n=5) from the body. BTAP-annexin A5 was excreted faster
than Imino-annexin A5: the biological half-life of BTAP-annexin A5 was 17 + 8 h
and that of Imino-annexin A5 was 62 + 13 h (p< 0.001). Data from five patients
showed that 26.0 + 9.3% of injected BTAP-annexin A5 was excreted in urine up to 4
hand 57 + 11% up to 20 h. The amount of radioactivity excreted in feces in 20 h was
estimated to be about 25% for both radiopharmaceuticals.



Chapter 3: Annexin A5: Comparison of two labeling methods in patients 99

Table 3.3: Percentage intact radiolabel for BTAP-annexin A5 in plasma of patients

Time post injection Intact Number of patients
radiolabel (%)

1h 88.3 £3.7 N=9

2h 825+55 N=6

4h 783 +£2.8 N=4

20h 90.1 £ 1.5 N=4

" Even in the case of the same group size, part of the patients may be different

Figure 3.2: Views of whole-body scan of a male volunteer (35 years, left) and a male patient (53
years, right), taken between 4 and 5 hours after administration of 440 MBq Imino-annexin

A5 and 566 MBq BTAP-annexin A5, respectively. A: anterior view; P: posterior view.
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Figure 3.3: Decay corrected ***Tc-uptake in the total body after injection of Imino-annexin
A5 (upper panel) and BTAP-annexin A5 (lower panel), obtained with the gamma-camera.
Curves with mean and [mean + 1 SD] are shown. ID = injected dose.

In vivo apoptosis detection

Acute myocardial infarction
Figure 3.4 shows an example of Imino-annexin A5 uptake in the anteroseptal area of
the patient with an acute anterior wall myocardial infarction at 22 h after injection®®.

Sarcoma of the leg

Planar images at 16 hours after injection of BTAP-annexin A5 clearly show increased
activity in the right upper leg of the patient with sarcoma, indicating PS expression
in this region. The latter is best seen in the anterior image (Figure 3.5). The central
region without activity corresponds to an area of necrosis on a CT scan (Posterior
image, Figure 3.5).
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Breast carcinoma

Figure 3.6 (see page 102) shows several SPECT images, obtained 5 h after injection,
of BTAP-annexin A5 from the patient with mastitis carcinomatosa of the breast. All
generated SPECT views show clearly uptake of BTAP-annexin A5 in the anterior part

of the left breast, indicative for PS-expression in this tumor (indicated by the arrows).

Non-Hodgkin Lymphoma

As an example a localisation of a Non-Hodgkin Lymphoma in the neck is shown in
Figure 3.7. The picture indicates that BTAP-annexin A5 is taken up by the lymphoma,
8 h after intravenous injection of the radiopharmaceutical.

Figure 3.4: Transverse tomographic image obtained with Imino-annexin A5 in a patient
suffering from acute anteroseptal myocardial infarction. The arrow indicates increased I-
annexin A5 uptake in the anteroseptal region 22 h after reperfusion
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posterior

anterior 16 hrs p.i.

right lateral left lateral

Figure 3.5: Planar images of a patient with leg sarcoma, 16 h after the injection of B- annexin
A5. There is increased uptake of BTAP-annexin A5 in a major part of the upper right leg,
with a central zone of decreased activity. Almost no uptake was seen in the left leg.

DEPT. OF NUCLEAR MEDICINE
UNIVERSITY HOSPITAL MAASTRICHT
THE NETHERLANDS

Figure 3.6: SPECT (5 h post injection of BTAP-annexin A5) images of a patient with
mastitis carcinomatosa. The increased uptake, of BTAP-annexin A5, indicated by arrows,
can be seen in the anterior part of the left mamma.
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Figure 3.7: Coronal SPECT image of a patient with Non-Hodgkin Lymphoma. Increased
BTAP-annexin A5 accumulation is seen in the neck region, corresponding to a large mass

on a CT-imaging,



104

3.4 Discussion

This paper describes characteristics of two different preparations of radiolabeled
Annexin A5. The procedure yielding Imino-annexin A5 is much easier to perform
than the procedure giving BTAP-annexin A5. Both radiopharmaceuticals showed
different radiochemical and pharmacokinetic characteristics. First, Imino-annexin
A5 was less pure than BTAP-annexin A5. The rather low radiochemical purity of
Imino-annexin A5, which decreased from 83% to 76% over 6 months, is probably due
to the decrease in the amount of Sn** in the kit with time.

The radiochemical purity of BTAP-annexin A5 remained stable for the prescribed
shelf-life of 12 weeks. The low radiochemical purity of Imino-annexin A5 might
possibly affect the radiation dose administered, pharmacokinetics and imaging
results. Assuming that the free *™Tc in Imino-annexin A5 is present in the form of
pertechnetate, the effect on the patient effective dose is small (<10% increase)®. Also,
the effect of radiochemical impurities on the pharmacokinetics of Imino-annexin
A5 is small. After correction of the plasma data for free **™Tc pertechnetate, by
subtraction of the weighted pharmacokinetic curve for pertechnetate'®, the difference
in amplitude of the .- and -components between the two radiopharmaceuticals was
still present. This suggests that the radiochemical instability of Imino-annexin A5
did not affect its biodistribution and imaging properties.

Owing to the radiochemical problems with Imino-annexin A5, the stability of BTAP-
annexin A5 was investigated more extensively. It was stable in vivo, for at least 20 h
after injection (Table 3.3).

The clearance of the two radiopharmaceuticals from plasma was also different.
Although for the kinetics in both cases similar half-lives were found for the
corresponding components, the relative magnitude of the components differed
significantly between Imino-annexin A5 and BTAP-annexin A5 (p<0.001). The
large amplitude of the a-component for BTAP-annexin A5 corresponds to the
large initial decline in Figure 3.1 (top). The greater amplitude of the B-component
for Imino-annexin A5 is reflected in Figure 3.2, where the large blood vessels are
still visible at 4-5 h after injection of Imino-annexin A5, but not after injection of
BTAP-annexin A5. Kemerink et al. reported a somewhat larger t, (26 £ 5 min)
andt, (6.9 + 1.4 h) for BTAP-annexin A5 in the blood of five patients (See Chapter
4)'%5, This difference is mainly due to the use of different measurement times in the
two studies. While Kemerink et al. measured radioactivity in the blood up to 20 h,
we measured samples up to 4 h after administration. This finding suggests that the
pharmacokinetic model must be more complicated than a simple two-compartment
model. Nevertheless, a two-component model gave a satisfactory fit for data for
all time points, whereas a three-component model did not provide a better fit, as
judged from r* (Table 3.1). The pharmacokinetics of '*’I-annexin A5 in pigs were also

described best by a two-compartment model (t, = 6.4 min, t, ;= 71 min)®. In our
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study, both radiopharmaceuticals showed similar pharmacokinetics for annexin A5-
antigen (Table 3.1). This is probably because most of the administered annexin A5
(>99%) was not labelled with *™Tc, and thus the unlabeled annexin A5 should have
the same biochemical properties for both preparations. Although the labeling with
#™T¢ clearly affected the kinetics of the antigen, this could not be observed for the
whole pool of annexin A5 because 99 % of annexin A5 was not labeled.

The kinetics of annexin Ab5-antigen were difficult to describe >1 h after
radiopharmaceutical administration. Because this could be caused by fluctuations
in endogenous annexin A5 levels, we decided to compare plasma annexin A5
concentrations in patients receiving BTAP-annexin A5 and in patients with a
myocardial infarction not receiving the radiopharmaceutical (Table 3.2). In both
groups annexin A5 levels showed a broad variation. Corresponding values were
much lower in a group of healthy volunteers in whom annexin A5 antigen levels
had been determined before (Table 3.2). Thus measurement of the concentration of
radiolabeled annexin A5 antigen seems to be hampered by fluctuations in endogenous
annexin A5 levels. This fluctuation in the concentration of annexin A5 in patients
with myocardial infarction has been described before®®. At present, it is still not clear
what causes these fluctuations.

The biological half-life in the body was 62 + 13 h for Imino-annexin A5 and 16 + 7
h for BTAP-annexin A5, which is not optimal for imaging purposes. The excretory
pathway for both radiopharmaceuticals was identical. Extrapolation of data obtained
in the first 20 h showed that about 25% of the radiopharmaceutical is excreted in
feces and the remainder in urine. Recently, the biodistribution of annexin A5 derived
mutants containing endogenous chelation sites labelled with *™Tc was described
in mice. Compared with Imino-annexin A5 and BTAP-annexin A5, these mutants
show considerably lower uptake in the liver and a similar to lower uptake in the
kidney measured in the same time frame after administration. No pharmacokinetic
data were shown”.

The difference in pharmacokinetics between Imino-annexin A5 and BTAP-annexin
A5 must be due to the different ligands used to attach *™Tc to the annexin A5
molecule. In Imino-annexin A5 an n-l-imino-4-mercaptobutyl group is used,
which is chemically unrelated to the 4,5-bis(thioacetamido)pentanoyl group used
for incorporating **"Tc in BTAP-annexin A5. Changes in biodistribution and
pharmacokinetics caused by differences in conjugation methods have been described
before for radioimmunoconjugates'*.

Furthermore, the high uptake of the two annexin A5 radiopharmaceuticals in the
liver and kidneys, and in the case of BTAP-annexin A5 the relatively fast appearance
of radioactivity in the gut, hampers imaging of the abdomen. The study of the thorax
and the head/neck region appears feasible!®®. Here, BTAP-annexin A5 has the
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advantage of its faster clearance, whereas Imino-annexin A5 would be more favorable
for imaging of the abdomen.

We were able to show that *"Tc-annexin A5 is suitable for imaging several
targets: acute myocardial infarction and malignant tumors. The imaged tumors
were confirmed with CT imaging and histology, indicating that the observed PS-
expression is related to the tumor cell death programme. As can be judged from the
additional information present in this applied scintigraphy, the optimal imaging time
generally depends on the target to be imaged. A SPECT study revealed the best time
for imaging of myocardial infarction to be between 15 and 20 h after administration
of the radiopharmaceutical®. The imaging studies of tumors in the extremities and
in the female breast suggest that this kind of scintigraphy can be performed best 5-
15 h after administration of BTAP-annexin A5, dependent on the tumor type. For
imaging of cell death, an agent with no apparently non-specific uptake in organs like
liver, kidney and gut would be favorable. This goal seems hard to achieve but remains
an essential target for further research.
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3.5 Conclusion

This chapter describes the pharmacokinetic and imaging properties of Imino-annexin
A5 and BTAP-annexin A5, two radiopharmaceuticals suitable for the detection of
apoptosis by in vivo imaging of the heart, extremities, breast and head-neck region.
Firstly, it should be stressed that the behavior of the *™Tc labelled annexin A5
protein in the human body is affected by the labeling method used. Secondly, BTAP-
annexin A5 is the most stable radiopharmaceutical with good and reproducible
labeling characteristics. Labeling of pertechetate with Imino-annexin A5 however
was less reliable and the obtained radiochemical purity lower. BTAP-annexin A5 has
the advantage of a somewhat faster clearance from the body. Imaging of apoptosis in
the abdomen will be difficult with both radiopharmaceuticals, and especially with
BTAP-annexin A5 because of its faster appearance in the gut.
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4

Biodistribution and dosimetry of *"Tc-BTAP-

annexin A5 in humans.

Adapted from: G.J. Kemerink, H.H. Boersma, PW.L. Thimister, L. Hofstra, LH. Liem, M-Th.
Pakbiers, D. Janssen, C.P.M. Reutelingsperger, G.A.K. Heidendal. Biodistribution and dosimetry
of " Tc-BTAP-annexin V in humans. Eur ] Nucl Med 2001; 28: 1373-8.
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4.1 Introduction

Programmed cell death (PCD), is involved in homeostasis as well as in a number of
diseases. It plays a key role in embryogenesis, carcinogenesis, viral disease, ischemia
and autoimmune disorders, and the beneficial or detrimental effect of several drugs
can be attributed to their action on the apoptotic process. Changes in the rate and
extent at which apoptosis occurs could therefore be important medical information.
For this reason considerable effort is spent in developing and validating methods to
image PCD in vivo.

One important potential application of monitoring apoptosis is showing the success
or failure of chemo- and radiation therapy in cancer treatment'®?, Several other
potential applications exist, however, including the identification of hypoxic-ischemic
brain or myocardial injury, screening for neurodegenerative diseases, the study of
atherosclerotic plaques, the study of the efficacy of cell protecting pharmaceuticals in
ischemia, monitoring allografts and following the effect of anti-rejection drugs'?.
Annexin A5 is a protein with a high affinity for negatively charged phospholipids®.
Actions due to its affinity for phospholipids include binding to phosphatidyl serine
on the outer leaflet of cell membranes during apoptosis®. The externalisation of
phosphatidyl serine is an early and persisting process in apoptotic cells®. The use
of annexin A5 as a marker of cell death using radiolabeled and fluorescent annexin
A5 has been developed in vitro and in vivo in animal models®*'*°, Recently, we
successfully applied **"Tc-(n-1-imino-4-mercaptobutyl)- annexin A5 (Imino-
annexin A5, Mallinckrodt, Petten, The Netherlands) in imaging of cell death in
patients with an acute myocardial infarction®. Unfortunately, the production of this
compound has been stopped. This forced us to switch to an alternative preparation,
99mTc-4,5-bis(thioacetamido)pentanoyl-annexin-V (Apomate®, " Tc-BTAP-annexin
A5, BTAP-annexin A5; Theseus Imaging Corporation, Cambridge, MA), which is
available for investigational purposes. Due to the different ligand used for the binding
of the radioisotope, BTAP-annexin A5 behaves differently from Imino-annexin A5.
Here we report the biodistribution and dosimetry of BTAP-annexin A5; similar
information for Imino-annexin A5 has been reported previously*’.
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4.2 Materials and Methods

Subjects

Eight patients participated in this study, including two females. The average age was
53115 years (range 37-85). Two patients had non-Hodgkin lymphoma, two suffered
from subacute myocardial infarction, three from decompensatio cordis, and one
had Hodgkin’s disease. Only patients with normal liver and kidney function were
included in this study. The study was approved by the local medical ethics committee
and all patients gave informed consent.

Radioactive tracer

The tracer *™Tc-4,5-bis(thioacetamido)pentanoyl-annexin A5 (BTAP-annexin A5;
Theseus Imaging Corporation, Cambridge, MA) has been approved by the FDA for
investigational purposes. For details concerning its preparation and quality control
we refer to the protocols provided as part of the kit. Briefly, the radioactive tracer
is prepared in a number of steps. The *™Tc-4,5-bis(thioacetamido) pentanoyl-
annexin A5 ester was synthesised by first reducing 4 GBq *Tc-pertechnetate in
the presence of the weak chelating agent stannous gluconate, followed by incubation
with the phenthioate reagent at 70 + 5 °C during 15 minutes. After cooling, 1 mg
of human recombinant annexin A5 was added, and the mixture allowed to react at
room temperature during 20 minutes. The reaction product was divided over two
Sephadex G-25 columns for purification, and after elution using 8 ml of phosphate
buffered saline as eluant, forced through a sterile filter with 0.2 pm pores. Integrity of
the filter was checked by subjecting it to a bubble point test (pressure minimum > 3
bar). Quality control of the tracer was performed by measuring the pH of the filtrate
(limits 6-8), and by assessing radiochemical purity by thin layer chromatography
using silica impregnated paper (ITLC, Gelman Sciences, Ann Arbor, MI) and 12
% trichloroacetic acid (Merck, Darmstadt, Germany) in water as eluant. The tracer
BTAP-annexin A5 stays at the origin (Rf=0), most technetium containing impurities
are at the solvent front (Rf=1), and collodial technetium is found somewhere halfway
(Rf=0.5). Finally, BTAP-annexin A5, containing about 800 pg of annexin A5 and

600 MBq *™Tc in a volume of about 7 ml, was injected intravenously.

Data acquisition

Although imaging and data analysis have been described before, the more important
aspects will be summarized here for the convenience of the reader. A number of
adaptations that were introduced are presented as well. Imaging was performed with a
dual head gamma camera, yielding conjugate anterior and posterior views. Immediately
after injection of BTAP-annexin A5 a dynamic study of 30 frames of 1 minute each
was started. Subsequently, three whole body scans were performed using a scan speed
of 10 cm/min. Typically these were acquired at 1 h, 4 h and 20 h post injection (p.i.).
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Patients were not allowed to void before the first whole body scan. A transmission scan
with a *’Co flood source, with a strength decreasing from about 140 MBq to 60 MBq
during the period of the dosimetric project, was obtained before the start of the BTAP-
annexin A5 study. This scan was used to estimate patient thickness that was needed for
correction for body background activity and attenuation. Blood samples were taken just
before administration of the activity, afterwards every 10 minutes during the first hour,
and at about 4 h and 20 h p.i. In this study all feces and urine were collected during
the first 20 h. Activity in blood and urine was measured using a gamma counter (1282
Compugamma CS, LKB-Wallack, Turku, Finland), whereas the feces were measured

with a gamma camera in the presence of a calibration source.

Data analysis

Regions of interest were drawn around all organs that showed noticeable uptake of
9™T¢ activity, around the bladder, and around the calibration source that was used to
check system stability. These same regions were used in all images, i.e. in the dynamic
as well as the whole body scans.

Correction for body background activity was performed according to Buijs et a
Finite organ thickness is taken into account in this approach. Organ thickness was
derived from the organ volume as used in the MIRD methodology'*® and the area of the
region of interest. Absolute **Tc organ activity was estimated by correcting measured
counts for scatter and attenuation according to a method published by Siegel et al'*’.
Total body activity was determined using the “no excretion” approach, i.e. the ratio of
the total number of counts in the first whole body scan, acquired before excretion, and
the injected dose is taken as a ‘counts to fraction of injected dose conversion factor*.
Organ uptake was calculated as the activity in the organ corrected for physical decay,

1137

and is presented as a percentage of the injected dose (ID).

The absorbed dose in the red bone marrow was estimated from the activity found
in the iliac crests, assuming that about 4.4 % of the total amount of red marrow is
present in those locations'.

In the images some overlap of activity in different organs frequently occurred, for
instance, between activity in the right kidney and the liver. We tried to correct for
this overlap by setting the activity in the right kidney equal to that in the left, unless
the apparent activity in the right kidney was less than in the left kidney. The liver
activity, determined in a region that excluded the overlap with the right kidney,
was augmented with the difference between the right and left kidney, but only if
the difference was positive. In most of the images acquired at 20 h p.i. there was
also overlap between activity in the colon on the one hand, and activity in the liver,
kidneys, and spleen on the other hand. The activity in liver, kidneys and spleen at this
late time was calculated by extrapolating the activity in the overlap-free part of these
organs to the total organ. The colon activity was taken as the activity present in the
total colon region minus the activity (found by extrapolation as described above) in
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the overlapping parts of liver, kidneys and spleen.

The fraction of the tracer to be excreted in the feces can be obtained in the following
way. Calling the decay corrected total activity that has left the body at the time of
the last whole body scan fID_, the activity in the feces fID, __, and the activity still
present in the colon fID_, , it is given by (fID,__ + fID__)/(fID _+ fID_, ).Itis
assumed that no re-uptake from the colon takes place. The calculated ratio only holds
for the time interval during which excretion was monitored, since metabolisation of
the tracer can result in a change in the relative contribution to the clearance by the
liver and kidneys. Note that the simpler ratio fID,__ /fID__is likely to be much more
variable because people may or may not defecate within a 20 h interval.

Organ residence time was obtained by integrating the organ activity curve that was
normalized with the injected activity, but not corrected for physical decay. For the
liver, kidneys and spleen the activity curves were constructed from both the dynamic
and whole body scans. For all other organs only the whole body data could be used,
because the dynamic study covered only a part of the trunk. In the integration the
available data points were connected pair wise with an exponential function. The first
and last functions were extrapolated to time zero and infinity, respectively.
Quantification of organ activity, residence time and biological half-life was performed
with own software developed on the Siemens Icon computer platform (Siemens
Gammasonics, Hoffman Estate, IL, USA). Organ doses and effective dose were
calculated with the Mirdose 3.1 program'®, applying the dynamic bladder model'*,
with a voiding interval of 4 h and the individually measured biological half-life.
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4.3 Results

The injected dose of BTAP-annexin A5 was on average 579 + 89 MBgq; the
radiochemical purity was 96 + 4%.

Figure 4.1 shows a typical example of the activity distribution at 1 h, 4 h and 20 h
p.i. Uptake in target regions, i.e. regions where apoptosis might have been increased
due to disease, was negligible from a dosimetric point of view. Since all patients had
normal kidney and liver function, it was assumed that all data could be pooled and
considered as representative for normal humans.

In Figure 4.2 the average uptake and uptake + the standard deviation are shown as
a function of time for a few source organs, including the left kidney, liver and spleen.
A curve giving the activity in the total body is shown also. To enable comparison
between BTAP-annexin A5 and the previously used Imino-annexin A5, the curve for
the activity in the total body for the latter tracer agent has been included.

Figure 4.1 Conjugate views from whole body scans of a male (53 y), acquired at about 1h, 4h
and 20h after intravenous injection of 566 MBq of BTAP-annexin A5. In each pair at the left

the anterior and at the right the posterior view.



Chapter 4: Annexin A5: Patient biodistribution and dosimetry

117

— —
@) @)
— =
— —
S 040 o 016
e LIVER o L-KIDNEY
o Q
‘D030 3o
Q Q
A 2
* o NaA
Q ")
2 N\ P
S o S o
5 =)

0,00 T v, 00

o b 10 15 . 5 0 5 10 15 20 5
time (h)
— —
a a
— —
S20,06 =100
o o
o SPLEEN P
.9 \ .S o
£ om £
< <
&) & o050
~— N~—
O ooz )
-4 4 o
= =
oy oy
2 o = 000
0 5 10 15 0 25 0 5 10 15 20 25
time (h) time (h)

Figure 4.2 Decay corrected time - ®™Tc uptake curves for liver, left kidney, spleen and total
body after intravenous injection of BTAP-annexin A5. Curves with mean and [mean + 1
standard deviation] are shown. For comparison, the total body curves for Imino-annexin A5
are shown also (dashed lines).

The effective biological half-life in the total body is 16 + 7 h BTAP-annexin A5, and
62 + 13 h for Imino-annexin A5. It is noted that this biological half-life has been
estimated by fitting a single exponential function to the (three) data points obtained
from the whole body scans. This will yield some effective value, because the clearance
is initially faster than at later times, as can be seen from Figure 4.2 (after the wash-in
period). Pharmacokinetic parameters of decay corrected *™Tc activity in blood are
given in Table 4.1.

Table 4.1: Pharmacokinetic parameters of decay corrected **™Tc activity in blood during the
first 20 hours after injection in patients (n=8)

component o 8
Measurement t% (min) Fraction t% (h) fraction
265 0.87 + 0.04 6.9+ 1.4 0.13 £ 0.04
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The data could reasonably well be fitted with a two-component model. It should be
noted, however, that the resulting parameters depend on the time interval used in the
fit (here 0-20 h). This shows that a two-component model is not really appropriate,
but that more components or a distribution of components must exist.

Table 4.2 presents the average uptake for all source organs at 70 min after intravenous
injection. We grouped organ uptake values in three categories, (non-)Hodgkin
(n=3), decompensatio cordis (n=3) and subacute infarction (n=2) and compared
these groups using a one-way ANOVA model. Applying a significance level of 0.05
with a Bonferroni-Holmes correction, the inter-group differences were found to
be statistically not significant. Effective half-life, residence time and absorbed dose
for a number of organs have been included also in Table 4.2. For comparison the
corresponding absorbed doses for the previously studied Imino-annexin A5 are
shown as well*’. It is seen that with both formulations the kidneys receive the highest
absorbed dose (63 pGy/MBq for BTAP-annexin A5, compared to 93 pGy/MBq
for Imino-annexin A5). Other organ absorbed doses are at least a factor 3 lower.
The effective dose for BTAP-annexin A5 (7.6£0.5 pSv/MBq) is lower than that for
Imino-annexin A5 (9.7 £ 1.0 pSv/MBq).

At 20 h p.i. the total fraction excreted was 65 £11 % of the ID, while the fraction
found in the feces was 7+8% of the ID. The activity excreted in the urine up to 20 h
p.i. can be estimated from measurements on the collected urine, which yields 57 +
12% of the ID, but also from the difference between the total activity that has left the
body and that present in the feces, which yields 58 + 9%. The fraction of the injected
dose to be excreted in the feces, estimated from measurements up to 20 h p.i., was 27
+ 6%; the rest will be excreted in the urine.
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Table 4.2: Dosimetric data (mean + SD) for intravenously administered
BTAP-annexin A5 (n = 8)
uptake at effective  residence absorbed absorbed dose
70 min p.i.”  half time dose 99" Te-i-AnxA5%
life"
Organ ®ID] b [ [4Gy/MBq]  [nGy/MBq]
Kidneys 27.7 £ 8.0% 3.2+05 1.20+0.45 63 +22 93 +24
Liver 20.2t44 35+05 0.85+0.18 13£3 17+2
Red bone marrow 4.6+2.2 3.8+0.7 0.22%+0.10 4.0£0.7 55+0.8
Spleen 2.8+0.8 34+04 0.12£0.03 15+3 22+6
Testes (n = 6) 0.24+£0.08 3.7+0.7 0.015%0.005 63+1.6 15£3
Thyroid 0.28+0.12 3.2+04  0.010+0.005 5.6 3.6 10+6
Urinary bladder$ - - 0.39 £0.09 206 75+2.6
Remainder - - 2.50+£0.69 - -
Total body 96.7+19 42+04 5.65+049 7.6 £0.5% 9.7 £1.0%

Notes:

" Uptake values are corrected for physical decay.

* Results are from a fit with a single exponential.

% From reference®’

* This is two times left kidney uptake; see text.

$ Dynamic bladder model***; voiding interval 4 h, biological half-life of activity in total body
from individual measurements (average 16 + 7 h), fraction of activity to urine = 0.7.

& Effective dose (ICRP 60) in pSv/MBgq.
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4.4 Discussion

Application of BTAP-annexin A5 in patients causes an effective dose of 7.6 + 0.5
puSv/MBg, corresponding to a total effective dose of 4.6 + 0.3 mSv for a typical
patient dose of 600 MBq. These values are slightly lower (22 %) than those for the
previously studied compound Imino-annexin A5, Although this reflects that most
organs received a lower absorbed dose, some organ doses are increased. For instance,
the absorbed dose to the urinary bladder and the upper and lower large intestine
wall are approximately a factor of 2 - 3 higher. The effective biological half-life in the
total body is 16 + 7 h for BTAP-annexin A5 versus 62 £13 h for Imino-annexin A5.
Therefore, the differences in organ and effective doses are probably the result of the
faster clearance of BTAP-annexin A5, as this is beneficial for most organs, except the
bladder and the gut.

Our inclusion of patients with various diseases in this study may need some
discussion. Clearance of the tracer is mainly effected by the kidneys and the liver,
and the function of these organs was normal in all patients. The patients differed
from normal persons only in some focal disease, which could cause a local increase in
apoptosis. The uptake due to this apoptosis is but a very small fraction of the injected
dose, and dosimetrically hardly relevant. On the other hand, there was a considerable
variability in uptake and effective half-life of activity, e.g. in the liver and the kidneys,
as may be seen from the standard deviations in Table 4.2. Because we studied a rather
limited number of patients, the finding that our data did not support the hypothesis
that this variation is associated with the disease may not yet be conclusive. However,
even if the variability is disease related, the impact of these variations on the effective
dose will be small, as the effective dose is rather insensitive to the distribution of the
activity. This can be seen from its small relative standard deviation of less than 7 %,
even when organ uptakes vary by as much as 30 %.

In the previous study the high uptake of Imino-annexin A5 in the kidneys and the liver
was expected not to allow the study of apoptosis in these organs and their immediate
neighbourhood. The uptake of BTAP-annexin A5 in the kidneys and liver is even
slightly higher, and, in addition, activity is excreted considerably faster to the gut. The
fractions excreted in the urine and in the feces (including those still in the colon) were
similar, however: 0.27+0.06 for BTAP-annexin A5 versus =~ 0.25 for Imino-annexin
A5%, where both figures were calculated over an interval of about 20h. The faster
excretion of BTAP-annexin A5 may well preclude its use in the whole abdomen. On
the other hand, the study of the thorax and the head/neck region seems well feasible.
It is to be noted that annexin A5 will not cross the intact blood brain barrier, while
the behavior of annexin A5 in brain tumors and brain infarctions inpatients still has
to be elucidated.

The presently investigated compound BTAP-annexin A5 has the advantage of a
higher radiochemical purity (96 + 4%) than Imino-annexin A5 (82 + 12%), but
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its elaborate preparation is not very suitable for common clinical application. New
conjugation methods to obtain *™Tc-annexin A5 with better imaging properties, like
HYNIC-annexin A5, are currently under investigation®.

The best time for imaging may depend upon the application. In our experience,
when studying patients with myocardial infarction, the best results were obtained
somewhere between 4 and 12 hours after administration. From an imaging point of
view, the long biological halflife of BTAP-annexin A5 (16 h), more than twice the
physical halflife of *™Tc (6 h), is certainly still not optimal.

As a kind of check on our red bone marrow dosimetry we made also estimates from
activity in the blood, assuming no binding of activity in the marrow, according to
a method published by Shen et al'®. Using their approach one finds an estimated
absorbed dose of 1.4 + 0.3 mGy for the average injected activity of 580 MBq, while
the presently used method, which is based on regions around the iliac crests'*

2.3 + 0.4 mGy. The difference can probably be explained by some binding in the

, gives

marrow, as suggested before®.
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4.5 Conclusion

The biodistribution and dosimetry of BTAP-annexin A5, a radioactive tracer agent
intended for the in vivo study of apoptosis, has been investigated. The main excretion
routes are via the kidneys and the liver. The compound has a biological half-life of
about 16 h, which is long compared to the physical half-life of **™Tc (6 h). The strong
accumulation of this compound in the kidneys, liver and gut may cause serious
problems in studying apoptosis in the abdomen. The effective dose of 7.6 £+ 0.5 uSv/
MBgq associated with the application of BTAP-annexin A5 is in the lower range of
values found for commonly used *"Tc¢ compounds'**. From a dosimetric point of
view this makes BTAP-annexin A5 even better suited for studies of apoptosis in
patients than the formerly used Imino-annexin A5. This is certainly of value when
changes in apoptosis are to be monitored in repeated studies in the same patient.
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5

Minocycline inhibits cell death in vivo in
myocardial ischemia and subsequent reperfusion

Adapted from: H.H. Boersma, A.D. Petrov, S. L. Wolters, N. Bitsch, M. Sarai, S. Isobe,
A. Bennaghmouch, N. Haider, B.L. Kietselaer, L.M. Stolk, G.J.J. Teule, G.A.K. Heidendal,

L.Hofstra, C.P.M. Reutelingsperger, |. Narula. Minocycline inhibits cell death in vivo in myocardial
ischemia and subsequent reperfusion. Submitted.
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5.1 Introduction

Myocardial infarction is a commonly occurring disease caused by acute thrombotic
occlusion of coronary arteries in the heart. The latter starts initially with ischemia,
resulting in myocardial oxygen and glucose depletion. The lack of oxygen results
in acute myocardial metabolic acidosis, lowering the pH of the heart from 7.2 to
6.5. When accurate medical treatment is applied, thrombus dissolution is obtained,
which results in reperfusion of the ischemic myocardium. Myocardial reperfusion
has been shown to be a strong trigger for programmed cell death'*'*%, It causes
oxidative stress by generation of reactive oxygen species (ROS), which are believed to
trigger apoptotic stimuli. ROS alter the mitochondria, which predominantly enable
the release of cytochrome C and AIF, respectively. The latter events are important
triggers for the induction of apoptosis'’. Other key players in the cell death program
include caspases’®'*?, and members of the Bcl-2 family'***** and constitute attractive
targets for interventional therapies. Caspase 3 is considered to be the executioner
caspase, the activation of which marks the point of no return’. Caspase 3 activation
triggers PS expression at the cell membrane surface®®®!, This process is one of the
early events of apoptosis and persists until the cell is destroyed®. The pivotal role
played by caspases in the propagation of the apoptotic process make the individual
family members an attractive target for pharmacological intervention'®.

Caspases can be targeted directly with caspase specific inhibitors or indirectly by
interfering with the mechanisms resulting in the activation of caspases'®.
Minocycline is a tetracycline with antibiotic and anti-inflammatory properties, which
is used clinically for the treatment of diseases such as urethritis and rheumatoid
arthritis®”'*8, Experimentally, minocycline has also been shown to be neuroprotective
in animal models of cerebral ischemia and to delay progression and improve survival in
mouse models of neurodegenerative diseases''®!, Furthermore, in vitro, it has been
shown that minocycline exerts cardioprotective properties in myocardial ischemia
and reperfusion models. These anti-apoptotic effects were subscribed in part to the
caspase inhibiting capacities of minocycline!**¢2,

Here we investigated the effect of minocycline on cardiomyocytic apoptosis using
two animal models utilizing 30-40 minutes of myocardial ischemia followed by 1
or 3 hours of reperfusion, using **"Tc-annexin A5 and Alexa568-annexin A5 to
measure apoptosis. *"Tc-annexin A5 was tested as a novel method for quantification
of myocardial infarction, whereas the fluorescent Alexa568-annexin A5 was used as a
standard method for apoptosis of evaluation®?. The animal experiments were approved
by the respective animal experiment ethics committees of the Maastricht University
(mouse experiments) or the University of California, Irvine (rabbit experiments).
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5.2 Materials and Methods

Radiolabeling of HYNIC-annexin AS

Recombinant human annexin A5 was used to prepare the used radiopharmaceutical.
" Te-HYNIC-annexin A5 (Theseus Imaging Corp., Cambridge MA) was used to
perform I/R experiments in rabbits®. For each experiment, a vial containing 100
pg of human recombinant annexin A5 conjugated with HYNIC® 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 (30 min, r.t.).

The pH was measured (limits pH 5-7) and RCP was assessed by TLC on silica
impregnated paper (Gelman Sciences, Ann Arbor, MI) using ACD buffer as the
eluent®”, HYNIC-annexin A5 remains at the position of application (Rf= 0), whereas
most radioactive impurities are at the solvent front (Rf= 1)*.

I/R of the murine heart in vivo

Two month old Swiss mice (Charles River) were anesthezised with pentobarbital
(100 mg/kg i.p.), and the trachea was intubated perorally with a stainless steel tube.
The animals were mechanically ventilated with room air. After left thoracotomy
and exposure of the heart the left anterior descending coronary artery (LAD) was
ligated with 6-0 polypropylene just proximal to its main branching point. The surture
was tied over a 1-mm polyethylene tube (PE-10) that was left in place during the 30
min period of ischemia. Blood flow was then reestablished by removal of the tube.
The occurrence of reperfusion could be assessed by the observation of blood flow in
epicardial coronary arteries through the operation microscope. After this procedure,
the thorax was closed and the animals were available for imaging using fluorescently
labelled Alexa568-annexin A5. A subgroup (n=3) received a single 30 mg/kg
intravenous bolus of minocycline (Sigma St. Louis, MO). Minocycline was dissolved
in saline with the aid of DMSO prior to injection into the animals.The controls (n=3)
remained untreated.

In vivo imaging with Alexa568-annexin AS in Mice

Surgery and imaging was performed using a stereomicroscope (Leica MZ FL 11,
Leica, Switzerland). During surgery and the imaging procedure, the mouse body
temperature was maintained at 36.5 °C and electrocardiogram (ECG) was monitored.
Selective excitation of Alexa-568 was produced through a 568-nm band-pass filter.
Emitted fluorescence was collected through a band-pass filter of 600/50 nm on a
Hamamatsu C4742-95 cooled charge-coupled-device camera (CCD) (Hamamatsu
Photonics Systems, Hamamatsu City, Japan), which was triggered by the ECG
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in diastole. Images were processed and analysed with the use of Image]b software
and Microsoft PhotoDraw. An arterial line (polyethylene, PE-10) was introduced
into the left carotid artery for injection. Minocycline was injected upon myocardial
reperfusion. Alexa568-annexin A5 (2.5 mg/kg, Nexins Research, Kattendijke,
The Netherlands) was injected 2 min after the onset of reperfusion. The heart was
exposed through thoracotomy. During the experimental procedure, the exposed area
of the heart was protected from temperature changes and drying with a controlled
moisture system. This imaging protocol allowed capturing images up to 1 h after
reperfusion.

I/R of the rabbit heart in vivo

New Zealand White Male Rabbits (2.5 to 3.0 kg, Western Oregon; Philomath, OR)
were anesthezised with 2.0-3.0% isoflurane. Surgical tracheostomy was performed,
and ventilation was maintained with a Harvard rodent positive-pressure respirator.
The heart was exposed through parasternal thoracotomy, and the pericardium was
removed. The region of the LAD was identified between the aortic root and the left
auricle, and a monofilament suture was placed at the site. The LAD was occluded by
tightening the snare created by passing the suture through a polyethylene tube. The
snare was removed from the LAD after 40 minutes of occlusion'®®. The occurrence of
reperfusion could be assessed by the observation of blood flow in epicardial coronary
arteries. After 30 min of reperfusion, HYNIC-annexin A5 (370 + 29 MBq), was
administered. A subgroup of 3 animals received then a single 30 mg/kg intravenous
bolus of minocycline. Minocycline was dissolved in saline prior to injection into the
animals. The other 3 animals were untreated. Animals remained under anesthesia
until 3,5 h after reperfusion and were then sacrificed using an overdose of sodium

pentobarbital (120 mg/kg).

Ex-vivo imaging with *"Tc-annexin AS and **'T1 in rabbits

For apoptosis imaging, **"Tc-annexin A5 was injected intravenously through the
marginal ear vein. Blood samples were withdrawn from the femoral artery at 1, 5,
15, 30, 60, 120 and 180 minutes after intravenous administration of the radioisotope
in control animals, for blood clearance studies. The pharmacokinetic parameters
were derived using the KINFIT module of the MW/PHARM computer program
package (Version 3.30, MediWare, Groningen, The Netherlands)"*.

To assess the area at risk, 3 min before the sacrifice of each animal 2"T1 (8.9 +
2.5 MBq) was administered intravenously. The heart was carefully dissected.
Therafter, perfusion imaging and imaging of cell death was done simultaneously
using a dual isotope protocol. Radionuclide imaging was performed with a two-head
micro-SPECT gamma camera with micro-CT (X-SPECT, Gamma Medica, Inc;
Northridge, CA). SPECT images of the heart were acquired in 64x64 scaffold, 32
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steps at 120 seconds per step on 140 keV photopeak of *™Tc with 15% window using
low energy parallel-hole collimator for **™Tc images, combined and reconstructed.
Images were captured for 0.5s per view for 256 views in 360° rotation. After SPECT
acquisition, a micro-CT image was acquired. The micro-CT used an X-ray tube
operating at 50 kVp and 0.8 mA. Images were captured for 0.5s per view for 256
views in 360° rotation. The micro-SPECT images were converted to 256x256
scaffold and micro-CT tomographic studies were fused using the X-SPECT fusion
computer programme (X-SPECT, Gamma Medica, Inc; Northridge, CA), allowing
the achievement of simultaneous scintigraphic and anatomical information in all
tomographic scans in three different spatial axes. Furthermore, planar images of the
ex-vivo heart were obtained for 15 min in a 128x128 matrix using a 1 mm low energy
pin-hole collimator. Thereafter the rabbit heart was cut into 4 slices (Figure 5.4). For
quantitative uptake data, each slice was further divided into 8 pieces. Radioactivity
in the pieces of the heart was determined with gamma scintillation counting (1480
Wizard 3”; Wallac Co.). In the case of the administration of ®™Tc-annexin A5, an
automatic spill correction program for **'T1 contamination was applied as well as by
serial assessment of *™Tc was performed. For the quantitative assessment of annexin
uptake, the uptake (percent injected dose per gram) pieces from the infarct territory
and uptake pieces from the remote myocardial region were picked for the assessment
of distribution of HYNIC-annexin A5 activity within each animal heart. A value
of %ID/g > 0.3 was considered as high uptake within the infarcted area of each
myocardium.

To assess biodistribution of HYNIC-annexin A5 in the rabbit, organ samples of
lung, liver, spleen, cortex, medulla, small intestine, large intestine, stomach, muscle,
bladder, testis, urine and bone marrow were excised, weighed and counted in the
same way as decribed for the heart.

Statistical evaluation

Data were statistically evaluated using Student’s t-test. A probability value < 0.05
was considered significant. Results are presented as means + standard deviation,
unless otherwise specified.
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5.3 Results

In vivo imaging in mice with Alexa568-annexin A5: the effect of minocycline
Annexin A5 imaging is a powerful tool to assess reperfusion damage in the heart
after an ischemic episode. Using Alexa568-annexin A5, cell death was detected in
mice undergoing 30 min ischemia and subsequently 1 h of reperfusion. Figure 5.1
(upper panel) shows an example of the ex-vivo uptake in the untreated heart, Figure
5.1 (lower panel) shows the uptake in the minocycline (30 mg/kg) treated heart. In
vivo uptake area values after 60 min were determined to be 7.66 x 10* + 2.03 x 10*for
minocycline treated animals and 2.04 x 10° + 1.87 x 10* for the untreated controls.
After 1 h of reperfusion, the uptake in the treated hearts was significantly lower (ca.
60 %) than in the untreated controls (p< 0.005). An impression of the time-course
of Alexa568-annexin A5 kinetics can be observed in Figure 5.2 After the initial
bloodpool-phase, Alexa568-annexin A5 is either taken up by apoptotic myocardial
cells or washed out from the tissue by the regular circulation.

Figure 5.1: Ex-vivo images of Alexa568-annexin A5 uptake in examples of a mouse heart
after I/R and 1 h of reperfusion. The left side of the figure shows overviews on the whole
heart (magnitude: 2.0). The right side gives a detailed view of uptake in the hearts at the
cellular level (magnitude 10.0). The upper panel depicts the untreated Control, whereas
the lower panel (MINO) shows the results of treatment upon reperfusion with minocycline
(30 mg/kg), respectively. The lower annexin A5 uptake in the treated hearts is indicative of
inhibition of cell death under these treatment circumstances.
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Figure 5.2: Time course of Alexa568-annexin A5 uptake (expressed as area counts) after
onset of reperfusion in the mouse heart. Uptake area counts are depicted versus time (min).
The initial high uptake is due to the appearance of the injected Alexa568-annexin A5 in the
blood. After clearance of Alexa568-annexin A5 from blood, itis bound to the cardiomyocytes.
After 45 and 60 min of reperfusion, Alexa568-annexin A5 binding to minocycline (MINO)
treated animals is significantly lower compared to untreated CONTROL mice.

Annexin A5 imaging in rabbits: treatment with minocycline

In order to be able to perform more accurate quantifications after cell death
assessment we shifted to an I/R model using rabbits instead of mice. Moreover, this
was done because we wanted to validate a nuclear imaging method. After 40 min of
ischemia and 3 h of subsequent reperfusion, the rabbit hearts were subjected to ex-
vivo imaging. Enhanced localization of ®™Tc-annexin A5 was observed in the infarct
area (see Figure 5.3). Comparison of the images of minocycline treated animals with
those of the untreated controls already shows a clearly lower **"Tc-annexin A5 uptake
in minocycline treated rabbits (Figure 5.3).

The specific uptake within the infarcted area in %ID/g was evaluated for minocycline
treated rabbits as well as for the untreated animals. High uptake was defined as %ID/
g > 0.3. The results are shown in Table 5.1. Minocycline treated rabbits showed a
significant (p< 0.02) reduction of 42 % in uptake (>0.3 % ID/g) of " Tc-annexin A5 in
the area at risk of the heart as compared to control animals. The myocardial area at risk
as assessed by **'T1 tended to be larger in the control groups, but was not significantly
different from the minocycline treated group (p=NS). To get a semi-quantitative view
and to improve the evaluability of the results, the %ID/g was calculated for *™Tc and
20'T], The *™T¢/ **'T1 ratio was plotted in a diagram (Figure 5.4).
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Table 5.1: The effect of minocycline on myocardial cell death during 40 min of ischemia and
subsequent reperfusion, determined by ***Tc-HYNIC-annexin A5.

No treatment Minocycline-treatment P-value

High uptake (> 0.3 %ID/g;

.65 £ 0.10 % .38 £ 0.07 9 X
n=3) average % ID/g 0.65 = 0.10 % 0.38 £ 0.07 % P<0.02

Each ring in the diagram represents a slice in the heart. The inner circle depicts the
apex, and the other rings represent slices lying above the apex. The diagrams represent
the result of a representative minocycline treated animal as well as an untreated
rabbit. These results sustain the other presentation forms of the data. The untreated
animal predominantly shows higher *"Tc¢/ **TI ratio’s than minocycline treated
animals (Figure 5.4).

A: No treatment | B: Minocycline-treated

Figure 5.3 (upper panel) A: HYNIC-annexin A5 uptake in a representative example of a
rabbit heart without minocycline administration upon reperfusion. B: HYNIC-annexin
A5 uptake after treatment with minocycline (30 mg/kg). (lower panel) Ex vivo annexin A5
SPECT-CT fusion images, which show in detail the anatomical location of the annexin A5
uptake in the rabbit myocardium. It is evident that both infarctions were apical. Image A
shows the control animal, whereas Image B depicts the minocycline treated animal.



134

A: No treatment B: Minocycline-treated

C: model of the rabbit heart

2

1

Legend: #Tc/?*T1 uptake ratio

0-1 125 255 510 1020 >20

Figure 5.4: Upper: Circle diagrams display the uptake ratio of HYNIC-annexin A5/ **'T1
in two individual rabbits. The observed lower ***Tc/ 2Tl ratios minocycline-treated animals
clearly represent the reduction of cell death within the area at risk of these hearts.

Lower: Model of the rabbit heart showing the slices, which were cut to quantify uptake of
radioactivity in the heart. The numbers in the circle diagrams correspond to the numbers in the
heart model. Furthermore, the analyzed pieces were arranged in an anatomically correct way.
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Pharmacokinetics/ Biodistribution of **"Tc-HYNIC-annexin A5 in rabbits
Radiolabeling of HYNIC-annexin A5 yielded a radiochemical purity of 91.3 + 4.3
%. No side effects were observed after the administration of the radiopharmaceuticals
or treatment agents to the animals. The kinetics of HYNIC-annexin A5 could
satisfactorily be described by a two-compartment model. Figure 5.5 shows the
biodistribution to the main organs of HYNIC-annexin A5 in rabbits after I/R,
with and without minocycline. Minocycline treated animals showed a statistically
significant (p< 0.05) reduction in the uptake of *"Tc-annexin A5 by the lung and
kidney medulla. Table 5.2 shows the main pharmacokinetic parameters obtained for
the blood clearance of ®™Tc-annexin A5.

Table 5.2: Pharmacokinetic parameters of HYNIC-annexin A5. As the values of untreated
and minocycline treated animals were comparable, these were taken together.

Parameter - ¢, t, ,(range, median) V.. Cl
15.5 £ 9.3 min 2.0-187 h (11.0 h) 886 = 5341 93 £821/h
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Figure 5.5: Uptake of ™ Tc-Annexin A5-radioactivity (%ID/g tissue) in N-Z White male
rabbits after 40 min of ischemia and 3 h of reperfusion. Statistically significant differences
(p<0.05) between the organs control rabbits and minocycline treated animals are indicated
with an asterisk (¥).
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5.4 Discussion

Cell death in ischemia and reperfusion

Opver the past 15 years there has been a continuing and lively debate about the nature
of cell death during myocardial injury'®®'6*1® , Up until the nineties, it was believed
that necrosis is the predominant cause of cell death during myocardial ischemia and
subsequent reperfusion.

In 1994, however, Gottlieb and coworkers showed that rabbit cardiomyocytes in vitro
undergo an apoptosis-like form of cell death after exposure to I/R'. After these
findings, more groups gathered evidence on apoptosis in myocardial injury, both in
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animal models'® as well as in post mortem cardiac tissue, collected from patients

who died after a recent myocardial infarction''®,

Measurement of cell death inbibition with annexin AS imaging

During the past five years, we and others have gathered substantial evidence showing
that annexin A5 is feasible to detect cell death in the hearts of animals and patients
undergoing ischemia and reperfusion®%¢6190191 Tt has been demonstrated that
expression of PS is an important symptom, indicative for various forms of cell death™.
Furthermore, it was revealed that caspase 3 is a driving force for PS-expression in
cells during apoptosis®*®. Hence, imaging of PS-expression with the annexin A5
imaging protocol can be employed to measure the effect of cell death inhibitors on
apoptosis and other possible forms of cell death in myocardial I/R injury.

As annexin A5 binds specifically to PS, it is thus able to detect areas with high PS-
expression using radiolabeling, fluorescent and immunohistological methods. The
question remains whether annexin A5 is feasible to quantitatively detect the effect of
cell death inhibition in animals and even in patients.

Dumont et al'® have already shown that the sodium hydrogen exchange inhibitor
eniporide is able to cause a statistically significant decrease in the amount of apoptotic
cells in the heart. In this study, we were able to measure PS-expression in mice and
rabbit myocardial I/R quantitatively. By this means, it was possible to assess the
pharmacological effect of minocycline on myocardial cell death after I/R injury. It
was shown that PS-expression could be inhibited significantly for at least 42 % by 30
mg/kg minocycline in both animal models.

Recently, Scarabelli et al'*® have described cell death inhibition by minocycline in
vitro using an I/R model with isolated cardiomyocytes as well as I/R in perfused
Langendorf-hearts, respectively. A beneficial effect of minocycline in these I/R
models was demonstrated.

The results from the studies described here provide new evidence for our hypothesis
that annexin A5 imaging is able to quantify cell death for comparison between treated
and untreated animals. The decrease in PS-expresion caused by minocycline in these
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I/R models is likely to be due to a cell death inhibitory effect. Although the effect
of minocycline was demonstrated in these two animal models at two different time
points, the long-term beneficial effect of minocycline on I/R cell damage remains to
be elucidated.

Scarabelli et al used the hearts of minocycline-pretreated rats and cell cultures to
perform their experiments'®. In our studies, however, we were able to mimic the
clinical situation by administration of 30 mg/kg minocycline upon reperfusion.

The underlying mechanism of cell death inhibition by minocycline was demonstrated
by Scarabelli et al'®, Interestingly, the amounts of both apoptotic and necrotic cells
were found to be decreased, respectively. Moreover, they showed that the amount of
TUNEL-positive cells as well as the caspase activation of caspase -3, -7, -8, and -9 was
decreased upon minocycline treatment. Furthermore, an increase in the cytoplasmic
ratio of XIAP to Smac/Diablo was observed concomitant with the inhibition of
cytochrome c release from mitochondria'®. The latter suggests that minocycline is
able to inhibit even non-caspase dependent programmed cell death forms™'®,
Minocycline is a relatively non-toxic compound and licensed for antibiotic indications.
Although it was administrered at a high single dose, we expect that it will exert efficacy
when it is given to patients during the first days after an acute myocardial infarction.
Therefore, its use in patients suffering from myocardial infarction is an interesting
target for novel research. Moreover, the protective effect of minocycline against cell
death in inflammation was already shown in patients with rheumatoid arthritis over

along term treatment interval (1-2 years)'”’.

Pharmacokinetics/ Biodistribution of " Tc-HYNIC-annexin A5 in rabbits

To be sure that imaging is not affected by any treatment modality, it is important to
evaluate biodistribution and pharmacokinetic data of treatment and control animals.
This in order to ensure that there are no artificial effects which may have affected the
results obtained.

In this study, the clearance and biodistribution HYNIC-annexin A5 of minocycline
treated rabbits was comparable to the same data obtained in control rabbits. Although
uptake in two organs (lung, kidney medulla) was shown to be significantly different
between the treatment group and the controls, we assume that these differences do
not affect the results. It is still not clear what causes these biodistribution changes.
Moreover, in another I/R study performed in Swiss mice, we showed that eniporide
is able to cause a change in the biodistribution of BTAP-annexin'”'. These results
triggered us to investigate the effect of other treatments regimens in I/R experiments
on annexin imaging and biodistribution more carefully.
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5.5 Conclusion

By performing this study, we have shown that minocycline (30 mg/kg) is able to
inhibit cell death during myocardial ischemia and reperfusion in both rabbits and
mice. This effect was already postulated in vitro, but here we were able to quantify the
effect of minocycline in I/R using annexin A5 imaging procedures under mimicked
clinical circumstances. Furthermore, we have observed that minocycline treatment
only marginally affects ***Tc-HYNIC-annexin A5 biodistribution in rabbits. New
studies are in progress to investigate the mechanisms of cell death inhibition by
minocycline in vivo and to validate the observed cell salvaging effect of minocycline
in patients with myocardial infarction.
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6

General Discussion
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6.1 Introduction

Programmed cell death has a crucial role in physiological homeostasis as well as in
pathology. Many drugs, such as cytostatics, affect the cell death process'®. Thus,
the detection and quantification of PCD in vivo can provide insight into the disease
status and/ or treatment efficacy of a patient.

The externalisation of phosphatidyl serine (PS) at the cell membrane is one of the
first events at the cell membrane of a dying cell and it also persists until the cell
is destroyed®. Annexin A5, binds with high affinity to PS on dying cells. This
quality seemed to be hardly affected by labeling with fluorescent or nuclear probes.
Fortunately, it was possible to develop fluorescent and radiolabeled annexin A5,
suitable as a molecular imaging tool. Fluorescent and radiolabeled annexin A5 were
tested in animal models®>'%°,

Interestingly, the actual development of annexin A5 as a cell death detecting
agent occurred by chance. Having been discovered as a protein with anticoalguant
properties, annexin A5 was already known as a PS-binding ligand'*. This is because of
the PS-expression on blood platelets, which is a target for annexin A5. It was revealed
by Fadok and coworkers that apoptotic cells also have PS on their cell membranes™.
This mechanism serves as an ‘eat me-signal’ to enhance phagocytosis''*. Hereafter it
was demonstrated that annexin A5 binds to externalized PS on apoptotic cells with
high affinity and specificity®*®!,

Technetium labeled annexin A5 was performed for the first time in patient imaging
at the Maastricht University Hospital.

Using this methodology, imaging in patients with myocardial ischemiaand subsequent
reperfusion using technetium-labeled annexin A5 could be described®®®®, It was also
shown that the available technetium labeled probes were not suitable for imaging the
abdomen®>®”1%, This hampered for example the imaging of tumors in the colon, liver
and kidney. Furthermore, the quality of annexin preparations could not be evaluated
accurately.

The purpose of this thesis was to gain insight and to develop methods to improve the
annexin A5 nuclear imaging protocol. Because of the development and availability
of new labelling methods in time, there was a need to use three different conjugation
types of annexin A5 to *™Tc. We used HYNIC-annexin A5 for the research
described in Chapters 2 and 5, research with the BTAP-annexin A5 conjugation
method was demonstrated in Chapters 3 and 4, whereas Imino-annexin A5 appeared
only in Chapter 3.

In this thesis, the first part of the research described is about quality control of the
biological functionality of annexin A5 preparations (Chapter 2). The second part of
this thesis (Chapters 3 and 4) describes the imaging challenges and biodistribution
pitfalls of the early technetium labelled annexin probes®>'®®, Chapter 5 shows how
#mTc-annexin A5 can be used as a treatment evaluation tool. Similarly, the first
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paragraphs in this discussion will be about the quality control of annexin A5. The
second part of this discussion will be about biodistribution, imaging properties and
their improvement options. The third part will be about the option to use annexin A5
imaging for treatment evaluation. It has become clear that annexin A5 based imaging
is feasible for evaluation of (anti-)cell death treatment. But what is its clinical impact
and future perspective?
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6.2 Biofunctionality assessment of annexin A5
and its importance for imaging

To assure the correctness of an imaging procedure, accurate quality control of the
tracer is required. This is illustrated by the paper from Subbaryan et al.'”?, They
demonstrated that annexin A5 can easily be labeled with ***Tc using a hydrazide
method in the presence of tricine, PDTA and stanous chloride. They achieved a high
labeling efliciency using ITLC. However, a major pitfall in this study is the question
whether the labeled annexin A5 is still bioactive. This is because the protein was
heated to 90 °C for 10 min. It has been demonstrated, however, that annexin A5
denaturation already occurs at 60 °C and 15 min of heating (Chapter 2)*. So, it
would be inaccurate to use ITLC alone in order to measure the biofunctionality of
the radiopharmaceutical'”.

The radiolabeling procedure of annexin A5 prior to injection into the patientis a step that
should take a short time. This is because of the short half-life time of most radioisotopes,
such as ®"Tc (t,,= + 6 h), F (r, ,= + 1.8 h) and ®*Ga (¢, ,= 68 min). The results of
a physical analysis, such as TLC do not provide any information about the biological
functionality, and consequently, the PCD imaging capacity of the radiolabeled annexin
A5. Hence, there is a great need for a rapid and simple method to determine the biological
activity of radiolabeled annexin A5, which is prepared for clinical use. The development
and initial validation of a rapid and simple method to measure the percentage of biologically
active " Tc-annexin A5 within the short time-window between preparation and injection
of the radiopharmaceutical has been described (Chapter 2). It was demonstrated that
this assay measures the biological activity of Annexin A5 that underlies its apoptotic cell
binding property. Furthermore, it has been shown that this assay is robust, repeatable and
reproducible. Its speed makes it suitable for inclusion in a clinical setting, The assay was
named the ApoCorrect™ assay.

Another point that has been adressed using this biofunctionality assay, was
the measurement of neutralizing antibodies. Repeated administration of *"Tec-
Annexin A5 to a patient may cause the generation of antibodies neutralizing
the biological activity of Annexin A5. As this had already occurred with some
preparations containing erythropoeitin, regulatory authorities such as the FDA
and EMEA stipulate availability of analytical procedures that measure neutralizing
antibodies of compounds that are to be administered to patients parenterally.
The ApoCorrect™-assay was therefore adapted to determine the presence of antibodies
neutralizing annexin A5. The assay was validated using a monoclonal antibody and
polyclonal antibodies against annexin A5 (see Chapter 1). Plasma samples of healthy,
9mTc-annexin A5-naive volunteers were used as negative controls. It was demonstrated
that the method was able to accurately detect the presence of neutralizing antibodies
against annexin A5. So, annexin A5 biofunctionality assessment can be used in
various ways for both quality control and patient autoantibody determination.
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6.3 Biodistribution of radiolabeled annexin A5:
how a pitfall remains a challenge.

Chapters 3 and 4 gave more insight into pharmacokinetics, imaging properties and
biodistribution of Imino-annexin A5 and BTAP-annexin A5, respectively. The main
disadvantage of Imino-annexin A5 was the overall high uptake of the tracer in liver,
kidney, spleen and gut combined with a long biological half life. The predominant
disadvantage of BTAP-annexin A5 was its high and fast radioactivity uptake in the
gut. The latter combined with high radioactivity uptake in the same organs as for
Imino-annexin A5 made the compound suitable only for imaging in the thorax,
head and neck region, as well as the extremities (Chapter 3) *>'°, Furthermore, it
was demonstrated that the biodistribution of radiolabelled annexin A5 is markedly
influenced by the conjugation method used (Chapter 3)*.

The poor biodistribution properties of both Imino-annexin A5 and BTAP-annexin
A5 triggered us to try to find a way to improve biodistribution. By then, it appeared
that there were two ways to improve annexin A5’s biodistribution: either by changing
the protein or by changing the labeling method.

A change in the protein has been attempted. Unfortunately, it was not possible to
include the results obtained in this thesis. An in vitro study showed the structure-
activity relationship of inactivated domain I Ca®* type II binding sites of Annexin
A5 and its inhibitory activity on cellular processes®*’. No data were available yet on
the biodistribution of these annexin A5 derivatives. Therefore, the purpose of the
study was to investigate the biodistribution of BTAP-annexin A5 derived proteins
using annexin A5-mutants in which one or more of the the four different type IT high
affinity binding sites are disabled. We were however not able to perform reproducible
labeling of mutants using the BTAP method. Moreover, most mutants showed even
higher uptake in the liver and spleen of Swiss mice than wild type BTAP-annexin
A5 and were therefore not suitable candidates for improved imaging with annexin
A5 (H.H. Boersma, E.A. Dumont, et al, unpublished observations). Although
we still intended to perform new experiments using HYNIC-labelled mutants of
annexin A5, the publication of Tait et al about the biodistribution of annexin A5
mutants with disabled Ca?* type II binding sites prevented further studies'’*. They
showed that the blood clearance of annexin A5 was not affected by its overall net
charge and affinity of binding to PS. On the basis of their results they postulate
that the clearance by the kidneys is a PS-independent process, whereas uptake in
normal liver and spleen decreased with the PS-affinity of the changed annexin A5
molecule. The same pattern was observed in animals treated with cycloheximide to
induce apoptosis. Control experiments with charge mutants showed that the effects
seen with the affinity mutants were not due to the concomitant change in molecular
charge that occursin these mutants. They conclude that all four domains of annexin
A5 are required for optimal uptake in apoptotic tissues. Annexin A5-derivativeswith
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only one or two PS-binding sites are unlikely to be suitable for imaging of cell death
in vivo. They suggest that uptake in normal liver and spleen is specific whereas renal
uptake is nonspecific’’*#'7,

Atleast, one change in the labeling method turned out to be more fruitful. The advent
of HYNIC-annexin A5 for use in patients as well as in animals gave us an annexin
A5 radiotracer with improved biodistribution®®*'?!, This evolution shifted the focus
of this thesis to other topics such as treatment evaluation and quality control of the
radiopharmaceutical.

The currently used HYNIC-annexin A5 radiopharmaceutical has a good
biodistribution profile and is suitable for regular clinical use, but still some needs
are unmet. HYNIC-annexin A5, even more than Imino-annexin A5 and BTAP-
annexin A5, shows very high uptake in the kidney, thus hampering imaging of cell
death within this organ.

"»I-annexin A5 and the recently developed DTPA/DOTA-annexin A5 are other
examples that show less uptake in at least the kidney. The rather complex labeling
method used for '?’I-annexin A5 is expected to hamper further clinical development®.
However, for DTPA-annexin A5 labeled with "'In and ®*Ga promising results were
obtained in animal studies with SPECT (*'In)"”® and PET (**Ga) imaging (S.L.
Wolters et al, unpublished observations). The paper by Sarai et al demonstrates that
the kidney uptake 3 h after injection of '"'In-DTPA-annexin A5 in rabbits is about
half of the %ID/g tissue measured for HYNIC-annexin A5 at the same timepoint'’®,
Using ®*Ga-DTPA-annexin A5 we did not observe evident kidney uptake after
administration of the tracer in a rat after an I/R experiment (S.L. Wolters et al,
unpublished observations).

Hence it is clear that the development of conjugates with a better biodistribution
profile should be continued. The research group of Tait, who used endogenous
chelation sites for **™Tc-labeling of annexin A5, shows promise as well in this respect.
It leads to better target/ background ratios and less uptake in the liver, kidney and
spleen'”*. They showed that the biodistribution of annexin A5 is influenced by the
labeling method. For example, the annexin A5 mutant 128 with endogenous *™Tc-
chelation sites is taken up by the apoptotic cell to a similar or even better extent than
HYNIC-annexin A5. Furthermore they demonstrated that mutant 128 has a much
lower renal uptake at 60 min after injection. The latter was suggested to be due to
a more rapid urinary excretion of radioactivity in the case of annexin A5-mutant
1287175, Tt is evident that the progress, described above, in the development of
annexin A5 imaging tracers will sustain its use and clinical application in the future.
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6.4 From imaging feasibility to treatment evaluation,

and beyond......

Biodistribution bothered us in the first years of radiolabelled annexin A5 utilisation.
Because of the high uptake in the liver, kidney and spleen, a long time interval was
required between administration of the tracer and, for example Acute Myocardial
Infarction (AMI) imaging (15-20 h). Still, little is known about the necessary time
frame between administration of radiolabelled annexin A5 and subsequent imaging.
It is assumed that this is caused by a coincidence of biodistribution features of the
used radiopharmaceutical with the targeted cell death process. For instance, the
obtained imaging results with BTAP-annexin A5 show that it is able to vizualize
a breast tumor 4 h after administration of BTAP-annexin A5. This is in marked
contrast with experiences in AMI imaging using HYNIC annexin A5%. Using
HYNIC-annexin A5, however, AMI can be imaged best 4-6 h after administration
of the compound (L. Hofstra, personal communication)'”.

Another very interesting question remains about what is actually assessed by PS-
expression imaging, Is this cell death or more? And what is cell death? New and
renewed insights on this topic are in a fast developmental mode at this moment.
Recently, an intriguing review appeared on the natures of cell death'®. Furthermore,
based on the former review, a related review on the disguises of cell death and the
role of PS-expression in the appearance of several cell death forms will be published
soon'””,

To be able to perform therapy evaluation using annexin A5, more information must
be gathered in order to validate the use of annexin A5 for (anti-)apoptotic treatment
of disease in humans. The latter would be of great interest for the prediction of
treatment outcome in patients. For instance, the use of annexin A5 to determine the
efficacy of chemotherapy or radiation therapy in cancer in order to be able to predict
patient survival would be of great value.

Another interesting approach is the evaluation of cell death inhibition, as has been
demonstrated in Chapter 5 for minocycline treated myocardial I/R and subsequent
reperfusion in mice and rabbits. It is evident that imaging with annexin A5 probes
can be developed as an important tool to evaluate drugs regarding their cell death
inhibitory or PCD inducing properties. Large clinical trials should be conducted to
prove the feasibility of these methods in patients.

Simultaneous measurements of cell proliferation, cell death and cellular oxygen
consumption using radiopharmaceuticals labeled with different radionuclides, is
the ultimate goal of radiotherapists in particular, in order to individualize patient
treatment. Nuclear Medicine could play an important role in this fascinating
approach'”,
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6.5 Future Perspectives

Based on the research described in this thesis, new developments can be made in the
near future. Apart from the issues already mentioned in this discussion, the following
items are of interest:

+ A method with high potential in patient management is e.g, the determination
of tumor malignancy in particular tumor types. There is some evidence that
highly malignant tumors show high PS-expression. More clinical evidence is
needed to warrant the feasibility of this method'”.

+  The development of anxA5 containing pharmaceuticals for the targeting
of drug treatment in diseases like cancer would enhance the ability to treat
diseases more specifically. Targeted therapy presumably increases treatment
efficacy and similarly decreases the probability of adverse reactions in patients.
The property of annexin A5 to internalize within a cell is certainly of interest
regarding treatment options. The ability of the annexin A5 molecule to serve as
a carrier for therapeutics is the subject of further research'”.
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7.2 Summary

PS-expression on the outer cell membrane is one of the “eat me” signals at the surface
of the dying cell. PS-aflinity of annexin A5 forms the basis for its development as a
diagnostic tool.

Opver the last ten years, annexin A5 has been developed for both in vitro and in vivo
use to detect cell death. Annexin A5 was labeled with fluorescent groups, biotine or a
radioisotope to visualize its binding to expressed PS on dying cells in vitro and in vivo.
The research described in this thesis is based on the cell death detecting properties of
annexin A5. The main goal was to improve molecular imaging with annexin A5. We
showed that it is possible to improve quality control of radiolabeled annexin A5, we
described its biodistribution and dosimetry and finally showed that the annexin A5
imaging protocol can be used as a tool to evaluate drug treatment in animals during
I/R experiments.

Chapter 1 gives an introduction into annexin A5 and shows its properties and
challenges. We discussed annexin A5’s biological activity as the radiopharmaceutical,
pharmacological and biodistribution aspects of annexin A5. Furthermore, clinical
relevance, limitations and future perspectives of this approach of visualizing cell death
are reviewed and discussed. Radiolabeled annexin A5 looks promising in becoming a
clinically applied radiopharmaceutical with potential applications in cardiology and
oncology. Visualization of cell death is important in pathologies such as myocardial
infarction, atherosclerosis and cancer. Also, it may be developed towards a tool for
monitoring cell death inducing or cell death preventing therapies. In addition, the
experiences with radiolabeled annexin A5 open novel avenues for drug targeting with
annexin A5 as a biological “cruise missile”.

The first target to achieve this was to develop a quality control method that made it
possible to quickly and accurately assess the biological functionality of radiolabeled
annexin A5 for example. We described such a method in Chapter 2. Because of the
short half life of the commonly used radioisotope labels it is important to limit the
time span between preparation of radiolabeled annexin A5 and its administration
in the patient. Therefore methods of quality control that determine the biologically
active fraction in the radiolabeled annexin A5 should not only be accurate and precise
but also rapid. We reported the development and validation of a rapid, simple assay
measuring the biological active fraction of radiolabeled annexin A5. The assay is
based on a solid phase of paramagnetic beads that are coated with phospholipids.
Annexin A5 binds to these beads with high affinity if PS is present within the
phospholipid coat. Furthermore the binding depends on Ca®*-ions and functional
Ca**/phospholipid binding sites of Annexin A5. The bead assay is specific, stability
indicating, repeatable and reproducible. It allows for determination of the biological
active fraction of a radiolabeled annexin A5 preparation, within 25 minutes. We
dubbed this assay the ApoCorrect™ assay.
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In Chapters 3 and 4, a thorough description and analysis of annexin A5’s labeling
methods, biodistribution, pharmacokinetics and imaging properties was given.

In Chapter 3 two radioisotope conjugation methods have been compared with
respect to their biodistribution and imaging properties. To evaluate the potential of
radiolabeled annexin A5 we studied the pharmacokinetics and imaging properties
of two investigational radiopharmaceuticals, Imino-annexin A5 and BTAP-annexin
A5. Plasma concentrations of **Tc -radioactivity and the annexin A5 antigen were
quantified up to 4 h after administration. Furthermore, for BTAP-annexin A5 the
stability in plasma was assessed. Endogenous annexin A5 levels were also measured
in a control group of patients with myocardial infarction. These data were compared
to the annexin A5 levels found in the treated subjects. Pharmacokinetic parameters
were derived by non-linear regression analysis. The biodistribution of radioactivity
was derived from conjugate anterior and posterior views obtained with a dual head
gamma camera, applying corrections for attenuation and scatter.

The kinetics of radioactivity in plasma could be described by a two compartment
model. Both preparations had similar half-lives (¢,  ~ 15min, t, , ~ 4 h), but showed a
different distribution of the radioactivity over both components. The BTAP-annexin
A5 complex was stable in plasma up to at least 20 h after injection. The endogenous
level of annexin A5 in the control group showed considerable fluctuations, as did
the total annexin A5 level in the patients receiving technetium labeled annexin A5.
Both radiopharmaceuticals accumulated in the kidney and the liver, and later in the
gut. BTAP-annexin A5 was excreted significantly faster than Imino-annexin AS5.
Furthermore, we showed the feasibility of cell death imaging in patients suffering
from myocardial infarction as well as tumors of both head and neck region and the
extremities. Due to the poor biodistribution of both conjugation methods, however,
imaging in liver, kidney, spleen and abdomen is not possible. So, new labeling
modalities are required to enable imaging with annexin A5 in these areas.

In Chapter 4 the biodistribution and the associated radiation dose of BTAP-
annexin A5 has been studied. Organ uptake was estimated after correction for
body background activity, attenuation and scatter. Residence times were calculated
from the dynamic and whole-body studies. Furthermore organ doses and effective
dose were determined. It was found that the radioactivity accumulated mostly in
the kidneys and the liver. Uptake in the target tissues (lymphomas or heart) was
negligible from a dosimetric point of view. By extrapolation of data, one finds that
approximately one quarter of the injected dose will be excreted in the feces, and all
other excretion will take place in the urine. BTAP-annexin A5 has a high uptake in
the kidneys and liver, even higher than that found for the previously studied Imino-
annexin A5. The biological half-life is shorter, however, but still long compared with
the physical half-life of **"Tc. The faster appearance of activity in the intestines may
preclude imaging of apoptosis in the abdomen. The effective dose is within the lower
range of values reported for typical *™Tc compounds.
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Finally, we showed how a treatment modality can be assessed using radiolabelled
annexin A5. In Chapter 5, the cell death inhibitory effect of minocycline has been
evaluated. Minocycline is a commonly used antibiotic that exerts anti-apoptotic
activity. It was tested in two models of myocardial I/R injury, using fluorescent
Alexa568-annexin A5 as well as HYNIC-annexin A5 to determine the change in
the extent of myocardial damage. Firstly, I/R injury was produced in a mouse model.
Three of 6 Swiss mice received minocycline treatment at reperfusion. Then, optical
imaging using Alexa568-annexin A5 was performed. Furthermore, we tested the
hypothesis in a rabbit I/R model. Here, HYNIC-annexin A5 was injected. **'T1 was
injected shortly before sacrifice i.v. to define the myocardium at risk by tightening the
ligature again. Ex vivo dual isotope imaging was performed on the heart to define
the areas under risk and damage. Gamma counting of the fractionated heart was
performed to assess myocardial damage. Three of the 6 rabbits received minocycline
at reperfusion. We performed annexin A5 imaging in both mice and rabbits treated
without and with minocycline. Treated mice demonstrated a significant lower uptake
of Alexa568-annexin A5. Minocycline treated rabbits showed a significant reduction
in % injected dose per gram uptake of HYNIC-annexin A5 in the area at risk as
compared to control animals.

Therefore, we conclude that administration of minocycline at reperfusion rescues
cardiomyocytes from apoptotic insult induced by I/R. These results should encourage
the use of minocycline in clinical I/R studies.
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Final conclusions.

By performing the research in this thesis, more information was gathered about
annexin A5’s properties as a radiopharmaceutical and imaging tracer. We developed a
biofunctionality assay to achieve a better quality control on the PS-binding properties
of the molecule before administration to the patient. Furthermore, we described
the pharmacokinetics, biodistribution and imaging properties of two radiotracers
containing annexin A5. The latter gave us more information about its imaging and
biodistribution pitfalls. This, in order to aid the development of better annexin A5
imaging probes in the future. Finally, it has been shown how the annexin A5 imaging
protocol can be used as a tool for treatment evaluation. We assessed minocycline cell
death inhibition in myocardial I/R injury by annexin A5 imaging, This methology
is already being used successfully for treatment evaluation in radiation therapy.
Therefore, there is a need for further clinical research to establish therapy evaluation
using annexin A5.
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7.4 List of Abbreviations

AIF =
ATP
BTAP-annexin A5

Caspase =
cFLIP =
Chol =
CT

Ccv =
DTPA =
EC-annexin A5 =
EDDA =
FITC =
GTP =
H&E =
HYNIC-annexin A5 =

I/R =
Imino-annexin A5 =
IC,, =
ITLC, TLC =
MIBI =
MRI =
PC =
PCD

PE =
PEG =
PET

PI =
PLA, =
PP4

PS =
PTCA =
QC

RCP =
SPECT =
TLC =
TNF =

apoptosis inducing protein factor

adenosine triphosphate
4,5-bis(thioacetamido)pentanoyl)-annexin A5,
99 Te-BTAP-annexin A5.

Cystein aspartate specific protease

cellular FLICE Inhibitory Protein

Cholesterol

computer tomography

coefficient of variance

DiethyleneTriamine Penta Acetate
ethylenedicysteine-annexin A5
ethylenediamine diacetic acid

Fluorescein Isothiocyanate

guanosine triphosphate

Hematoxylin and Eosin
hydrazino-nicotinamide-annexin A5,

9 Te-HYNIC-annexin A5

inschemia and reperfusion injury

99" Te-(n-1-imino-4-mercaptobutyl)-annexin A5
the concentration at which 50% of the inhibitory
effect is observed

Thin Layer Chromatography

99mTe-Sestamibi

magnetic resonance imaging

Phosphatidyl choline

prgrammed cell death

phosphatidyl ethanolamine

polyethyleneglycol

Positron Emission Tomography

propidium iodide

Phospholipase A, enzymes

placental protein 4

phosphatidyl serine

Percutaneous Transluminal Coronary Angioplasty
Quality Control

Radiochemical purity

Single Photon Emission Tomography

Thin Layer Chromatography

Tumor Necrosis Factor
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TRAIL
TUNEL

VAC-a
HEPES
EDTA
M1234
EGTA

(Y
FPLC
ELISA
ANOVA
ROS
LAD

TNF-related apoptosis inducing ligand

Terminal deoxynUcleotidyl transferase deoxyuridine
triphosphate Nick-End Labeling

vascular anticoagulant protein alpha
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
ethylenediaminetetraacetic acid

the non-PS binding mutant of annexin A5

ethylene glycol bis(2-aminoethyl ether)-N,N,N'N*-
tetraacetic acid

coefhicient of variance

Fast Protein Liquid Chromatography

Enzyme Linked Immunosorbent Assay

Analysis of Variance

Reactive Oxygen Species

Left Anterior Descending coronary artery
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7.5 Samenvatting

Als een cel de vetachtige stof PS (fosfatidylserine) naar de buitenkant van de
celmembraan brengt, is dit voor de omringende cellen een teken dat de cel gaat
sterven. Sommige witte bloedcellen (macrofagen) worden met dit signaal opgeroepen
om de betreffende cel op te eten. Het lichaamseigen eiwit annexine A5 kan aan PS
binden. Annexine A5 kan gekoppeld worden aan een fluorescerende groep of een
radioactief isotoop. Het onderzoek in dit proefschrift is gebaseerd op de hierboven
beschreven eigenschap van annexine A5 om celdood te kunnen opsporen.

Eerder al kon met behulp van dit proces een methode ontwikkeld worden om celdood
in gekweekte cellen te meten. De fluorescentie of radioactiviteit wordt hierbij omgezet
in een meetbaar signaal. Na wat aanpassingen kon deze methode ook toegepast
worden in proefdieren en in de mens. In dit proefschrift is gebruik gemaakt van deze
methode.

Het doel van de uitgevoerde experimenten was het verbeteren van bestaande
methoden om met radioactief annexine A5 celdood zichtbaar te maken. We hebben
allereerst een verbeterde kwaliteitscontrolemethode ontwikkeld. Verder is de
verdeling van het eiwit in het lichaam en de radioactieve stralingsbelasting die het
radioactieve annexine A5 tot gevolg heeft, onderzocht. Daarmee werd ook aangetoond
dat radioactief annexine in de mens celdoodprocessen bij zowel kanker als hart- en
vaatziekten zichtbaar kan maken. Ten slotte hebben we onderzocht hoe annexine A5
gebruikt kan worden voor het beoordelen van de werking van een celdoodremmend
geneesmiddel.

Bij de in dit proefschrift beschreven experimenten hebben we zowel gebruik
gemaakt van radioactief als fluorescerend annexine A5. Met een gammacamera
zijn de radioactieve signalen omgezet in een zichtbaar beeld, terwijl voor de
fluorescentieopnamen gebruik gemaakt werd van een fluorescentiemicroscoop om
het fluorescente annexine A5 te laten zien.

Hoofdstuk 1 behandelt de eigenschappen van annexine A5, en laat zien welke
mogelijkheden het eiwit biedt voor onderzoek. Hierbij worden de biologische
eigenschappen, de werking van het eiwit in het lichaam en de verdeling van annexine
A5 in het lichaam beschreven. Verder is ingegaan op de manieren waarop annexine
A5 in het lichaam zichtbaar gemaakt kan worden, en welke gevolgen het gebruik van
de methode heeft voor beslissingen van de arts voor de behandeling van een patiént.
Daarnaast zijn de beperkingen en de relevantie van de methode besproken. We
denken dat radioactief annexine A5 geschikt is om als standaardmethode gebruike te
worden voor het meten van celdoodprocessen bij patiénten met bijvoorbeeld kanker
of hart- en vaatziekten. De methode kan niet alleen gebruikt worden voor het meten
van celdood bij een bepaalde ziekte, maar ook om de behandelingseffecten van
geneesmiddelen met invloed op de celdood te kunnen bepalen. Verder zou annexine
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A5 een mogelijkheid kunnen bieden om als een soort transportstof te fungeren en een
geneesmiddel af te leveren op een plaats waar celdood optreedt. In dat geval kunnen
we spreken van een biologische ‘kruisraket’.

Heteerstedoelindit proefschrift washetrealiserenvan eenkwaliteitscontrolemethode
om snel en accuraat de biologische kwaliteit van radioactief of fluorescent annexine
A5 te kunnen meten. Dit wordt beschreven in Hoofdstuk 2. Gewoonlijk hebben
radioactieve stoffen die in de mens worden toegepast een heel korte halfwaardetijd (dit
is de tijd waarin de helft van de radioactiviteit vervalt). Er is hierdoor maar weinig tijd
voor de kwaliteitscontrole van het radioactief annexine A5 omdat het al snel aan een
patiént toegediend moet worden. We hebben aan deze eis voldaan door een simpele,
snelle methode te ontwikkelen die nauwkeurig de hoeveelheid biologisch actief
annexine A5 in de oplossing kan vaststellen. Voor de meting werden microscopisch
kleine ijzeren bolletjes gebruikt die voorzien zijn van een PS-bevattend laagje.
Deze bolletjes werden gemengd met een oplossing met daarin radioactief annexine
A5. Het eiwit hechtte zich aan de bolletjes in aanwezigheid van calcium. Met een
magneet konden de bolletjes na 10 minuten gescheiden worden van de oplossing.
Door de oplossing te scheiden van de bolletjes kon de hoeveelheid radioactiviteit
in de bolletjes worden bepaald en daarmee de aanwezigheid van annexine A5 erop.
Eventuele onzuiverheden (bijvoorbeeld radioactiviteit die niet aan annexine A5
gebonden is) kon worden opgespoord door de van de bolletjes gescheiden oplossing
te meten. We hebben deze methode uitgebreid getest. Daarbij werd aangetoond dat
ze in staat is onzuiverheden te registreren, en dat de bepaling nauwkeurig te herhalen
is. Verder was het mogelijk iets te zeggen over het PS-bindend vermogen van het
gemeten annexine A5. Wanneer we bijvoorbeeld het eiwit kapot maakten bij 60°C
of in zuur, dan konden we vaststellen, dat de binding aan de bolletjes minder werd.
Met de bolletjesmethode is het mogelijk om in 25 minuten het bindend vermogen van
annexine A5 aan PS te bepalen.

In de Hoofdstukken 3 en 4 wordt een uitgebreide beschrijving gegeven van de
verdeling van radioactief annexine A5 in het lichaam van patiénten en proefpersonen.
Radioactief annexine A5 wordt met een injectie in een bloedvat aan de patiént
toegediend. Ook wordt een vergelijking gemaakt tussen twee methoden die gebruikt
zijn om annexine A5 radioactief te maken. Ten slotte wordt een indruk gegeven van
de mogelijkheden die het eiwit biedt om beelden te maken van een hartinfarct en
verschillende vormen van kanker.

In Hoofdstuk 3 worden twee methoden die aanvankelijk gebruikt zijn om annexine
A5 radioactief te maken met elkaar vergeleken. We hebben hierbij de verdeling in het
lichaam van patiénten en een proefpersoon onderzocht. Daarnaast wordt een indruk
gegeven van de verschillende mogelijkheden van beide methoden om opnamen van
celdoodgebieden bij patiénten te maken. Omhetgedragvanannexine A5inhetlichaam
te kunnen beschrijven hebben we het verloop in de verdeling van de radioactiviteit
in het bloed en de organen van patiénten gemeten. Naast de radioactiviteit is
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ook de concentratie van het eiwit annexine A5 in bloed gemeten. Daarbij zijn de
proefpersonen tot minimaal 4 uur na het inspuiten van het annexine A5 gevolgd. De
eerste methode (het z.g. Imino-annexine A5) om annexine A5 radioactief te maken
leverde een onvoldoende stevige binding van de radioactiviteit aan het annexine A5
op. Hierop werd besloten om voor de tweede onderzochte methode om annexine
A5 radioactief te maken (het BTAP-annexine A5), de stabiliteit van het radioactieve
annexine A5 te onderzoeken. Verder zijn de annexine A5 concentraties gemeten in
een aparte groep met patiénten die net een hartinfarct hadden doorgemaakt. Deze
gegevens zijn vergeleken met de patiéntengroep die in dit onderzoek werden behandeld
met radioactief annexine A5. Voor het meten van de verdeling van de radioactiviteit
in de organen is gebruik gemaakt van opnamen met een gammacamera. We hebben
de verkregen gegevens geanalyseerd met verschillende computermodellen om de
verdeling van radioactief annexine A5 in de mens te beschrijven.

De verdeling van radioactief annexine A5 in het bloed kon beschreven worden
met een model, waarbij voor beide types annexine A5 de verdwijning uit het bloed
plaatsvindt met een verloop in twee fasen. De eerste fase heeft een halveringstijd
van de concentratie in het bloed van ongeveer 15 minuten, terwijl de tweede fase
een halveringstijd heeft van ca. 4 uur. Het verschil tussen Imino-annexine A5 en
BTAP-annexine A5 bestaat vooral hieruit, dat de aan BTAP-annexine A5 gebonden
radioactiviteit veel sneller door het lichaam uitgescheiden wordt dan bij Imino-
annexine A5 het geval is. Hoewel de halveringstijden ongeveer gelijk zijn, is de
hoeveelheid radioactiviteit die bij de verdeling in het bloed voor BTAP-annexine A5
wordt omgezet groter dan voor Imino-annexine A5.

We hebben kunnen aantonen, dat BTAP-annexine A5 stabiel is in het bloed van
patiénten tot 20 uur na injectie. De gemeten annexine A5 concentraties in het bloed
van patiénten vertoonden veel variatie. De gevonden waarden kwamen ongeveer
overeen met die van de controlegroep van patiénten die net een hartinfarct hadden
doorgemaakt. We weten niet goed wat de oorzaak van deze schommelingen is. Het
gevolg is wel, dat het hierdoor moeilijk is om een goede beschrijving te geven van de
verdeling van het annexine A5 zelf in het lichaam, in tegenstelling tot de verdeling
van de radioactiviteit. Verder konden we aantonen dat de radioactiviteit voor zowel
Imino-annexine A5 als BTAP-annexine A5 zich sterk ophoopt in lever en nieren.
Dit laatste heeft niets te maken met celdood in deze organen, maar is waarschijnlijk
het gevolg van de stofwisseling die annexine A5 zelf of de aan annexine A5 gebonden
radioactiviteit ondergaat. BTAP-annexine A5 wordt bovendien heel snel in de darmen
zichtbaar. Met beide types annexine A5 was het mogelijk celdood op te sporen in
patiénten die net een hartinfarct hebben doorgemaakt, in patiénten met vormen
van kanker in hoofd en nek, in de ledematen en bij borstkanker. Door de grote
hoeveelheid radioactiviteit die we in lever, nieren en darmen hebben aangetroffen, is
het niet mogelijk celdood in deze organen op te sporen. Daarom is het nodig verder
te zoeken naar nieuwe methoden om annexine A5 radioactief te maken of zelfs naar
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heel nieuwe methoden om celdood zichtbaar te maken.

In Hoofdstuk 4 hebben we alleen het BTAP-annexine A5 onderzocht. Opnieuw is
de verdeling van de stof in het lichaam onderzocht, maar op een andere manier. De
opname van annexine A5 in de afzonderlijke organen is gemeten en verder is ook
de stralingsbelasting per orgaan (bijvoorbeeld lever, nieren, darmen) gemeten in de
tijd. Daarbij hebben we de in hoofdstuk 3 gevonden uitkomst dat de opname van de
radioactiviteit in lever en nieren erg hoog is nog beter kunnen bewijzen. Hiermee
is bijvoorbeeld aangetoond, dat de opname van radioactiviteit in lever en nieren vrij
lang duurt (ongeveer 16 uur), en dat hierdoor de belasting met radioactiviteit nog
verder toeneemt. Opvallend is, dat de opname van radioactiviteit op de plaatsen waar
celdood gemeten werd heel laag is. Er zijn dus relatief weinig annexine A5 deeltjes
nodig om celdood zichtbaar te kunnen maken. Verder hebben we door dit onderzoek
een inschatting kunnen maken van het uitscheidingspatroon van de radioactiviteit.
Ongeveer 75% van de annexine A5 radioactiviteit wordt via de urine uitgescheiden,
terwijl ca. 25 % via de ontlasting het lichaam verlaat. Hoewel de verblijfstijd van de
radioactiviteit relatief lang is, is de uiteindelijke stralingsbelasting ongeveer net zo
groot als voor andere radioactieve stoffen die we dagelijks in onderzoek met patiénten
gebruiken.

Tenslotte hebben we een onderzoek gedaan waarbij gekeken is of een
behandelingsmethode die celdood remt gemeten kan worden met zowel radioactief
als fluorescent gemaakt annexine A5.

In Hoofdstuk 5 hebben we de celdoodremmende eigenschappen van minocycline
onderzocht. Dit is een veelgebruikt antibioticum waarvan eigenlijk pas de laatste
jaren bekend is, dat het celdood kan remmen. Om het effect van minocycline te meten
hebben we twee proefdierstudies uitgevoerd. In beide studies hebben we bij muizen en
konijnen een afsluiting van de kransslagader aangebracht, waardoor een situatie wordt
nagebootst die op een hartinfarct lijkt. Door de afsluiting na 30 of 40 minuten weer
op te heffen wordt het openmaken van het bloedvat geimiteerd, zoals dit bij patiénten
met een hartinfarct vaak wordt uitgevoerd. De celdood die tijdens dit proces optreeds,
wordt veroorzaakt door zuurstofgebrek in de hartspiercellen, waarna bij opheffing
van de afsluiting juist zuurstofdeeltjes en andere reactieve stoffen ontstaan die de cel
zichzelflaten beschadigen. In de eerste studie hebben we bij muizen een afsluiting van
de kransslagader veroorzaakt. Na 30 minuten is de afsluiting opgeheven. Vervolgens
is eerst met een injectie minocycline aan de muizen gegeven en daarna fluorescent
annexine A5. De controlegroep ontving geen minocycline, maar een injectie met
een zoutoplossing, Daarna is onder een fluorescentiemicroscoop de ophoping van
fluorescent annexine A5 in het hart van de muizen bekeken. Hiervan zijn digitale
foto’s genomen, die met een computerprogramma geanalyseerd zijn.

Op een vergelijkbare manier hebben we het afsluiten en openen van een kransslagader
bij konijnen onderzocht. Hierbij is radioactief annexine A5 ingespoten. Kort voor het
doodmaken van de konijnen is de kransslagader nog eens dichtgemaakt en een andere
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radioactieve stof, >*'T1, bij de konijnen ingespoten om de doorbloeding van het hart te
meten. Dit laatste is gedaan om de grootte van het infarctgebied te kunnen bepalen.
We hebben het hart uit ieder konijn genomen om de gebieden waarin het hartinfarctis
opgetreden zichtbaar te maken met een gammacamera. Verder is de radioactiviteit in
de konijnenharten nauwkeurig gemeten, zodat van het gehele hart een kaart gemaake
kon worden met daarop de verdeling van radioactiviteit. De radioactiviteitsverdeling
in het hart van de konijnen heeft een directe relatie met de hoeveelheid celdood die
in de verschillende gebieden van het hart is opgetreden. Voor de experimenten in
muizen en konijnen is de helft van de dieren (3 stuks) met minocycline behandeld.
We hebben bij beide onderzoeken kunnen aantonen, dat de opname van fluorescent
of radioactief annexine A5 lager is na toediening van minocycline aan de dieren. Dit
betekent dat minocycline een remmend effect heeft op het optreden van celdood in
een op een hartinfarct lijkende situatie bij proefdieren. Minocycline zou bij patiénten
met een hartinfarct een beschermend effect kunnen hebben. Dit is een belangrijk
onderwerp voor onderzoek in de toekomst.
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Conclusies

Door het uitvoeren van het in dit proefschrift beschreven onderzoek is meer
informatie verzameld over de mogelijkheden om met annexine A5 celdood op te
sporen. We hebben een methode ontwikkeld om het PS-bindend vermogen van
radioactief of fluorescent annexine A5 te kunnen vaststellen. Hierdoor is een snelle
kwaliteitscontrole mogelijk voordat annexine A5 bij een patiént geinjecteerd wordt.
Verder is de verdeling van radioactief annexine A5 in patiénten onderzocht. Dit heeft
informatie opgeleverd over de hoge stapeling van radioactiviteit in met name lever en
nieren. De problemen die dit oplevert bij het maken van opnamen in patiénten kunnen
we in de toekomst gebruiken om betere manieren te ontwikkelen om annexine A5
radioactiefte maken. Tenslotte hebben wekunnenaantonen, datannexine A5 geschike
gemaakt kan worden om te gebruiken als middel bij het bepalen van de effectiviteit
van een behandeling. We hebben dit getest in proefdierexperimenten waarbij een
hartinfarct werd nagebootst. In met minocycline behandelde dieren werd remming
van celdood aangetoond. Overigens is een vergelijkbare methode al gebruikt om het
effect van bestraling bij patiénten met kanker te kunnen vaststellen. Het uitvoeren
van meer onderzoek met annexine A5 in patiénten met bijvoorbeeld kanker of hart-
en vaatziekten is erg belangrijk. Hiermee kunnen we wellicht aantonen dat annexine
A5 gebruikt kan worden als standaard methode om het effect op celdood te kunnen
bepalen.
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